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Abstract: The cement–clay interaction (CI) experiment was carried out at the Mont Terri rock 
laboratory to complement the current knowledge on the influence that cementitious materials have 
on Opalinus Clay (OPA) and bentonite (MX). Drill cores including the interface of OPA, concrete 
(LAC = low-alkali binder, and OPC = ordinary Portland cement), and MX, which interacted for 4.9 
and 10 years, were successfully retrieved after drilling, and detailed analyses were performed to 
evaluate potential mineralogical changes. The saturated compacted bentonites in core samples were 
divided into ten slices, profiling bentonite in the direction towards the interface, to evaluate the 
extent and spatial variation of the mineralogical alteration of bentonite. Regarding the mineral com-
positions of bentonite, cristobalite was dissolved within a range of 10 mm from the interface in both 
LAC-MX and OPC-MX, while calcite precipitated near the interface for OPC-MX. In LAC-MX and 
OPC-MX, secondary products containing Mg (e.g., M-S-H) also precipitated within 20 mm of the 
interface. These alterations of bentonite developed during the first 4.9 years, with very limited pro-
gress observed for the subsequent 5 years. Detectable changes in the mineralogical nature of mont-
morillonite (i.e., the formation of illite or beidellite, increase in layer charge) did not occur during 
the 10 years of interaction. 
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1. Introduction 
Bentonite is used in radioactive waste disposal facilities as an engineered barrier ow-

ing to its suitable physicochemical properties, such as swelling properties [1], low hydrau-
lic permeability under saturation conditions [1] and cation exchange capacity for radio-
nuclide sorption [2]. Cementitious materials that are used as part of the engineered barrier 
degrade and generate alkaline pore water, which interacts with natural clays or bentonite. 
Although bentonite should inhibit the migration of radionuclides, its physicochemical 
properties change with mineralogical alterations when under alkaline conditions for a 
long period of time. Therefore, the evaluation of the alteration behavior of bentonite dur-
ing its interaction with cementitious materials is important for performance assessments 
and safety analysis for radioactive waste disposal. 

The mineralogical alteration of bentonite under alkaline conditions has been re-
viewed in previous studies [3–5]. Based on these reviews, the mineralogical alteration of 
bentonite has been attributed to the dissolution of the minerals present in bentonite and 
the subsequent precipitation of secondary phases. The dissolution of the major minerals 
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of bentonite has been extensively investigated; previous studies have summarized the dis-
solution rates of these minerals [6,7], as well as the potential secondary phases in various 
chemical conditions [3,5]. Savage et al. (2007) suggested that calcite, dolomite, chalcedony, 
C(A)SH at variable Ca/Si ratios, K-feldspar, illite, phillipsite, analcime, clinoptilolite, and 
heulandite are the most likely secondary phases to form in a low-temperature cement–
bentonite systems [5].  

In addition to the above mineralogical alterations (i.e., dissolution and precipitation), 
the mineralogical nature of montmorillonite, which is the main component of bentonite, 
changes as it reacts with alkaline solutions. The illitization of montmorillonite is one of 
the major alteration phenomena that occur when montmorillonite reacts with a KOH solution 
[8–13]. Beidellitization and a change in the layer charge of montmorillonite also occur 
when reacting with alkaline solutions [8,9]. These mineralogical alterations of montmoril-
lonite affect its swelling properties. Consequently, there are changes to be expected in the 
physicochemical properties of bentonite. Therefore, the progress of these changes in the 
mineralogical nature of montmorillonite with time, is also important for understanding 
the alteration behavior of bentonite under alkaline conditions. 

