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Abstract:  
Geological disposal of radioactive waste in deep clay formation is the main option presently studied in 
France and Belgium, inducing the use of concretes. Alkaline perturbation will develop in clays, while 
concrete will be altered by the diffusion of chemical species present in the clay pore water. In addition, 
a high temperature is expected for High Level Waste cell (HLW). It could alter the reaction pathways 
observed at ambient temperature and also accelerate the propagation of the perturbations. However, 
these effects of high temperature on the concrete/clay interactions have never been investigated. 
Original in situ (Tournemire URL, France) and laboratory (Fontenay aux Roses, France) experiments 
were developed as part of the CEMTEX project, coupled to a modelling approach. CEM I and low-pH 
cement pastes interact with argillite at 70 °C during 1, 2 and 5 years.  
Preliminary results concerning the CEM I / argillite interface after one year in Tournemire, suggest 
strong variation compared to classical evolution at 20 or 50 °C. The main difference is the high 
carbonation in the cement paste associated to the formation of Al/Si-gel and Ca/Na Zeolite, reducing 
the alteration process. The temperature increasing seems positive in regard to the safety stakes.    

1. INTRODUCTION 
 
The creation of a disposal facility for radioactive waste in geological environment is a key 
issue addressed in the French and Belgium nuclear power industry. These two countries 
have been exploring for several decades the concept of disposal in clay natural environment, 
with favorable containment properties of radionuclides. The geological environment and 
disposal architectures must ensure a very long term containment of long-lived radionuclides 
that may be released to the biosphere. Such a configuration will inevitably create an alkaline 
plume, in which cementitious materials, (largely used in disposal cells and sealing plugs) will 
interact with clays. More importantly, in argilaceous materials (rocks and bentonite), these 
interactions are the main alteration sources of their swelling and retention properties. 
 
The theme of concrete/clay interactions has been widely discussed in the literature in recent 
decades, both experimentally and by numerical simulation. 
If recent years have seen a growing interest concerning the geochemical behavior of 
cementitious materials in clay environment, studies have focused mainly on the physico-
chemical evolution of clay under alkaline conditions. 
 
Several types of tests were carried out: 
i) where pure clays, smectite type, were exposed to representative cementitious pore 
solutions [1-9], where argillaceous rocks, argillite type, Opalinus clays or altered sandstone, 
were exposed to alkaline or hyperalkaline solutions [10-21], where bentonites were exposed 
to alkaline solutions [22-28]. 
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These tests describe extreme reactive systems that are not necessarily indicative of future 
contact area between cement and clay materials. However, this  allow building a database 
where is listed all the reaction paths that may occur to concrete / clay interfaces. The major 
results of these studies are a systematic smectite illitisation [2;3;4;5;19;20;23], the formation 
of Na/K and Ca-zeolites in particular at high temperatures [3;11;18;20;23;24;25;27]. C-S-H 
(Calcium Silicates Hydrates) or C-A-S-H (Calcium-Silicates-Aluminium-Hydrates) formations 
were regularly observed [13;17;19;23;24;25;27].  
The temperature increase in these extreme tests promotes the reactivity of clay minerals 
[3;6;23] and the quartz dissolution. Zeolites formations, minerals with very high retention 
properties of such cations, are mainly found for temperatures above 60°C.    
           
ii) At the interface between cementitious materials and clay, studies are less common. They 
are divided into three main categories: (a) laboratory tests in well controlled conditions, (b) in 
situ tests in conditions more representative but less controlled, and finally (c) analogue sites 
allowing a longer term scale of reactivity (several hundreds of years), but however not 
representative for a future disposal facility..  

(a) Laboratory tests are the most common. Study [29] on the interactions between a 
mortar disc and bentonite cylinder for 1, 6 and 12 months at 25, 60 and 120 °C is 
significant. At 25 and 60 °C, results show an alteration of a few millimeters in the 
cementitious material. C-S-H and brucite formations are observed in argillite. At 
120 °C, which is not encountered in the disposal, C-S-H, Mg-clays and zeolites 
(analcime-type) are observed. Cuevas [24], with the same materials and in the same 
condition, observed more carbonation of cementitious material and confirms the 
formation of analcime. Dauzères [30] focused in the evolution of CEM I  material in 
contact with the Callovo-Oxfordian with pure diffusive conditions at 25 °C. Portlandite 
dissolution, ettringite precipitation, low carbonation and C-S-H decalcification are 
identified, in parallel with a significant opening of the capillar porosity in the 
cementitious material. 

(b) In situ tests are very scarce because of the cost and the difficulty of implementation. 
The only published study on the subject was made by Read [31] with interesting 
behaviors of cementitious materials in contact with clay in the Underground Research 
Laboratory (URL) of Mol in Belgium. Tests lasted between 12 and 18 months at 25 
and 85 °C. Characterizations of these tests showed essentially the ionic species 
exchanges and a high cementitious material alteration. Precipitation of Si/Al gel and 
Si/Mg gel are the main conclusions. 

