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Abstract: 

Compacted bentonite is a critical component in the design of Engineered Barrier Systems (EBS) 
and seals for deep geological repositories intended for the isolation of high-level nuclear waste 
(HLW) and spent nuclear fuel (SNF). Its exceptional swelling and water-retention properties 
make it ideal for these applications. This research investigates the chemo-mechanical behavior 
of compacted bentonites subjected to different pore �luids. The study evaluates the swelling 
pressure and strain of two bentonites: MX80 (Na+ dominated) and BCV (Ca2+/Mg2+ dominated). 
A detailed study of the bentonites is presented, with mineralogical analysis using X-ray 
diffraction (XRD). The results suggested that the osmotic pressure generated by the type and 
concentration of electrolytes in the pore �luids reduces swelling pressures and strains. The XRD 
analyses support the macroscopic observation, indicating that salinity impacts crystalline 
swelling as demonstrated by the reduction of basal spacing of clay minerals when the osmotic 
suction increases. 

Introduction 

The EBS is subjected to complex thermo-hydro-mechanical-chemical (THMC) interactions driven by multiple factors: heat generated from HLW and SNF, hydration from in�iltrating 
groundwater, stress increments caused by the progressive wetting and swelling of compacted bentonite under highly con�ined conditions, and chemical interactions with surrounding 
materials. This study, therefore, focuses on the swelling behavior of compacted bentonite, with particular emphasis on the in�luence of pore �luid composition on the swelling pressures (SWP) 
developed during hydration. 
 
Previous research has demonstrated that the nature of exchangeable cations in bentonite signi�icantly affects its hydro-mechanical response. Studies [1][2] examined various bentonite 
types, including those dominated by monovalent cations (e.g., MX-80) and divalent cations (e.g., 
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FEBEX). These studies found that, under identical matric suction conditions, bentonites 
enriched with divalent cations retain more water than bentonites enriched with monovalent 
cations. This behavior is attributed to the lower tendency of exchangeable Ca²⁺ ions to dehydrate compared to Na⁺ ions. Consequently, calcium-rich bentonites exhibit a greater 
capacity to retain water at high matric suction levels [2]. No comprehensive study has speci�ically focused on comparing the effects of osmotic suction in bentonites dominated by 
different exchangeable cations. 
 
The dominant exchangeable cation in the bentonite highly in�luences both the crystalline and 
osmotic swelling mechanisms observed in the expansive clays [3]. Crystalline swelling occurs 
in the interlayer spacing of clays, typically between 10 and 22 AÅ [2], and it is driven by the 
adsorption of water molecules into the interlayers of smectite. Osmotic swelling, on the other 
hand, takes place at larger interparticle distances—generally beyond 22 AÅ —because of 
repulsive forces associated with the development of diffuse double layers (DDL). In Na-
dominated clay, both swelling mechanisms—osmotic and crystalline—play a signi�icant role in 
determining the swelling pressure. In contrast, Ca-bentonite is primarily in�luenced by crystalline swelling. This is because the number of �lakes per stack is considerably higher in Ca-
montmorillonite than in Na-montmorillonite, resulting in a signi�icantly smaller number of 
electrical double layers per unit volume (weaker DDL). 
 
The experimental investigations include both macroscopic and microscopic scales. The 
macroscopic tests consist of both swelling pressure (SWP) and swelling strain under constant 
stress experiments of compacted bentonite saturated with solutions prepared with water and 
different types of salts and concentrations. The microscopic study is based on XRD analysis of 
postmortem samples from the tests mentioned above.  

Materials 

Two different materials were used in this work. The �irst material is MX-80 bentonite, sourced 
from Wyoming, USA, and supplied by Cetco. The second material is BCV (Bentonite CČerný Vrch) from deposits in the CČeské Strředohořı́ Mountains in the Czech Republic. 

Table 1. Major properties of MX-80 [4]and BCV bentonite[5]. 

