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3 - CHEMICAL EVOLUTION OF CEMENTITIOUS MATERIALS 

Barbara LOTHENBACH (EMPA), Erich WIELAND (PSI), Switzerland 

Introduction 

Cementitious materials are being studied as they are important components of the 
engineered barrier of repositories for radioactive waste. Performance assessment takes into 
account that in the long term the cementitious near field undergoes major chemical changes 
due to the interaction with infiltrating groundwater or precipitation. Clay-based barriers as 
envisaged for the disposal of long-lived intermediate- and high-level radioactive waste may be 
locally degraded by the high pH originating from the interstitial water of the cements used for 
the construction of the cavern (e.g. liner etc.). In this study the potential of thermodynamic 
modeling of cementitious systems is discussed for assessing the influence of different 
parameters on the hydration and stability of cements.  

Hydration of ordinary Portland cements 

The processes during the hydration of Ordinary Portland cement (OPC) are well known. The 
main hydrate phases include C-S-H (calcium silicate hydrate), portlandite, ettringite, hydrotalcite 
and monocarbonate. Thermodynamic modeling coupled with kinetic equations, which describe 
the dissolution of the clinker as a function of time, can be used to predict the composition of 
hydrated cements (Lothenbach et al., 2008a, Figure 1). In the absence of limestone, monosulfate 
is present after longer hydration times, while in modern Portland cement, where up to 5% of 
limestone is generally added, ettringite and monocarbonate are formed. Furthermore, 
temperature influences the composition of hydrated cements (Lothenbach et al., 2008b). 

Figure 1: Modelled changes during the hydration of OPC expressed  
as cm3/100g unhydrated cement. 

0.01 0.1 1 10 100 1000
0

10

20

30

40

50

60

C2S

C4AF

gypsum

hydrotalcite
calcite

ettringite

monocarbonate

portlandite

C-S-H

C3S

cm
3 /1

00
 g

 c
em

en
t

time [days]  



NEA/RWM/R(2012)3/REV 

APPENDIX C: WORKSHOP PAPERS 

70 

The pH values of Portland cements are generally in the range of 13-13.5. Both the pH values 
as well as the hydrate assemblage remain more or less stable after longer hydration times in 
cases where the cement is not interacting with the environment.  

Hydration of blended cements  

The blending of Portland cement with mineral admixtures with high silica content such as 
blastfurnace slag, fly ash and/or silica strongly decreases the pH of the pore solution. The 
resulting pH lowers with increasing silica content (Garcia Calvo et al., 2009) and the pozzolanic 
reaction of the silica consumes the portlandite from the Portland cement. The presence or 
absence of portlandite affects the composition of C-S-H; in OPC a C-S-H with a high C/S is 
present, while silica rich blends may have a C-S-H with a C/S ration of 1 (see below). The 
presence of a low C/S C-S-H leads to an enhanced uptake of alkalis as illustrated by the observed 
changes of pH values during the hydration of OPC, of a shotcrete mixture (ESDRED: 60% OPC, 40% 
silica fume, alkali-free accelerator) and a low alkali cement (LAC: 23% OPC, 67% blastfurnace slag, 
10% SiO2) in Figure 2. 

Figure 2: Evolution of pH in the pore solution of an OPC, an two blended cements: ESDRED 
(60% OPC, 40% SiO2) and LAC (23% OPC, 67% blastfurnace slag,, 10% SiO2)  
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The presence of silica rich materials reduces not only the pH value but changes also the 
composition of the hydrate assemblage. After 1 year of hydration time, significant amounts of 
portlandite are present in the OPC (Figures 1) and high pH values in the pore solution result 
(Figure 2). In contrast to OPC, no portlandite is present in blends containing high amounts of 
silica rich materials, while ettringite may be present in pure OPC and in blended systems.  

Quantification of the phase assemblage is difficult in silica rich blends as besides some 
ettringite the main hydration product is X-ray amorphous C-S-H. Thus, thermodynamic 
modeling offers an alternative to investigate changes during the hydration and to predict 
quantitatively the hydrate assemblage as illustrated for a slag and silica fume blended Portland 
cement in Figure 3. The main hydration product is a low C/S C-S-H phase intermixed with 
ettringite as the presence of the aluminum sulfate based accelerator leads to the fast formation 
of a significant amount of ettringite. The silica fume present reacts only slowly. Si NMR data 
indicated that after one year only half of the original amount of silica fume had reacted.  
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Figure 3:  Modelled changes during the hydration of ESDRED 
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Long-term stability of Portland cements 

Cementitious materials are chemically reactive and have the potential to react with the 
environment. For example, interaction of OPC with ground, rain or soil water, respectively, leads 
to a decrease of the pH of the pore solution and in the long-term to the degradation of cement 
(e.g. Jacques et al., 2009). First portlandite and later also C-S-H, ettringite and AFm phases are 
leached. In particular the interaction with waters containing high sulfate concentrations causes 
the formation of ettringite, which results in expansion and cracking, and in the presence of 
carbonate, the formation of thaumasite (favoured at low temperatures). The complete 
deterioration of the cement due to the latter process has been observed within a few years.  

Thermodynamic modelling  

Important material properties of cementitious materials such as workability, setting 
behavior, strength development and durability are related to the cement hydration process and 
to the amount and kind of hydrates formed. Thermodynamic equilibrium modeling of the 
interactions between solid and liquid phases in cements using geochemical speciation codes can 
be a tool to decipher the link between chemical composition and material properties. In the last 
years, more sophisticated geochemical softwares have been developed, the formation of solid 
solution models for various phases has been taken into account and, most importantly, the 
thermodynamic databases used have become more adequate as the solubility products of more 
and more minerals present in cementitious systems are available. The most current cement 
specific cement database was published in 2007/2008 (Lothenbach et al., 2008b) and contains 
thermodynamic data  valid from 0 to 100 °C for a number of cement phases  Recently, a new 
solid solution model for C-S-H was proposed (Kulik 2009), which is closely related to 
crystallographic structure of C-S-H. The latter model is not only capable of predicting the 
solubility and the chemical composition of the C-S-H phases, but also their average silica chain 
length in agreement with 29Si NMR data.  

Thermodynamic modeling may also been used to calculate changes in the phase 
assemblage and in the pore solution caused by the blending of Portland cement with SiO2 (Figure 
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4). The addition of moderate amounts of SiO2 leads to the consumption of portlandite as more C-
S-H forms. The addition of even more SiO2 results in the destabilization of monocarbonate and 
finally of ettringite due to the decrease in pH. Furthermore, increasing amounts of SiO2, and thus 
the formation of low Ca/Si C-S-H, lead to an increased uptake of Al in C-S-H.  

Figure 4:  Modelled changes in hydrated Portland cement upon blending with SiO2 
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Conclusions 

Thermodynamic modeling of cementitious materials enables us to quantify the 
composition of OPC and blended systems during the hydrations process, to decipher changes in 
the composition due to addition of mineral admixtures and to predict the degradation of cement 
in contact with the environment. Development of comprehensive thermodynamic databases for 
pure cement minerals and the capability of modeling solid solutions in cementitious materials 
are essential for future progress in this area of research.  
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