In radioactive waste disposal facilities, a highly compacted form of bentonite is used 
to obtain low hydraulic permeability. Many studies on the mineralogical alteration of ben-
tonite, as described above, have been carried out based on a high liquid–solid ratio used 
in powder samples. In contrast, there are a number of uncertainties that must be consid-
ered as the mineralogical alteration of compacted bentonite materials under alkaline con-
ditions has not been extensively investigated [14–19]. Long-term alteration of bentonite 
materials in radioactive waste disposal is predicted by numerical analysis, such as in re-
active transport modelling. Validation of the numerical results requires experimental re-
sults that take into account specific material properties, such as compacted bentonite and 
the type of cementitious materials. Such experimental results will also be useful for exam-
ining unknown parameters in the numerical analysis, such as reactive surface area of min-
erals that undergo dissolution. Furthermore, because the performance assessments and 
safety analysis of radioactive waste disposal targets long-term processes, it is valuable that 
the results of these experiments, such as those produced by Alonso et al. (2017) [20] and 
Fernández et al. (2017) [21], are produced under the assumed environmental conditions 
(e.g., temperature) for as long as possible. 

The cement–clay Interaction (CI) experiment was carried out at the Mont Terri rock 
laboratory [22]. The aim of the CI experiment was to reduce uncertainty in process-related 
cement–clay interactions, such as mineralogical alteration, generation of hyperalkaline 
pore water chemistry, and changes in the porosity of each material over relatively long-
term periods. In the CI experiment, the compacted bentonite and cementitious materials 
were emplaced in Opalinus Clay (OPA), which is a claystone formation of mid-Jurassic 
age, investigated at the Mont Terri rock laboratory, and the host rock was identified from 
a deep geological repository in Switzerland [23]. The field experiment was repeatedly 
sampled, including the interfaces of each material: OPA, bentonite, and cementitious ma-
terials. Interface regions were analyzed to evaluate the mineralogical alteration as a func-
tion of space and time [22]. In this study, we characterized bentonite that reacted with 
cementitious materials for 4.9 and 10 years to specifically estimate the extent of the min-
eralogical alteration of bentonite. 

2. Overview of CI Experiment  
Previous studies have described the detailed setup of the CI experiment [22,24]. The 

concrete and bentonite were installed in two vertical boreholes (386 mm in diameter, up 
to 9 m in length) in the OPA. Three different cements, i.e., ordinary Portland cement 
(OPC), ESDRED cement, and low alkali cement (LAC), were used to prepare the concrete 
with common aggregate content and grain size distributions (sand and gravel up to 16 mm). 
These concretes were set in each part, as shown in Figure 1. Previous studies have also 
summarized the details of the materials [22,24]. In particular, the pH of OPC and LAC 
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pore water, which influences the chemical interactions between concretes and bentonite, 
was reported to be equal at 13–13.3 and 12.2–12.4, respectively [22]. MX-80 bentonite (MX), 
also called Wyoming bentonite, was emplaced as a mixture of highly compacted pellets 
and fines, covered with a prefabricated concrete lid with a water saturation system and 
sealed against the overlying concrete section. In other words, MX was installed by sand-
wiching the top and bottom surfaces with different types of concrete (Figure 1). MX was 
saturated by artificial pore water (APW) using a water saturation system. APW mainly 
contained Na, Ca, Mg, Cl, SO4, K, and TIC (Table 1) and provides an approximate of the 
pore water composition of the OPA at the experimental location in the Mont Terri rock 
laboratory. The bentonite sections were fully saturated after approximately 1 year (moni-
toring water uptake and swelling pressure).  

The MX employed in the scope of the CI experiment was the same granular bentonite 
as used in a large-scale emplacement test in the scope of the ESDRED project [25]. The 
bentonite consisted of small pellets (8–15 mm) with high density (ca. 2000 kg/m3) and low 
water content (4 wt%), and variable amounts of fine fractions. The CI experiment per-
formed a full-scale emplacement test for bentonite (92 kg), with a relatively low fine frac-
tion (about 20%) which was partially removed by sieving, with an average moisture con-
tent of 6.1 wt%. It achieved a bulk density (moist) of 1548 kg/m3 and developed a swelling 
pressure of >3.3 MPa. A similar mixture was emplaced in the field test, but the emplace-
ment density is not exactly known, approximately 1450 kg/m3. Swelling pressure was 
monitored at the top of the bentonite sections, and reached 0.6–1.3 MPa after 4 months of 
saturation, 1.3–1.6 MPa (BCI-6) and 1.4–1.9 MPa (BCI-7) after 12 months. Pressures of 2.2–
2.5 MPa (BCI-6) and 2.6 MPa (BCI-7) were reached after 4 years, and remained at similar 
values 10 years after emplacement. 