(c) The study of engineered analogues was especially developed in recent years with the 
significant potential for samples that can be studied in the URL of IRSN in Tournemire 
in France. Three studies [32-34] focused on CEM II / Toarcian argillite interfaces after 
15 and 20 years of contact in water saturated conditions. Results helped to highlight 
that the alteration depth in the argillite is about 12 mm against 4-5 mm in the 
cementitious material and that the extension of the front perturbation is not limited to 
the mineralogical reactions. Formation of C-S-H and illite have been highlighted in the 
clay material. A high capillary porosity opening was observed in the cementitious 
material in relation with the portlandite dissolution, also observed in [33;35].  

 
Concrete / clay interactions have been widely discussed in the literature butrepresentative 
studies of these interactions in well controlled conditions, are rare. 
  
The thermal transient in the futur disposal cells of High Level Waste and Intermediate Long-
Lived Waste (HLW – ILLW) lead to an increase in temperature up to 70 °C at the interface 
areas between the cement and the surrounding clayey rock. Based on the literature, only one 
study [31] describes very briefly at the interface in in-situ conditions the evolution of materials 
at 85 °C. In conclusion we have no data describing the evolution of materials in these 
conditions.  
 
Therefore to remedy this gap of knowledge, the CEMTEX  project is jointly developed by 
IRSN and BEL V. The main objective is to test the durability of cementitious materials to be 
used in future geological disposal under thermal (65-70 °C), water (medium saturated with 
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water), hydrodynamic (diffusive transport) and chemical (representative materials) 
conditions. 
This project has no equivalent, mainly due to the difficulty of setting up the experiment. 
for , Experimental conditions in situ testing are less well controlled than in a laboratory test. 
In order to control all the parameters, laboratory experiments started to follow the exchange 
of material between the different environments and to ensure that the physico-chemical 
behaviors between in situ and laboratory tests are the same. 
This paper describes the experimental devices used in the CEMTEX laboratory and in situ 
project as well as preliminary results of the CEM I / argillite interaction after one year in the in 
situ experiment. 

2. EXPERIMENTAL APPROACH 
 
Two complementary experimental approaches were built to meet several objectives: i) 
characterize the mineralogical and chemical evolutions of interfaces (in situ and laboratory 
tests), ii) analyse the microstructural evolution of materials in the altered areas (in situ and 
laboratory tests), iii) identify the evolution of diffusive transport properties linked with the 
physico-chemical transformations (laboratory tests).    

2.1 The CEMTEX in situ experiment 
 
The technical objective of CEMTEX in situ experiments is one hand to create in each test 
argillite/cement paste interface and to consider transported in one dimension along a vertical 
axis perpendicular to the interface, and secondly to provide a heating system for controlling 
the temperature between 65 and 70 °C at any point of the device for multi-year period. 
 

 
Figure 1 – Experimental device location (left) and picture (right) 

 
All experimental devices of the in situ CEMTEX program is located in the termination of the 
West gallery 2008 in the URL of Tournemire (figure 1). Six vertical boreholes of 1.25 m depth 
and 250 mm in diameter were drilled in the argillite. Each borehole is spaced by 2.50 m. The 
bottom of each borehole was polished (relief <100 μm) with a cleaning reamer especially 
built of 250 mm diameter. Three of these boreholes are devoted to the study of argillite / 
CEM I cement paste and the last three in the study of argillite / low-pH cement paste 
interface. Each test corresponds to one period of experimental test: 1 year, 2 years and 5 
years. 
 
To generate a vertically exchange of matter in 1D between the two materials introduced, a 
PVC tubing is in place over the entire height of each borehole. 
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2.1.1 Rock resaturation process 
 
To be certain of having a water-saturated rock, a hygrometer probe is placed at the interface, 
and two cups containing water are suspended in the borehole, one close to the interface, the 
other in the middle height. 
 
Drilling is then held closed to resaturate argillite by vapor process. Results of the moisture 
evolution in the borehole are shown in the figure 2. 
It is estimated that the rock is resaturated when the humidity at the interface reaches 99.5%, 
after a period of one to two months. 
 

 
 

Figure 2 – Humidity evolution in the CEM-1 borehole during the ressaturation step by vapor 
phase. 

2.1.2 Heating device 
 
The heating system was designed in advance. Figure 3 shows the geometry and the mesh 
considered and Table 1 shows the thermal parameters used for these modellings. 
A temperature of 13 °C was maintained permanently at the soil surface. Thermal exchange 
with the atmosphere will occur in the reality. This phenomenon has to be take into account in 
future interpretations. 
The objective was to test by modelling several devices to select one that would provide the 
most homogeneous field temperature at the interface. 
 

 
Figure 3 – Geometry and meshing used for modelling 
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Table 1- Thermic parameters used for modelling 
 

 
 
 
 
 
 
 
Two numerical simulations (2D axisymmetric) are presented for two different devices: 
 
1 - The first device is the one that was eventually chosen for this project. It is a constant 70°C 
heating on the borehole wall with a central rod down the center of the interface (equivalent to 
a coil). By comparing results after 10 days and 1 year on figure 4, we found that the 
temperature at the interface varies very little. Temperature of 70°C is reached in the area 
close to the tube coil and the coldest point is about 60°C to the center of the interface due to 
heat flow to the solid. 
 
