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Introduction 

In the framework of radioactive waste geological disposal, structural concretes have to be 
adapted to underground chemical conditions (Andra, 2005). A limited impact on the 
environment is also required. Ordinary Portland Cement, CEM I type, are characterized by high 
pH (higher than 13) which could produce an alkaline plume in the repository near-field. To avoid 
this issue, new cementitious binders, called low pH, were designed (pH lower than 11). In contact 
with a rock-clay formation, cement mineralogy will evaluate due to combined various chemical 
degradations: leaching, carbonation, chloride and sulfate attacks. The different types of 
interaction between clay materials and cementitious materials were studied by experimental 
approach (Read and al., 2001; Kurashige and al., 2007) and modelling approach (Trotignon and al., 
2006). For concrete in water saturated medium, it’s believed that carbonation will have a major 
impact on the interaction between concrete and the geological medium. So, to understand the 
complex degradation of the cement paste in that context, it’s interesting to study a simplified 
system such as degradation in carbonated water solution. This solution must be at equilibrium 
with a CO2 partial pressure 30 times higher than the atmospheric pCO2, to reproduce 
underground natural conditions of Callovo-Oxfordian clayey rock of Bure (France). The study’s 
aim is to compare the behaviour of the new low pH material (CEM I + silica fume + fly ashes) 
with a CEM I cement paste, both of them being submitted to carbonation in aqueous solution in 
equilibrium with calcite and with a pCO2 equal to 1.32 kPa (1.3 10-2 atm). Two different 
temperatures, 25 and 50°C, are considered. To realize these experiments, two different original 
types of devices were developed. This study was carried out thank to the financial support of the 
Andra. 

Experimental procedure 

Materials 

Two types of materials are studied. The first one is a cement paste prepared by mixing an 
ordinary portland cement with distilled water with a ratio of 0.4 (w/c). The cement employed is a 
French cement type CEM I 52.5 PM ES CP2 (Lafarge). The composition of the OPC used is 
presented in Table 1. After a 6 years curing period under water, slice ( = 7 cm/ h= 2 cm) were 
sawn from the cement paste specimens. The periphery is protected from degradation thank to 
an unreactive resin. 
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Table 1: Chemical composition of the OPC cement used for CEM I cement paste (all values are 
in mass %) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5 CO2 Total 

20.9 3.2 4.6 65.1 0.6 2.76 0.1 0.6 0.6 1.1 99.56 

The second one is a new low pH material prepared by mixing CEM I cement (37.5 % in mass), 
fly ash (30 % in mass), silica fume (32.5 % in mass) with distilled water with a ratio of 0.4 (Codina 
and al., 2008). The cement employed was a French cement type CEM I 52.5 N CE PM-ES-CP2 
(Lafarge). The compositions of the CEM I cement, the fly ash and the silica fume used are 
presented in Table 2. 

Table 2: Chemical composition of the CEM I cement, the fly ash (FA) and the silica fume (SF) 
used for low pH material (all values are in mass %) 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O P2O5 CO2 Total 

CEM I 22.2 2.9 2.6 66.8 0.9 2.2 0.2 0.2 0.2 1.5 99.5 

FA 51.5 11.6 0.6 5.1 1.8 0.7 0.4 1.3 1.0 4.8 98.9 

SF 96.3 <0.2 0.1 0.5 <0.2 0.2 <0.2 0.3 0.1 2.2 99.8 

After a 6 months curing period under water, slice ( = 7 cm/ h= 2 cm) were sawn from the 
cement paste specimens. The periphery is protected from degradation thank to an unreactive 
resin. 

Procedures 

The aggressive solution is an aqueous solution in equilibrium with calcite and with a pCO2 
equal to 1.32 kPa (1.3 10-2 atm). Theses conditions control the pH of the aggressive solution. The 
theoretical pH is 7.2 and 7.22 at respectively 25°C and 50°C. Two original types of devices were 
developed. The first one was used for the experiments at 25°C (Figure 1.a). It consists of a glove 
box in which the pCO2 is held to 1.32 kPa (1.3 10-2 atm), thank to a mix of CO2 and N2. The 
possible pH increase above the pH reference (7.3), in the leaching reactor, could be compensated 
by addition of HNO3 solution. 