 
Figure 1. Schematic diagram of the settings for the CI experiment [22]. Dotted rectangles indicate 
the sampling location for each core sample. Samples BCI-12 and BCI-15 were sampled after 4.9 years, 
samples BCI-19 and BCI-20 10 years after emplacement of the materials. OPC: ordinary Portland cement; 
LAC: low-alkali binder; MX: bentonite; CI: cement–clay interaction. 

Table 1. Composition of the artificial pore water (APW). 

 Na+ K+ Mg2+ Ca2+ SO42− Cl– TIC* pH** 
Concentration 

(mmol/L) 
204.8 2.33 14.33 12.65 11.76 236.9 0.359 9.6 

* Toral inorganic carbon. ** pH was calculated from the charge balance of each cation and anion 
concentration using the Geochemist’s Workbench (GWB) software package. 
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3. Samples and Methods 
3.1. Samples 

A drilling campaign to collect the core samples, including the interface of bentonite 
and concrete, was carried out 4.9 and 10 years after the installation of each material. Core 
samples were taken from the bottom interface of the bentonite to avoid any complications 
from the water saturation system equipped at the top of the bentonite. (Figure 1). The core 
samples used in this study were BCI-12, BCI-15, BCI-19, and BCI-20. BCI-12 and BCI-20 
included the interface of MX and LAC which reacted for 4.9 and 10 years, respectively. 
BCI-15 and BCI-19 included the interface of MX and OPC which reacted for 4.9 and 10 
years, respectively. Figure 2 shows photos and X-ray CT images of BCI-15 and a schematic 
diagram of sample separation. To evaluate the mineralogical alteration in bentonite, it was 
divided into ten sections in the range of 50 mm from the interface. The sample ID was 
numbered sequentially from the interface. 

 
Figure 2. Core sample of BCI-15. (A) Photo of core sample, (B) X-ray CT image of core sample, (C) 
photo of core sample after cutting along the dotted line in (A), and (D) division thickness of benton-
ite and sample ID. 

3.2. Sample Characterization 
For mineral identification, the X-ray powder diffraction (XRD) patterns of the 

bentonite were obtained using a randomly oriented sample by XRD with CuKα radiation 
(RIGAKU RINT 2500, Tokyo, Japan). Samples divided as shown in Figure 2 were dried 
under vacuum conditions and manually ground using an agate mortar. The obtained 
powders were loosely compacted in an aluminum folder for XRD measurements to avoid 
particle orientation. Each sample was scanned at 40 kV, 30 mA, 0.01° 2θ steps and a scan 
range of 2.5–65° 2θ. The morphologies and major elemental distribution of the bentonite 
samples were investigated by scanning electron microscopy (FE-SEM: JEOL JSM-7001F, 
Tokyo, Japan) and electron probe microanalyzer (EPMA: SHIMADZU EPMA1610, Kyoto, 
Japan; JEOL JXA-8100, Tokyo, Japan), respectively. For FE-SEM imaging, the vacuum-dried 
bentonite granules were split, and the fracture surface was coated with osmium and observed. 
EPMA samples, containing the interface of concrete and bentonite, were prepared by 
encapsulating vacuum-dried samples in resin and polishing the analysis surface.  

The extracted cations of bentonite were evaluated as follows. The dry sample (300–
500 mg) was dispersed in 10 mL of 1 M NH4Cl solution for 1 day and was solid–liquid 
separated by centrifugation. This process was repeated five times. All collected solutions 
were used to measure the concentrations of Na, K, Ca, and Mg by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES: SHIMADZU ICPS-7510, Kyoto, Japan). 
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This method may indicate a Ca concentration that is overly high compared with the ex-
changeable Ca content because of the possible dissolution of Ca carbonate contained in 
the sample, as discussed in a previous study [26]. Therefore, the term “extracted cation” 
was used in the present study. 