2 - The second device simulated is a point heating source applied to the upper surface of the 
cement paste block. This kind of device would be easier to implement and indeed, the hot 
spot  would be installed after the cementitious material hardening in the borehole. Results 
show that a significant temperature gradient moves in the cement paste after 10 days or 1 
year, preventing the establishment of a uniform thermal regime close to 70 °C in the system 
(figure 4). The temperature after one year at the interface is only about 20 °C. 
 

 
Figure 4 – Thermic numerical simulations in function of the heating option 

 

These simulations validate the choice of the temperature control device with a coil and its 
central rod. The temperature sensors installed at the heart of the cylinder cement paste 
during the test will help validating these simulations. 
 

  Unity Cement Argillite PVC 

Thermic conducitvity W.m
-1

.K
-1

 0,9 1,4 0,17 

Volumic specific heat J.m
-3

.K
-1

 0,69.10
7
 0,19.10

7
 0,14.10

7
 

Initial temperature °C 13 13 13 
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2.1.3 Protocol and materials 
 
The experimental device (figure 5) is composed of a nickel-plated copper coil (height 25 cm, 
width 180 cm, contiguous turns of 6 mm diameter) and plastic tube (PFA) connecting to an 
electric boiler where a fluid at 70 °C circulated in the whole device. Four temperature sensors 
were attached to a single support (M0: center interface, M1: top center of the device, M2: 
close to the circumference and M3 interface on top of the device near the circumference) 
connected to a ALMEMO PYROSYSTEM-acquisition system to register continuously the 
temperature changes in the cylinders of cement pastes. A PVC shell (inner diameter : 
190mm, outer diameter : 200mm) with a PVC cover help to maintain the device and to isolate 
from the atmosphere. A rubber seal provides sealing between the argillite (downhole) and 
the PVC shell. 
The entire device falls into the borehole after the argillite resaturation step and is connected 
to the boiler and to the acquisition system. 
The cement paste is poured into the device covering the coil and the temperature sensors. 
One month after the beginning of the cement hydration, the heating started and the device is 
held under a synthetic pore solution in equilibrium with the type of cementitious material 
considered to ensure saturation materials throughout the test. 
Above the device, bubble wrap and polystyrene cap are in place, limiting water loss and heat 
loss. The system is closed by a tight PVC cover. 
 

 
Figure 5 – CEMTEX in situ experimental device 

2.1.4 Dismantling protocol 
 
The successive steps in the dismantling of the test CEM I / argillite after one year of 
interaction are: (1) stop of the heating system ; (2) removal of thealkaline water that 
maintained the cement paste cylinder saturated ; (3) removal of the outer PVC tube from the 
borehole and the argillite upper annular by overcoring to a diameter of 400 mm and a depth 
of 600 mm. Then the hydration circuit as well as connectors between temperature sensors 
and recorders are cut close to the device. Three boreholes of 76 mm of diameters in 
peripherie of the coring of  400 mm are made in order to slide extract to retrieve the device 
during the ultimate step. Stainless steel rods are screwed into the holes and the epoxy resin 
is poured over the whole device for holding the entire system before the final steps. After 
polymerization of the resin, the coring with a 400 mm diameter continues to a depth of 300 
mm below the interface with argillite. The drilling system is then removed and the extractor is 
inserted into the holes related to the same depth of 300 mm below the interface. These 
extractor was specifically designed for the CEMTEX project. It allows removing the whole 
system with 300 mm argillite more. 
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The sample ( 400 mm diameter and  650 mm height) is packaged immediately in insulating 
paper to keep it safe from the atmosphere. 
 
The system is then cut into four pieces.. Several centimeter samples are extracted from the 
interface area in order to characterize the physico-chemical evolution between the two 
materials. 

2.2 The CEMTEX Laboratory experiment 
The technical objective of the CEMTEX Labo experiment is to generate CEM I cement 
paste/argillite interfaces in diffusion cells with tanks in contact, where solutions in equilibrium 
with each material are in place. The overall objective is to identify, in physico-chemical 
controlled conditions, the impact of mineralogical transformations on microstructure and 
deduce the impact on the diffusion properties of the interfaces after 2, 6 and 12 months of 
interaction. The tests are still ongoing and results for this part will not be presented in this 
paper. However, some comparisons will be made available already in the discussion to 
compare with in situ tests. Tests are performed in the laboratory of IRSN in Fontenay aux 
Roses (France). 