The second type of devices is used for experiments at 50°C (figure 1. b). In that case, the pH 
and pCO2 are maintained constant, in the leaching reactor, during the experiment using CO2 
flow-meter controlled by pH regulator (Dauzères and al., 2009). 
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Figure 1: Experimental devices used to achieve the carbonation of cement paste in aqueous 
solution in equilibrium with calcite and with a pCO2 equals to 1.32 kPa (1.310-2 atm) at 25°C (a) 

and 50°C (b) 

 

Cement pastes are immerged in the solution for one month in 1.8 or 4 litres for experiments 
at respectively 25°C or 50°C. The leaching solution is renewed periodically. 

Results 

The major information is given by solid analysis: XRD and SEM. The mineralogical evolution 
inside the degraded material is studied thank to XRD analysis. A diffraction diagram is made at 
different depths relative to the initial surface, by polishing the sample. The results are presented 
with the intensity of the principal peak of the phase of interest versus the depth at which the 
diagram is made. The interatomic spacing associated to the peak considered is 9.72, 4.9 and 3.03 
Å for respectively ettringite, portlandite and calcite. 
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Figure 2: Solid analysis on CEM I cement paste (a and b) and of low pH materials (c) leached in 
an aqueous solution in equilibrium with calcite and a pCO2 equals to 1.32 kPa (1.310-2 atm).  

Comparison with SEM observation and XRD analyses is made for the degradation experiment on 
CEM I cement paste at 50°C (a). XRD analyses for the experiments at 25°C and 50°C is presented 
for CEM I cement paste (b) and low pH material (c).  

   

Portlandite and ettringite leaching and calcite precipitation close to the surface are the 
phenomena observed for CEM I paste (Figure 2. a). These observations confirm anterior ones 
(Richet and al., 2004). The comparison of SEM observation and XRD analyses, for a CEM I paste 
degraded at 50°C, show that calcite precipitation is associated to pore clogging. The densified 
microstructure zone, due to calcite precipitation, is followed by a micro-porous zone, due to 
portlandite dissolution. Beside, exogenous calcite crust formation is observed. A 30 and 240 µm 
depth degraded zone, characterized by the portlandite dissolution, is identified at respectively 
25°C and 50°C (Figure 2. b). This observation is compatible with previous hydrolysis studies in 
temperature (Peycelon and al., 2006). 

The XRD analyses is more difficult with low pH paste because the latter contains few 
crystallized phase. There is no portlandite detected due to the high content of pozzolanic 
material. Nevertheless, calcite precipitation and ettringite dissolution (Figure 2. c) on the whole 
altered layer are the transformations witnessed. As for CEM I paste, the temperature increase 
from 25°C to 50°C induces a deeper degraded zone. The low pH binder shows a degraded 
thickness much higher than the CEM I paste. Indeed, the CEM I pastes are more reactive to 
carbonation and a carbonated surface layer is quickly formed. This carbonated surface layer 
seems to limit the transport process. Precipitation of calcite inhibiting cementitious materials 
degradation was observed in rich hydrogencarbonate solution (Kurashige and al., 2007). The 
difficulties of XRD analysis of low pH material show the necessity to use another solid technical 
characterisation such as SEM to quantify the CaO/SiO2 ratio (C/S) in the degraded zone. 
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Conclusion 

Carbonation seems to have a major influence on the interaction between concrete and the 
geological medium. To study the carbonation of cement paste in an aqueous solution in 
equilibrium with calcite and a CO2 partial pressure equals to 1.32 kPa (1.3 10-2 atm), two original 
devices were developed. The behaviour of the new low pH material (CEM I + silica fume + fly 
ashes) and a CEM I cement paste is studied at two different temperatures: 25 and 50°C. For CEM I 
paste, portlandite dissolution front informs on the degraded zone depth. The precipitation of 
calcite at the surface induces the pore clogging and the formation of a densified microstruture 
zone at the surface. Low pH material present a degraded zone deeper compared to CEM I paste. 
The same phenomenology is observed at 25 and 50°C, but at 50°C, the degraded zone thickness is 
greater. 
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