The montmorillonite content of bentonite was estimated using the methylene blue 
absorption test. The methylene blue absorbed on bentonite was measured based on the 
Japanese Industrial Standard (JIS Z 2451) [27]. The montmorillonite content was calculated 
by dividing the amount of methylene blue absorbed on bentonite by that of pure mont-
morillonite, which was assumed to be 140 mmol/100g [28]. According to JIS Z 2451, the 
standard deviation of the adsorbed amount is 4–6 mmol/100g [27]. Therefore, the error in 
calculated montmorillonite content was ±3–4%. 

The mineralogical alteration of montmorillonite in bentonite under alkaline condi-
tions was examined by detecting illitization, beidellitization, and an increase in the layer 
charge [8–13]. To evaluate these alterations, the clay particle fraction of bentonite (0.2–2 μm) 
was collected by centrifugation. For oriented clay sample preparation, dispersions of the 
collected clay samples in deionized water were spread onto glass slides and air-dried. To 
evaluate illitization, the oriented clay sample, after saturation with ethylene glycol (EG), 
was analyzed by XRD. The percentage of expandable layers (smectite) of the sample was 
determined using the Δ2θ1–Δ2θ2 diagram [29]. To evaluate beidellitization, a Greene–
Kelly (GK) test was carried out for all clay samples. Each sample (30–50 mg) was im-
mersed three times in 10 mL of 1 M LiCl solution for 1 day. The samples were subse-
quently washed five times with 80% alcohol until the samples were chloride free (AgNO3 
test). The Li-saturated samples were spread with water onto silica slide glass. The Li-sat-
urated samples were air-dried and then heated at 300 °C for 24 h in a muffle furnace. 
Afterwards, the samples were saturated with glycerol (GLY) vapor at 110 °C for 1 day 
before XRD measurements. The mean layer charge of the clay samples was analyzed using 
dodecylammonium chloride and octadecylammonium chloride according to the al-
kylammonium ion exchange method presented in previous studies [30–32]. The clay sam-
ples (15 mg) were dispersed in 5 mL of 0.1 M dodecylammonium chloride solution and 
0.05 M octadecylammonium chloride solution and heated at 65 °C for 2 days. The suspen-
sions were solid–liquid separated by a centrifuge and then treated once again with fresh 
alkylammonium chloride solution for one day. The samples were then washed with alco-
hol until the samples were chloride free. The washed clay sample was spread onto glass 
slides and dried at 65 °C in an oven. The dried samples were analyzed by XRD. The mean 
layer charge of the clay sample was calculated using the formula proposed by Olis et al. 
(1990) [31]. 

4. Results and Discussion 
4.1. Mineral Compositions and Element Distributions 

Figure 3 shows the XRD patterns of the bentonite samples. Although no XRD analysis 
of the initial MX used for the CI experiment was conducted, Karnland (2010) summarized 
the mineral composition of MX-80 for the commercial batches of each year, with the mean 
composition determined as montmorillonite (81.4%), illite (0.8%), calcite (0.2%), cristobal-
ite (0.9%), gypsum (0.9%), muscovite (3.4%), plagioclase (3.5%), pyrite (0.3%), quartz 
(3.0%), and tridymite (3.8%) [2]. The MX used in the present study mainly comprised 
montmorillonite, quartz, cristobalite, and feldspar and contained extremely small amounts of 
mica minerals, gypsum, and calcite. In the XRD patterns recorded to evaluate mineral 
composition, each peak attributed to feldspar occurred randomly regardless of the dis-
tance from the interface, although sufficient attention was paid to sample homogenization 
and orientation randomization (see above). Therefore, all samples were concluded to con-
tain feldspar, but the exact variation of feldspar amount could not be assessed. In contrast, 
the peak intensity of cristobalite was weak near the interface (within 10 mm) for both LAC-
MX and OPC-MX (Figure A1). Figure 4A and B show SEM images of cristobalite in BCI-15. 
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These cristobalites were observed at a location more than 60 mm from the interface, but 
they were hardly observed near the interface. From these results, as cristobalite was char-
acterized as fine particles with a diameter of several hundred nm, cristobalite had a high 
reactivity and dissolved by reaction with cementitious fluids near the interface. Compar-
ing between the 4.9- and 10-year samples, the range in which cristobalite was dissolved 
was slightly more advanced in LAC-MX after 10 years but was almost the same in OPC-
MX. This indicates that the advance of the dissolution front for cristobalite occurred dur-
ing the first 4.9 years of interaction, after which there was a strong decrease in its propa-
gation rate. A small peak of gypsum was observed far from the interface, disappearing at 
a distance of ~20 mm from the interface. As Karnland (2010) reported that gypsum is ini-
tially contained in MX-80 [2], this behavior was ascribed to the dissolution of gypsum near 
the interface. 