2.2.1 Protocol and materials 
 
The 25 cm long diffusion cells used are in polypropylene, and each tank has a capacity of 
165 ml. The cap on the top of each tank is used to fill it and a valve is used to recover the 
solutions during the experiment. These solutions were analyzed by a pH meter, 
chromatography, a TOC-meter and UV/visible spectroscopy. The total duration of the 
experiment before dismantling the cell is two months. The figure 6 shows in detail the device 
used. 
Before contacting, the argillite samples of 52 mm in diameter and 10 mm thick were stored in 
a water-saturated atmosphere. 
The cement paste samples are cut with a saw wire after one month of hydration. The faces 
are polished to produce a perfect interface. Then, the resulting discs were placed in an 
alkaline solution to keep saturated conditions without inducing alkaline leaching. 

 
Figure 6 – CEMTEX Labo experimental device 

 

After the contacting of the disks in the sample holder, the periphery of the interface is 
surrounded with a Teflon paper. Argillite is in contact with a stainless steel porous plate to 
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prevent it from disintegrating due to the swelling when contacted with water. The disk edge is 
put on a rubber seal to optimize sealing. 

Epoxy resin, alkalin and thermo-resisting is poured around the cement paste / argillite 
composite to maintain and seal the device. After 12 hours of polymerisation, under 100% 
humidity conditions, the sample holder is placed in the diffusion cell and the solutions in 
equilibrium with each material are placed into tanks at 70 °C. The device is then placed in an 
oven between 68 and 70°C. 

The pH is measured twice a week and every 15 days 60 ml are removed from each tank for 
measurments. 

2.3 Geomaterials and synthetic solutions 

2.3.1 Cementitious material 
The cement is a Sulphate Resisting Portland Cement (SRPC) CEM I, provided by Lafarge 
Company (Val d'Azergues), whose chemical and normative phases compositions are 
detailed in Table 2. This cement is very poor in C3A and rich in C4AF. The chemical 
composition of the cement was determined by Bogue calculation (Table 2). 
 
Cement pastes were prepared with a water/cement ratio of 0.42, and cured during one 
month before the starting of experiments in a solution in equilibrium with portlandite with 
KOH and NaOH (for laboratory experiments), in contact with the clayey rock (for in situ 
experiment).  
 
The clinker phase, constituted of C3S, C2S, C3A and C4AF, is progressively hydrated. XRD 
analyses show that calcium, silicon and aluminium are released to precipitate as hydrated 
phases such as C-S-H, portlandite, ettringite (with the gypsum) and alumino carbonate. It 
remains Calcite in the final cement paste.  
 

Table 2: Cement composition (CEM I 52.5 N) 

Chemical phase analysis   Normative phase composition 

[g/100g] 
 

[g/100g] 

CaO 64.6 
 

Alite 65.4 

SiO2 20.7 
 

Belite 13.6 

Al2O3 3.2 
 

Aluminate 0.9 

Fe2O3 4.6 
 

Ferrite 13.5 

CaO(free) 1.8 
 

Clinker 93.4 

MgO 0.6 
 

Gypsum 3.9 

K2O 0.6 
 

Filler 2.9 

Na2O 0.1 
   CO2 1.1 
   SO3 2.8       

 
Porosity measurements on 10 samples gives an homogeneous value around 35 % for the 
CEM I cement paste.    

2.3.2 Clayey materials 
Based on the XRD analyses and the very good knowledge of this material due to a lot of 
studies, the argillite is composed by illite, illite/smectite mixed-layer, calcite, pyrite, kaolinite, 
chlorite, K-feldspards and quartz [36]. 
The porosity is equal to 10%.   
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2.3.3 Synthetic solutions 
The clayey synthetic solution used in the laboratory experiments and the hyperalcaline 
solution used in both experiments are described in the table 3. 
 

Table 3: Synthetic pore solutions used in the CEMTEX project 

[C] objectif (mmol/L) 

Clayey solution 

 

Hyperalkaline solution 

NaHCO3 3.6 

 

NaOH 50 

Na2SO4 8.1 

 

KOH 350 

NaCl 1.4 

   KCl 0.7 

   CaCl2, 2H2O 1.7 

   
MgCl2, 6H2O 0.8 

      

 

The hyperalkaline solution composition is based on previous work [30] where the solution 
was extracted by compression. The same concentration in sodium was chosen. The 
potassium concentration is lower compared to the previous study to reduce the pH to 13.4.    

2.4 Analytical conditions 
 
Multi-technical characterisations are used for solid analyses. First as part of the preliminary 
analyses, a part of the clay/cement paste interface is embedded with an epoxy resin to 
maintain the sample during cutting. Second, the sample is cut into two parts for XRD-
characterisation and for SEM purposes. XRD is used to characterise qualitatively the 
mineralogical evolutions of the solids. Data were collected using a PANalytical X'Pert 
diffractometer with an X'Celerator detector relying on CuKa radiation (λ=1.5405 Å). The 
advantage of that detector is a reduction in the data-collection time by a factor of about 100 
with no loss of resolution ([37;38]) compared to classical XRD detector. The working voltage 
and intensity are 40 kV and 35 mA. The acquisition time of the XRD patterns is about 25 min. 
The clay sample was scanned between 4 and 65° and the cement sample between 5 and 
60° with a step degree of 0.02°. XRD analysis is performed directly on the solid sample [39]. 
The first XRD pattern is drawn on the surface in contact with the clayey rock. After, the 
surface is polished over a depth of 10 µm and the new surface is analysed. The abrasion is 
carried out with 350-grain abrasive paper.  
SEM characterizations are carried out with a SEM HITACHI and two BRUCKER SDD 
detectors containing ESPRIT software, under a working voltage of 15 KeV and a working 
distance of 16 mm for local chemical analysis. Observations were performed on a thin 
section covered by a thin carbon layer. 
As part of the CEMTEX labo experiment, solutions are analyzed by pH-meter, UV/visible 
spectrometer, ionic chromatography and TOC-Meter in the IRSN laboratory.  