Properties MX-80 BCV 

Montmorillonite content (%) 70 69.7 CEC (meq/100g) 90 60.9 

Dominant cation Na+ Mg2+ and Ca2+ 
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Experimental methods 

Swelling Pressure tests 

The system used to perform the SWP tests is a constant-volume cell comprised of the following 
components (Figure 1a): a cell to hold the sample, a rigid frame to maintain a constant global 
dry density throughout the tests, a load cell to measure stress evolution during hydration, and 
a dial gauge to detect any potential movement of the steel frame. The samples had a cylindrical 
shape (63.5 mm in diameter and 20 mm in height), and they were statically compacted by 
applying vertical stress to achieve a dry density of ρd = 1.48±0.02 Mg/m³ from powder with 
hygroscopic water content (wc=10±2%). The compaction stress was maintained for 24 hours to 
ensure material uniformity and minimize rebound effects. Finally, the samples were placed 
between two porous stones in the swelling pressure cells. 

The samples were saturated by inundating them with pore �luid. The pore �luids adopted in this 
study included distilled water (DW), and either NaCl or CaCl₂ solution at the same osmotic 
suction; all were prepared at room temperature (T = 22°C). A total of six SWP tests were 
conducted, which included two samples that were saturated using distilled water and four 
samples inundated with saline solutions with an osmotic suction equal to 2.36 MPa. The osmotic 
suction (so) of the solutions was determined using the following formula, and its value was 
selected to approach the seawater salinity. 

so = −10−6 RT

Mw ln(aw)    (𝑀𝑀𝑀𝑀𝑀𝑀) (1) 

where R is gas constant (8.3143 J/ (mol K)), aw is the activity of the water, T is the temperature 
in Kelvin (K), and Mw is the molecular mass of the water (18 g/mol). The water activity depends 
on the concentration of dissolved salts in the solution. This variable was computed using the 
Pitzer model from the computer program PHREEQC Version 3[6]. A chilled mirrored-point 
psychrometer (WP4-T, Decagon Devices, Pullman, Washington) was used to check the osmotic 
suction of the solutions. Water content measurements and XRD patterns were performed for 
each experiment as part of postmortem analyses.  

Swelling strain tests under constant stress 

The swelling strain under constant stress was measured in oedometers cells as shown in Figure 
1b. Six swelling strain tests were carried out for MX-80 and BCV. The samples were saturated 
using distilled water and NaCl and CaCl2 solutions at the same osmotic suction (so = 2.36 MPa). 
The samples were �looded at constant vertical effective stress σ'v = 100 kPa. The swelling strains 
were recorded until they reached equilibrium conditions. 
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a)    b)  

Figure 1. Details of experimental devices. a) swelling pressure cell, and b) oedometer set-ups. 

X-ray diffraction 

The d001 spacing of the smectite mineral in the BCV bentonite was measured after the 
competition of the SWP test. The diffraction patterns were recorded on the Advance Bruker D8 
X-ray powder diffractometer using a point detector (Sol-X). The machine used CuKα radiation 
(Wavelength=1.54060) with a dwell time of 3s/step and a step size of 0.05°. The X-ray tube 
operated at 40 kV and 40 mA. The basal spacing of MX 80 samples were measured on a D8 
FOCUS X-ray powder diffractometer using a LYNXEYE detector. The machine also used CuKα 
radiation but with time step of 0.1s and step size of 0.02°. 

The samples were cut into rectangular pieces of approximately 1.5 cm x 1.5 cm x 2 mm. They 
were placed in X-ray powder holders and �latted from the top by applying hand pressure with a 
glass slide. 0.25mil Mylar �ilm was located between the sample and the glass slide to get a 
smooth surface and to prevent water evaporation during sample preparation and the X-ray 
analyses. The sample was sealed with the Mylar �ilm and with the help of a rubber band in the 
holder’s boundaries. An internal standard of Muscovite powder was sprinkled on top of the 
sample. The internal standard helped to correct sample displacement by using the d001 peak of 
muscovite compared to its ideal position.   

Results 

Swelling pressure test 

Figure 2 presents the evolution of swelling pressure (SWP) in compacted MX-80 and BCV bentonite samples during hydration with different pore �luids. The results demonstrate a clear 
reduction in SWP with increasing osmotic suction of the pore �luids. 
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As shown in Figure 2a, the effect of pore �luid chemistry is more pronounced in the sodium-
dominated bentonite (MX-80). Saturation with NaCl resulted in a greater reduction in SWP 
compared to saturation with CaCl₂, with reductions of approximately 45% and 30%, 
respectively. This indicates that MX-80 is more sensitive to the type of ions present in the pore �luid. 
Figure 2b shows that the swelling behavior of the calcium/magnesium-dominated bentonite (BCV) is also in�luenced by osmotic suction and ion concentration. However, the speci�ic chemical nature of the pore �luid had a less signi�icant impact compared to MX-80, with a SWP 
reduction of approximately 38%, regardless of whether NaCl or CaCl₂ was used. 