Figure 5 shows the EPMA-determined elemental distributions of 10-year core samples. 
For OPC-MX (BCI-19), a high Ca concentration was detected near the interface, as was 
also observed in the SEM and EPMA analyses of BCI-15 (Figure 4C and Figure A4). Figure 
4C shows an SEM image of calcite grains near the interface (~1 mm). In SEM images, calcite 
was hardly observed far from the interface because of its extremely small content. The 
results of SEM and EPMA analyses suggest that calcite precipitated only near the interface 
because of the interaction between MX and OPC.  

 
Figure 3. XRD patterns of bentonite in LAC-MX and OPC-MX. (A) LAC-MX_4.9 y, (B) LAC-MX_10 y, (C) OPC-MX_4.9 y, 
and (D) OPC-MX_10 y. M: montmorillonite; Q: quartz; C: cristobalite; F: feldspar; Mi: mica mineral; G: gypsum; Ca: calcite. 
Arrow pointing to cristobalite peak. 
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In Figure 5, a notable elemental re-distribution in the bentonite component is the high 
Mg concentration near the interface in both LAC-MX and OPC-MX. This high Mg concen-
tration was also observed in the 4.9-year core sample (Figure A2 and A3). This suggests 
that secondary products containing Mg were precipitated near the interface. Mäder et al. 
(2017) and Bernard et al. (2020) reported the possible formation of magnesium-silicate-
hydrate (M-S-H), or hydrotalcite-like phases, due to the interaction between OPA and ce-
mentitious materials in the CI experiment [24,33]. The Mg-containing secondary products 
observed herein were also presumed to be M-S-H, hydrotalcite-like, or similar phases, as 
OPA and MX are similar clayey materials. In the concrete section, the distribution of the 
high concentrations occurred from the interface in the order of S and Cl in both LAC and 
OPC (Figure 5). In other words, Cl penetrated the concrete section more deeply than S 
did. The depth of S and Cl penetration into concrete was deeper in OPC than in LAC. The 
enrichment zones of these elements were distributed parallel to the interface between each 
concrete and MX. Therefore, these elements were concluded to penetrate concrete through 
MX. As the APW used to saturate MX and the pore water of OPA [34] contained substantial 
amounts of S and Cl, these elements penetrated the concrete along with the saturation of MX 
and precipitated. Although the precipitates were not analyzed, they presumably con-
tained new products such as monosulfate and/or ettringite and Friedel's salt. 

 
Figure 4. SEM images and EDS analysis of bentonite in BCI-15. (A) Montmorillonite and cristobal-
ite (in white circle), (B) fine particles of cristobalite, (C) calcite (in white square), and (D) EDS spec-
trum of calcite at point indicated by the arrow in (C). 
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Figure 5. Elemental distribution of the 10-year core sample (BCI-19 and BCI-20). 