3. RESULTS AND DISCUSSION 
Only the experimental results focusing on the one year experiment between CEM I paste and 
argillite in the in situ conditions will be presented. Some results already obtained in the 
laboratory tests for comparison will also be discussed.  

3.1 Thermic regulation 
 
The first important result to be highlighted and valid the experimental choices made, is  
temperatures regulation (figure 7) for a year in the heart of the concrete (near and away from 
the interface with the argillite). Regardeless of the location of the probes, a constant 
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temperature control in the device between 65 and 73°C is clearly shown. This regulation, 
which is based on models produced before, is finally better than the simulation carried out 
where the coldest point  was 60°C near the interface. 
 
This result allows to interpret with serenity all the following results thanks to the very good 
thermic conditions in the experiment. 
It was found that the coldest point is located at the interface with the argillite, mainly due to a 
loss of heat because the solid clay has a greater thermal conductivity. 

 
Figure 7: Continuous thermal monitoring on the CEMI/argillite in situ experiment during 1 year  

3.2 Materials evolutions 
 
After this first experiment, a set of very interesting and important results were highligted.  
 
The figure 8 shows the macroscopic state of the surfaces of cementitious and clay materials 
that remained in contact for one year. Precipitates are observed on the surface of such 
cementitious material. It suggests first a carbonation (white phase) and second, a bluish 
phase recall C-S-H with very low CaO/SiO2 ratio that have been observed in previous studies 
[32;34]. 
 

 
 

Figure 8: Cement paste and argillite surfaces in the in situ experiment after 1 year of interaction  

 

1,5 cm 
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The interface of the sample was separated to carry out diffraction patterns and reconstruct 
mineralogical changes in the depth of both sides of the interface. 
All characterizations by SEM and XRD clearly show a set of reactive mechanisms. 
 
The cementitious material is exposed to a decalcification resulting mainly by the portlandite 
dissolution (figure 9 and 10) to several tens of microns. Based on the EDS mappings 
performed (figure 11), this decalcification goes to a depth of 300 µm in the cementitious 
material. Calcium release is blocked to the interface and in the cementitious material but 
does not seem to have diffused in the argillite. This calcium is used to precipitate calcium 
carbonate type calcite (figure 9 and 10). The carbonation of the cementitious material 
extends up to 200 µm. The mechanism of portlandite dissolution and calcite precipitation is 
well known and has been observed in preliminary studies [30;32;34]. Precipitation of 
ettringite is also observed in the cementitious material behind the interface area. 
 

 

 
Figure 9: XRD diagrams profiles in the cement paste (top) and the argillite (down) in the in situ 

experiment after 1 year of interaction (Cu - K = 1.54056 Å) 

 
Calcium is not only controlled by carbonation. Another phenomenon, even more pronounced, 
is observed macroscopically: the C-S-H formation. Beyond the very characteristic bluish 
tinge, this observation is supported by the SEM-EDS analysis. 
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Figure 10: Mineralogical profiles of calcite (peak at 3.03) and portlandite (peak at 2.62) based on 
the XRD diagrams profiles in the cement paste and the argillite in the in situ experiment after 1 

year of interaction (0 suggest the initial interface) 

 
The figure 11 shows clearly from the left to the right (to the sound zone until the altered zone 
of the cementitious material and the interface with the argillite) a decrease in calcium 
content. It also shows an increase in calcium content in a texture area that greatly differs 
from the classical texture of the cement paste and the argillite. This increase in calcium, 
located at the ultimate surface of the cement paste, is associated with the silicon, and is 
exogenous to the material. It corresponds to the figures of precipitation observed 
macroscopically. 
 

 
 
Figure 11: EDS mapping of the cement paste in the in situ experiment after 1 year of interaction 

with the argillite and profile of calcium evolution  
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Figure 12 identifies more precisely the texture of the constituents of this calcium enrichment 
area. The lamellar texture similar to the tobermorite texture [40] is clearly highlighted and 
finally validates the formation of C-S-H with a low CaO/SiO2 ratio. This C-S-H formation is 
often described by the models but was never observed, especially on such short 
experimental times. The temperature increase has been a catalyst for its formation. 
  
 

     
 
Figure 12: SEM picture (secondary electron) of the Ca-enrichment zone in the interface area in 

the in situ experiment after 1 year of interaction with the argillite (right); compared with a  
C-S-H picture [40] (left). 