Figure 2: Time evolution of swelling pressures for samples hydrated with distilled water, 
sodium chloride (NaCl), and calcium chloride (CaCl₂) solutions for two different bentonites: (a) 
MX-80 (monovalent bentonite) and (b) BCV (divalent bentonite). 

Swelling strain tests under constant stress 

All tests were conducted starting from the same initial water content and under a constant 
vertical effective stress of σ′ᵥ = 100 kPa. The samples were saturated using different pore �luids, 
including distilled water, NaCl, and CaCl₂ solutions at various concentrations, corresponding to an osmotic suction of sₒ = 2.36 MPa. 
Figure 3a presents the time evolution of swelling strains in MX-80 samples, plotted against 
normalized time, de�ined as the ratio of actual time to the �inal time required to reach equilibrium for each sample. The results show that samples saturated with saline solutions 
exhibited lower swelling strains compared to those saturated with distilled water. The trend in 
swelling strain closely follows the behavior observed in swelling pressure. 

Similarly, Figure 3b illustrates the time evolution of swelling strains in BCV samples under the 
same conditions. The results indicate a smaller effect of salinity on swelling strain compared to 
MX-80, although a slight reduction is still observed with increased salt concentration. 
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a) b)  

Figure 3. Evolution of swelling strains in the samples under 100 kPa, with distilled water, 
sodium chloride (NaCl), and calcium chloride (CaCl₂) solutions for two different bentonites: (a) 
MX-80 (monovalent bentonite) and (b) BCV (divalent bentonite). 

X-ray diffraction  

Figures 4 and 5 show the diffraction patterns and the characteristic peaks for some of the 
crystalline phases in the MX-80 and BCV samples, including smectite (Sm), muscovite (Ms), and 
Quartz (Qz). The Mylar �ilm contributed a broad peak in the range of 20 to 30° 2theta. Figure 4 
illustrates that the peak shift is more pronounced in the MX 80 samples (from 18.63 AÅ  to 15.69 AÅ ). As seen in Figure 5, the Sm peak shifts slightly to the right in the BCV samples exposed to 
saline solutions. Although the changes are minimal, the shift in the d001 spacing of expansive 
clay was observed (from 19.27 AÅ  to 18.9 AÅ ). The variation on d001 suggests that the exposure to 
saline solutions reduces basal spacing; These �indings are consistent with previous studies [7]. 
This observation aligns with the macroscopic observation from the swelling pressure tests.  

 

Figure 4. Diffraction patterns and basal spacing of smectite in the MX 80 samples. Continuous 
lines show the characteristic peak of the lattice plane of Sm, Ms and Qz. The dashed line 
illustrates the Sm d001 of the sample saturated with DW.  Dotted lines correspond to the 3W and 
2W states.  
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Figure 5. Diffraction patterns and basal spacing of smectite in the BCV samples. Continuous 
lines show the characteristic peak of the lattice plane of Sm, Ms, and Q. The dashed line 
illustrates the Sm d001 of the sample saturated with DW.  Dotted lines correspond to the 3W and 
2W states. 

Conclusions 

This study summarizes the swelling behavior of different compacted bentonites subjected to various pore �luids. The results indicate that both the initial exchangeable cation composition and the chemistry of the pore �luids play a signi�icant role in determining the �inal swelling 
pressures and swelling strains. Higher osmotic suction, induced by higher salt concentrations, 
reduced both swelling pressure and swelling strain. The macroscopic observations align with the microscopic �indings, suggesting that the swelling behavior of MX-80 bentonite is more 
susceptible to the osmotic suction and the chemistry of the pore �luid.  Although this work does 
not study the reasons for exposing the difference in crystalline behavior, it is important to 
consider that the crystalline swelling of montmorillonite not only depends on the type of 
counter ions but also the layer charge density, opening opportunities for future investigations. 
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