4.2. Extracted Cations and Montmorillonite Contents in Bentonite 
Figure 6 shows the compositions of the extracted cations in bentonite. As MX was 

saturated by APW and the pore water of OPA containing various ions, the extracted cation 
composition in Figure 6 represents that after the reaction of MX and these solutions. 
Karnland (2010) summarized the exchangeable cations in MX-80 for batches of each year 
[2]. From this report, the mean exchangeable Na, Ca, K and Mg contents of MX-80 were 
obtained as 55, 13, 1 and 5 meq/100g, respectively. The extracted Na, K, and Mg contents 
of MX far from the interface were similar to the above values, whereas the extracted Ca 
content exceeded the exchangeable Ca content reported by Karnland (2010) [2]. This dif-
ference was due to the dissolution of the small amounts of calcite contained in MX during 
extraction by 1 M NH4Cl solution, as described above. 

Here, the amounts of extracted Ca and Mg near the interface (0–15 mm) were higher 
than those far from the interface. The amounts of extracted Na and K were almost con-
stant, independent of the distance from the interface. The ion exchange reaction of ben-
tonite results in an increased content of a certain cation while decreasing the contents of 
other cations. Therefore, this result suggests that the ion exchange reaction is not the main 
cause of the increase in Ca and Mg contents near the interface. Furthermore, the total 
amount of extracted cations increases near the interface. If the extracted cation is electro-
statically adsorbed, the negative charge of bentonite, especially montmorillonite, should 
have increased near the interface. However, no change was observed in the mean layer 
charge of montmorillonite, as described below. Based on these observations, we suggest 
that the increase in the amount of extracted Ca and Mg is due to the dissolution of the 
mentioned secondary phases (i.e., calcite and Mg-binding phases) during the extraction 
treatment. In the comparison between the 4.9- and 10-year samples, both Ca and Mg in 
OPC-MX and LAC-MX showed almost the same value and distance from the interface 
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with no change in the increasing total extracted cations. These results indicate that the 
precipitation of secondary phases occurred mainly during the 4.9-year interaction and had 
little progress over the next five years. 

 
Figure 6. Extracted cation compositions of bentonite by a 1 M NH4Cl solution. (A) LAC-MX_4.9 y, 
(B) LAC-MX_10 y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. 

Figure 7 shows the content of montmorillonite in bentonite. The montmorillonite 
content of MX was approximately 78~80%. This value is almost identical to the montmo-
rillonite content obtained by Karnland (2010) [2] when the reported variation in each year 
is considered. In LAC-MX, no change was observed in the 4.9- and 10-year samples, such 
that we consider that there was no montmorillonite dissolution. In OPC-MX, the mont-
morillonite content appears to show a slight decrease near the interface, but it was not a 
significant difference considering the error of the methylene blue adsorption experiment. 
These results indicate that the dissolution of montmorillonite did not significantly pro-
gress in the interaction between LAC-MX and OPC-MX for 10 years. 

 
Figure 7. Montmorillonite content of bentonite. (A) LAC-MX and (B) OPC-MX for 4.9 (blue diamonds) and 10 (brown 
squares) years. 
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The dissolution rate of montmorillonite under alkaline conditions depends on the 
pH, temperature, and degree of undersaturation (ΔGr) [35–37]. Furthermore, for com-
pacted bentonite, the reactive surface area for dissolution, i.e., the edge surface area [38], 
would be reduced as the bentonite is compacted and the component minerals are coated 
with each other. To evaluate the dissolution rate of montmorillonite in a realistic com-
pacted bentonite–concrete interaction, it is important to analyze core samples that have 
reacted for an extended period to detect dissolution and obtain data on the above influ-
encing factors. 

4.3. Mineralogical Characteristics of Montmorillonite 
The illite % of the illite/smectite interstratified mineral (I/S) was determined by XRD 

analysis of the sample treated with EG. If smectite-rich R0 I/S forms from smectite, the 
peaks of d002 and d003 of the sample shift to low and high angles, respectively [39]. Figure 8 
shows the XRD patterns of the clay fraction samples collected from each bentonite sample 
after EG treatment. No peak shifts in d002 and d003 were observed in any of the samples 
(Figure A5). The illite% was evaluated using the Δ2θ1–Δ2θ2 diagram [29]; consequently, 
the formation of an illite layer was not observed. Therefore, illitization of montmorillonite 
did not occur during the 10-year interaction in both LAC-MX and OPC-MX. 