 
Between the well identified C-S-H layer measuring about 60 to 100 µm thick and the surface 
of the cementitious material, a second layer of similar thickness was observed (figure 13). 
This layer is mainly composed of silicon and aluminum, but also of alkaline and earth alkaline 
cations: potassium, calcium, magnesium and sodium. 
 
By comparing these results with the XRD analyses of the cement paste surface (figure 9), it 
was possible to make the link between this layer and the formation of a zeolite, boggsite, 
analcime-Ca/Na type . The mineral identification is achieved through the identification of five 
peaks in the XRD pattern of the cement paste surface. This layer is also observed on the 
surface of the clay by XRD (figure 9) which shows three peaks corresponding to the 
boggsite. 
 
Zeolites formation is very rarely observed in representative experiments with material 
interfaces, and much more with this very short experimental time. Calculation codes often 
provide the analcime Na-Ca-K-Mg formation but they have never been shown in experiments 
with interfaces as opposed to batch experiments. This proof of zeolites existence and also of  
C-S-H formation in the interface for a temperature of 70 °C are very interesting validation 
data for future modeling. 
 

http://www.sciencedirect.com/science/article/pii/S0925838807022499
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Figure 13: EDS mappings of the interface area in the in situ experiment after 1 year of 
interaction with the argillite 

 

 
By studying the material exchange between the two environments, we observe that the 
sodium and calcium diffusing theoretically from the cementitious material to the clayey 
material did not get through the interface area. The main explanation for this phenomenon is 
the accumulation of these two elements in analcime (enrichment in Na and Ca in this area) 
as well as potassium and magnesium. This layer eventually would play a role of diffusive 
barrier for the cations. 
 
In the argilite, except the zeolite and C-S-H formations in the interface area, the proportion of 
illite from the XRD patterns appears to have increased in parallel to the kaolinite decreasing. 
This reaction process already observed in batch is known but has never been proven in 
representative tests. Further analysis of the clay fraction of the rock are needed to confirm 
this suspected mechanism.  
 
 

 
 

Figure 14: Mineralogical profiles of illite (peak at 10 Å) and kaolinite (peak at 7.13 Å) in the in 
situ experiment after 1 year of interaction with the CEM I cement paste 
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The interface area measures about 250-300 µm and is totally filled with zeolite, C-S-H and 
(in a lesser amount) with calcite. The textured appearance of these phases suggests that 
their formation was helped by the presence of an initial technology gap between the two 
materials. 
 
For information, the first results on a two-month experiment in the diffusion cell have very 
similar reaction paths: decalcification, carbonation, C-S-H formation in the interface area and 
precipitation of ettringite. Only the formation of zeolite is not confirmed. However, the 
formation of Al/Si-gel was revealed, which is a possible precursor of zeolites. The future 
results after 6 and 12 months should confirm this hypothesis.  
 

4- CONCLUSION 
 
The CEMTEX project investigates interface reactions between cementitious materials and 
clay environment at high (70 °C) temperature. This project is a collaboration between two 
technical safety organizations: IRSN and BEL V. In situ tests are performed in the URL of 
Tournemire.  
 
Preliminary results of CEMTEX do show good agreement with the existing literature: 
- The carbonation of the cementitious material is observed both in the in situ and laboratory 
tests. 
- The decalcification was demonstrated in all cases via the dissolution of portlandite. 
- If ettringite is dissolved with the rise in temperature, experiments clearly show that it 
precipitates near the interface in the area of decalcification. 
- The formation of C-S-H is provided for all models at the interface and in the argillite  
[13;17;19;23;24;25;27]. 
- The formation of zeolite, that was never been clearly demonstrated in representative 
experiments with interfaces, is proved in the in situ test. As well as the formation of C-S-H, 
the precipitation of zeolites as described in the literature [3;11;18;20;23;24;25;27] has been 
shown in extreme conditions in batch tests above 60 °C. 
 
Remaining research is to identify the impact of the formation of such phases on the 
microstructure and hence on the extension of the disturbance in the CEM I and low-pH 
material.  
From a purely safety point of view, these preliminary results are to be confirmed and better 
developed in the framework of the CEMTEX project. Preliminary results seems to highlight 
that an increase in temperature would have a positive effect on the durability of these 
interface due to the carbonation of cementitious material and to the formation of a band of 
zeolite. This band would trap part of the diffusive elements (and possibly radionuclides) 
between the two environments. 

  



 
 

16 

5. REFERENCES 

[1] S. Diamond, E.B. Kinter, Adsorption of Calcium Hydroxyde by Montmorillonite and Kaolinite, 
Journal of Colloïd and Interface Science 22: (1965) 240-249. 

[2] D.D. Eberl, B. Velde, T. McCormick, Synthseis of illite-smectite from smectite at earth surface 
temperatures and high pH, Clay Minerals 28: (1993) 49-60. 