Montmorillonite and beidellite have mainly negative charges (layer charge) on octa-
hedral and tetrahedral sheets, respectively. These clay minerals can be identified by the 
GK test, featuring characteristic XRD peaks at 0.95 nm (montmorillonite) and 1.77 nm 
(beidellite) [40]. Figure 9 shows the XRD patterns of the clay fraction samples after the GK 
test. Although some patterns appear to show a weak broad shoulder around 3~7° 2θ, this 
remains unexplained at present. On the other hand, all samples showed a peak near 0.95 
nm, which indicated that almost no beidellite was formed. The mean layer charge of mont-
morillonite was evaluated from the XRD patterns of the alkylammonium treated samples 
(Table 2). From these results, the mean layer charge shows almost the same value, where 
no change was observed during the 10-year interaction in both LAC-MX and OPC-MX. 
From the above evaluation, we clarified that illitization and changes in layer charge char-
acteristics (i.e., position and the mean layer charge) of montmorillonite did not occur dur-
ing the 10-year interaction. The change in the mineralogical nature of montmorillonite, as 
described above, and the change in the exchangeable cation compositions affect the swell-
ing property of bentonite. As these changes were not observed in this study, there would 
be no change in the swelling property of MX due to that effect for 10 years. 

The mean layer charge is the average of the values evaluated using dodec-
ylammonium chloride and octadecylammonium chloride solutions. 

Table 2. Mean layer charge of montmorillonite in each compacted bentonite. 

Sample ID 
LAC-MX OPC-MX 

4.9 y 10 y 4.9 y 10 y 
01 0.28 0.29 0.28 0.29 
02 0.28 0.29 0.28 0.29 
03 0.28 0.29 0.28 0.29 
04 0.28 0.29 0.28 0.28 
05 0.27 0.28 0.27 0.28 
06 0.28 0.28 0.27 0.28 
07 0.28 0.29 0.27 0.28 
08 0.27 0.28 0.27 0.28 
09 0.27 0.28 0.27 0.28 
10 0.27 0.28 0.27 0.28 
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Figure 8. XRD patterns of montmorillonite after ethylene glycol (EG) treatment. (A) LAC-MX_4.9 
y, (B) LAC-MX_10 y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. Sample IDs are arranged 1–10 
from the top to bottom of each figure. 

 
Figure 9. XRD patterns of montmorillonite after the GK test. (A) LAC-MX_4.9 y, (B) LAC-MX_10 
y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. Sample IDs are arranged 1–10 from the top to bot-
tom of each figure. Triangles (▲) and circles (●) indicate the ideal peak positions of montmorillo-
nite and beidellite, respectively. 
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4.4. Bentonite Alteration during 10 Years of Interaction  
In the CI experiment, the main alterations of bentonite due to interaction with ce-

mentitious materials were the dissolution of cristobalite and the precipitation of second-
ary phases containing Ca and Mg. The initial pH of MX-80 slurry and the pore water of 
compacted samples has been previously reported to be approximately 8~9 [41,42]. The direct 
measurement of pH in the alteration zone is not possible, but the observed dissolution of 
cristobalite and precipitation of secondary products mentioned imply a high-pH pertur-
bation extending some distance into the bentonite. Particularly, all secondary Mg-phases 
showed a strongly reduced solubility with increasing pH, and therefore, zones of Mg pre-
cipitation outline a high-pH front. The complexity of such mineral reaction fronts is best 
clarified by using reactive-transport modeling.  