[3] A. Bauer, G. Berger, Kaolinite and smectite dissolution rate in high molar KOH solutions at 35 and 
80°C, Applied Geochemistry 13 (7): (1998) 905-916. 

[4] R. Mosser-Ruck, M. Cathelineau, Experimental transformation of Na, Ca-smectite under basic 
conditions at 150°C, Applied Clay Science 26: (2004) 259-273. 

[5] A. Inoue, Potassium fixation by clay minerals during hydrothermal treatment. Clays and Clay 
Minerals 31: (1983) 81-91. 

[6] S. Yokoyama, Atomic force microscopy; study of montmorillonite dissolution under highly alkaline 
conditions, Clays and Clay Minerals 53 (2): (2005) 147-154. 

[7] N.L. Jefferies, C.J. Tweed, S.J. Wiseby. The effects of change in pH within a clay surrounding a 
cementitious repository, In: M. Apted & R.F. Westermann, Scientific Basis for Nuclear Waste 
Management, Materials Research Society 11: (1988) 43-52 . 

[8] R. W. Lentz, W.D. Horst, J.O Uppot, The permeability of clay to acidic and caustic permeants, In: 
A.I. Johnson, R.K. Froebel, N.J. Cavalli & C.B. Petterson (eds) Hydraulic barriers in soil and rock, 
American Society for Testing and Materials. ASTM STP 874: (1985) 127-139.  

[9] M.L. Rozalen, F.J Huertas, P. V. Brady, J. Cama, S. Garcia-Palma, J. Linarez, Experimental study 
of the effect of pH on the kinetics of montmorillonite dissolution at 25°C, Geochimica and 
Cosmochimica Acta 72: (2008) 4224-4253. 

[10] J.A. Chermak, Low temperature experimental investigation of the effect of high pH NaOH 
solutions on the Opalanius Shale, Switzerland, Clay Mineral Bulletin 40: (1992) 650-658. 

[11] J.A. Chermak, Low temperature experimental investigation of the effect of high pH KOH solutions 
on the Opalanius Shale, Switzerland, Clays and Clay Minerals 41: (1993) 365-372.  

[12] M. Adler, U.K. Mäder, H.N. Waber, High pH alteration of argillaceous rocks: an experimental 
study, Schweizerische Mineralogische und Petrographische Mitteilungen 79: (1999) 445-454. 

[13] M.C. Braney, A. Haworth, N.L. Jefferies, A.C. Smith, A study of the effects of an alkaline plume 
from a cementitious repository on geological materials, Journal of Contaminant Hydrology 13: (1993) 
379-402. 

[14] R. Push, H. Zwahr, R. Gerber, J. Schomburg, Interaction of cement and smectitic clay-theory and 
practice, Applied Clay Science 23: (2003) 203-210. 

[15] I. Devol-Brown, E. Tinseau, D. Bartier, D. Mifsud, D. Stammose, Interaction of Tournemire argillite 
(Aveyron, France) with hyperalkaline fluids : Batch experiments performed with powdered and/or 
compact materials, Physics and Chemistry of the Earth, 32 (2007): 320-333. 

[16] J.H.P. Van Aardt, S. Visser, Formation of hydrogarnets: calcium hydroxyde attack on clays and 
feldspars, Cement and Concrete Research 7: (1977) 39-44. 

[17] A.E. Milodowski, E.K. Hyslop, H. Khoury, C. Hugues, U.K. Mäder, L. Griffault, L. Trotignon, 
Mineralogical alteration by hyperalkaline groundwater in northern Jordan, In : Proceedings of the 
Tenth International Symposium on Water-Rock Interaction, Balkema : (2001) 1347-1350.   

[18] D. Savage, S. Benbow, C. Watson, H. Takase, K. Ono, C. Oda, A. Honda, Natural systems 
evidence for the alteration of clay under alkaline conditions: An example from Searles Lake, California, 
Applied Clay Science 47: (2010) 72-81.   

[19] F. Claret, A. Bauer, T. Schafer, L. Griffault, B. Lanson, Experimental Investigation of the 
interaction of clays with high-pH solutions: a case study from the Callovo-Oxfordian formation, Meuse-
Haute Marne underground laboratory (France). Clays and Clay Minerals 50: (2002) 633-646. 

[20] S. Ramirez, P. Vieillard, A. Bouchet, A. Cassagnabère, A. Meunier, A. Jacquot, Alteration of the 
Callovo-Oxfordian clay from Meuse-Haute Marne underground laboratory (France) by alkaline 
solution. I. A XRD and CEC study, Applied Geochemistry 20: (2005) 89-99. 

[21] M. Elie, P. Faure, R. Michels, P. Landais, L. Griffault, L. Mansuy, L. Martinez, Effect of water-
cement solutions on the composition of organic compounds leached from oxidized Callovo-Oxfordian 
argillaceaous sediment, Applied Clay Science 26: (2004) 309-323.   



 
 

17 

[22] R. Push, Chemical interaction of clay buffer materials and concrete. SKBF/KBS, Report No. SFR 
82-01 (1982). 