These alterations mainly progressed in the first 4.9 years with little progress during 
the next five years. Although the cause of the change in expansion rate of alteration zone 
is not yet clear, the following two possibilities can be considered. The first is the possibility 
that alteration occurred in a relatively short time after each material was installed in the 
vertical boreholes. Cementitious materials had excess water and pore water when the hy-
dration reaction was in progress after casting. In contrast, bentonite was not completely 
saturated with water immediately after installation. Therefore, this would suggest that the 
highly alkaline solution in the cementitious materials was easily transferred to the bentonite 
by suction. Due to this rapid migration of highly alkaline solutions, the dissolution of highly 
reactive minerals (e.g., cristobalite with a fine particle size) and the precipitation of sec-
ondary products would proceed in a relatively short period of time. The permeation of 
the solution into the unsaturated bentonite causes the swelling of montmorillonite near 
the interface. The swelling of montmorillonite improves the water tightness and conse-
quently inhibits further penetration of the solution. In addition, the supply of APW and 
the pore water of OPA could also have contributed to a reduction in suction. Therefore, it 
would suggest that the distance of the observed alteration area, i.e., the range of the initial 
alkaline solution penetration, was limited to approximately 15 mm or less.  

The second possibility is the effect of clogging by secondary products. The precipitation 
of secondary products, calcite, and Mg-binding phases may reduce the porosity of ben-
tonite, resulting in limited mass transfer. Similar to this manner, the precipitation of S- 
and Cl-binding phases and the progressing hydration in cementitious materials may also 
contribute to the reduction in porosity. As a result, this would inhibit the expansion rate 
of the alteration zones. This second possibility, especially the effect that a decrease in the 
porosity has on the expansion rate of the alteration zones, will be also discussed in future 
studies using reactive-transport models. The finding that the observed expansion rate of 
the alteration zones occurs in a non-linear manner is important for predictions of long-
term bentonite–cement interactions. For predictions of long-term interactions, one must 
not only elucidate the mechanism of the observed alteration behavior (the two possibili-
ties mentioned above), but also obtain data for the slow alteration rates (e.g., dissolution 
of montmorillonite). This will be revealed in future analyses of long-term interacting core 
samples from the CI experiment (e.g., 20 years). 

5. Conclusions 
To understand the alteration behavior of bentonite caused by the interaction with 

cementitious materials, we analyzed core samples collected from the CI experiment con-
ducted at the Mont Terri rock laboratory. Cristobalite dissolved within the range of 10 mm 
from the interface and calcite precipitated near the interface. Secondary products contain-
ing Mg (e.g., M-S-H or hydrotalcite-like phases) probably also precipitated in the range of 
20 mm from the interface. In the extracted cation composition, the amounts of Ca and Mg 
increased near the interface due to the dissolution of these secondary products during the 
extraction process. These alterations of bentonite mainly progressed during the first 4.9 
years (possibly within a much shorter time), with little progress occurring during the next 



Minerals 2021, 11, 251 13 of 17 
 

 

five years. It must be noted that the mineralogical characteristics of montmorillonite in 
bentonite did not change during the 10-year interaction; consequently, the swelling prop-
erty of MX should not have changed due to this effect for 10 years. Although the mecha-
nism of the observed alteration behavior—as mentioned above—is not yet entirely clear, 
the finding that the observed expansion rate of the alteration zones is highly non-linear is 
important for predictions of long-term bentonite–cement interactions.  

The CI experiment represents a long-term experiment at a relatively large scale, eval-
uating the interaction of compacted bentonite with concrete, taking into account relevant 
materials expected in radioactive waste repositories. We believe that the results of the de-
tailed analysis in this paper can be used to advance numerical analyses of long-term in-
teractions by reactive transport modelling. 
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Appendix A 

 
Figure A1. XRD patterns of bentonite in LAC-MX and OPC-MX. (A) LAC-MX_4.9 y, (B) LAC-
MX_10 y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. Arrows indicate the peak position of cristo-
balite. 
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Figure A2. Elemental distribution of LAC-MX_4.9 y (BCI-12). 

 
Figure A3. Elemental distribution of OPC-MX_4.9 y (BCI-15). 
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. 

Figure A4. Calcium distribution of OPC-MX_4.9 y (BCI-15). 

 
Figure A5. XRD patterns of montmorillonite after EG treatment. (A) LAC-MX_4.9 y, (B) LAC-MX_10 y, (C) OPC-MX_4.9 
y, and (D) OPC-MX_10 y. This figure shows an enlargement of 8–20° 2θ in Figure 8. 
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