[23] S. Ramirez, J. Cuevas, R. Vigil, S. Leguey, Hydrothermal alteration of « La Serrata » bentonite 
(Almeria, Spain) by alkaline solutions, Applied Clay Science 21: (2002) 257-269.  

[24] J. Cuevas, R. Vigil De La Villa, S. Ramirez, L. Sanchez, R. Fernandez, S. Leguey, The alkaline 
reaction of FEBEX bentonite: a contribution to the study of the performance of bentonite/concrete 
engineered barrier systems, Journal of Iberian Geology 32 (2): (2006) 151-174. 

[25] R. Fernandez, M. Rodriguez, R.V. de la Villa, J. Cuevas, Geochemical constraints on the stability 
of zeolites and C-S-H in the high pH reaction of bentonite, Geochimica et Cosmochimica Acta 74 : 
(2010) 890-906. 

[26] R.V. de la Villa, J. Cuevas, S. Ramirez, S. Leguey, Zeolite formation during the alkaline reaction 
of bentonite, European Journal of Mineralogy 13 : (2001) 635-644. 

[27] A. Bouchet, A. Casagnabère, J.C. Parneix, Batch experiments : results on MX80, In : Michau, N. 
(Ed.), Ecoclay II : Effect of Cement on Clay Barrier Performance Phase II, Final Report, (ANDRA), 
European contract FIKW-CT-2000-0028 (2004). 

[28] S. Nakayama, Y. Sakamoto, T. Yamaguchi, M. Akai, T. Tanaka, T. Sato, Y. Iida, Dissolution of 
montmorillonite in compacted bentonite by highly alkaline aqueous solutions and diffusivity of 
hydroxide ions, Applied Clay Science 27: (2004) 53-65. 

[29] R. Fernandez, J. Cuevas, L. Sanchez, R. V. de la Villa, S. Leguey, Reactivity of the cement-
bentonite interface with alkaline solutions using transport cells, Applied Geochemistry 21: (2006) 977-
992.   

[30] A. Dauzères, P. Le Bescop, P. Sardini, C. Cau Dit Coumes, Physico-chemical investigation of 
clayey/cement-based materials interaction in the context of geological waste disposal,  Experimental 
approach and results, Cement and Concrete Research 40 : (2010) 1327-1340. 

[31] D. Read, F.P. Glasser, C. Ayora, M.T. Guardiola, A. Sneyers, Mineralogical and microstructural 
changes accompanying the interaction of Boom Clay with ordinary Portland cement, Advances in 
Cement Research, 13, N°4, October  2001, 175-183. 

[32] I. Techer, D. Bartier, Ph. Boulvais, E. Tinseau, K. Suchorski, J. Cabrera, A. Dauzères, Tracing 
interactions between natural argillites and hyper-alkaline fluids from engineered cement paste and 
concrete: Chemical and isotopic monitoring of a 15-years old deep-disposal analogue, Applied 
Geochemistry, Volume 27-7 (2012) 1384-1402. 

[33] S. Gaboreau, D. Prêt, E. Tinseau, F. Claret, D. Pellegrini, D. Stammose, 15 years of in situ 
cement–argillite interaction from Tournemire URL: Characterisation of the multi-scale spatial 
heterogeneities of pore space evolution. Appl. Geochem. 26 : (2011) 2159 – 2171. 

[34] D. Bartier, I. Techer, A. Dauzères, P. Boulvais, M. Blanc-Valleron, J. Cabrera, In situ 
investigations and reactive transport modelling of cement paste / argillite interactions in a saturated 
context and outside an excavated disturbed zone, Applied Geochemistry (2013). 

[35] A. Dauzères, Etude expérimentale et modélisation des mécanismes physico-chimiques des 
interactions béton-argile dans le contexte du stockage géologique des déchets radioactifs, thèse de 
doctorat de l’Université de Poitiers, 2010, 249 p. 

[36] J. Tremosa, D. Arcos, J. M. Matray, F. Bensenouci, E. C. Gaucher, C. Tournassat & J. Hadi, 
Geochemical characterization and modelling of the Toarcian/Domerian porewater at the Tournemire 
underground research laboratory. Applied Geochemistry, 27,7: (2012) 1417-1431. 

[37] A. Le Bail, http://www.sdpd.univ-lemans.fr/powdif/low_fwhmand_rp.html personal site. 

[38] C.A. Reiss, The RTMS technology: dream or reality, Panalytical interne communication, CPD 
newsletter 27, 2002. 

[39] G. Le Saoût, T. Füllmann, V. Kocaba, K.L. Scrivener, Quantitative study of cementitious materials 
by X-ray diffraction/Rietveld analysis using an external standard, ICC Montreal, 2008 12 p. 
[40] N.Y. Mostafa, A. A. Shaltout, H. Omar & S. A. Abo-El-Enein, Hydrothermal synthesis and 
characterization of aluminium and sulfate substituted 1.1 nm tobermorites. Journal of Alloys and 
Compounds, 467, 1–2: (2009) 332-337. 


