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HIGHLIGHTS 

 Two hydro-chemo-mechanical models for compacted bentonite are compared. 

 A good agreement between models in the swelling pressure can be observed. 

 Concentrations in the macroporosity are similar in both models. 

 The role of the microporosity and its evolution over time is stressed. 
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ABSTRACT 

This study compares the capabilities of two numerical models that simulate the behaviour 

of compacted saturated MX-80 bentonite exposed to different chemical environments. 

Both codes have different approaches: one of them is a reactive transport model, and the 

other is a hydrogeomechanical model. The study shows that the combined use of both 

approaches provides a useful basis for designing bentonite barriers in the geological 

disposal of high-level nuclear waste. Although, their application is now limited to simple 

geometries and boundary conditions, the proposed approaches are a first step towards a 

fully thermo-hydro-mechano-chemical model. It is also shown that there is a need for a 

greater understanding of the chemomechanical coupling that occurs at the microstructural 

scale to achieve this comprehensive model in the future.   
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1. INTRODUCTION 

Bentonite is the most promising candidate buffer and backfill material for in engineered 

barrier systems in subsurface repositories of high-level nuclear waste. The current design 

in Sweden and Finland is called KBS-3 and has two alternatives, KBS-3V (SKB, 2010; 

Posiva Oy, 2012) and KBS-3H (Posiva Oy, 2013), both using bentonite as barrier. This 

natural material has favourable properties such as its swelling capacity, its low 

permeability at full saturation, and its capacity to passivate or retard certain geochemical 

processes (Arthur and Zhou, 2000; Arthur et al., 2005). Consequently, there is an 

objective need for understanding the complex behaviour of this material in the short, 

medium and long term (SKB, 2010). For example, the swelling pressure developed by a 

bentonite buffer is an important design consideration (SKB, 2010; Posiva Oy, 2012). 

According to safety requirements, swelling pressures should lie within a range of 2-15 

MPa (Posiva Oy, 2012). Values higher than this may damage the canister and therefore 

significantly affect the safety of the repository. Variations in the swelling pressure may 

be due to multiple factors (Raiko et al., 2010), including the geometry and arrangement 

of the buffer with respect to the fractures of the host rock, the mineralogy of the bentonite, 

the type of predominant counterions (e.g., Na+, Ca2+, Mg2+), or the chemical composition 

of the surrounding groundwaters. It has been verified experimentally that the chemistry 

of the saturating water affects the permeability (Dixon, 2000; Cho et al., 2002; Karnland 

et al., 2006; Castellanos et al., 2008; Zhu et al., 2013), the strength properties (Di Maio 

and Fenelli, 1994; Börgesson et al., 1995; Di Maio, 1996; Jeong et al., 2012; Sinnathamby 

et al., 2015), the deformational properties (Bolt, 1956; Mesri and Olson, 1971; Sridharan 

and Rao, 1973; Low, 1980; Di Maio et al., 2004; Calvello et al., 2005; Castellanos et al., 

2006; Ye et al., 2014; Zhu et al., 2015; Chen et al., 2016) or the mineralogical composition 

due to processes such as illitization (Hökmark et al., 1997; Wersin et al., 2007) or 
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chloritization, among other processes (Karnland and Birgersson, 2006; Gómez-Espina 

and Villar, 2010; Marty et al., 2010; Xiaodong et al., 2011; Gómez-Espina and Villar, 

2015). However, the swelling pressure under different salinity conditions and types of 

solutes has traditionally been the most experimentally studied variable (Low, 1980; 

Pusch, 1980; Dixon et al., 1996; Karnland, 1998; Dixon, 2000; Karnland et al., 2006). In 

all cases, an increase in the ionic strength of the saturating fluid translates into a reduction 

of the swelling pressure (Savage, 2005). Consequently, it is essential to understand the 

long-term chemical composition of the surrounding groundwaters of a repository. 

However, even though a detailed experimental characterization of the material (Herbert 

et al., 2004; Karnland et al., 2005; Karnland et al., 2006; Yamaguchi et al., 2007; Herbert 

et al., 2008) and its behaviour with different pore water compositions has already been 

performed, the slowness of the processes, which is associated with the system’s low 

saturated hydraulic conductivity, does not allow for real-scale experimentation in many 

cases. This type of in situ testing has only been performed in a few studies (Karnland et 

al., 2000; Alonso et al., 2005; Pacovský et al., 2007; Svoboda, 2007; Li et al., 2013; 

Martín et al., 2014; Liu et al., 2016) with long test times, high costs, and variable degrees 

of interpretation and understanding. 

In this context, the numerical modelling of the multiphysics processes that occur in 

bentonite is important. Historically, in a first approach, mechanical processes were 

coupled with hydraulic (i.e., HM models) (Alonso et al., 1990; Gens and Alonso, 1992; 

Börgesson et al., 1996) and thermal processes (i.e., THM models) (Olivella et al., 1996; 

Thomas and He, 1997; Navarro and Alonso, 2000). It is less common to find 

multicomponent geochemical transport models in conjunction with those previously cited 

(i.e., THMC models) because the coupling of all these phenomena is complicated 

(Guimarães et al., 2013; Lei et al., 2014; Sedighi et al., 2015). Additionally, there is no 
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single conceptual model that combines all of these processes effectively and accurately. 

Thus, different approaches have been used to reduce the complexity of the 

chemomechanical coupling, either by reducing the amount of chemical species and 

reactions involved in the geochemical model or by simplifying the mechanical 

constitutive model. This study evaluates the ability of two models, each of which uses 

one of the aforementioned simplifications, to estimate the evolution of different variables, 

both chemical and mechanical, and also evaluates their capability to be used in a 

complementary manner in the design of engineered barrier systems for spent nuclear fuel 

and other nuclear wastes. Furthermore, this study is a first step before a complete 

conceptual and numerical thermo-hydro-mechano-chemical model, for which a better 

understanding of the phenomena involved is still needed. 

 

2. DESCRIPTION OF THE MODELS 

The first of the numerical models considered in this study is the CRUNCHFLOW model 

(Steefel et al., 2015), which is a geochemical transport model with a simplified auxiliary 

geomechanical model implemented in the CRUNCHFLOWMC version; this model is 

referred to as the mC model in this study. The second model, developed in a Comsol 

Multiphysics environment, was proposed by Navarro et al. (2017), which is primarily 

mechanical with a simplified geochemical model; this model is referred to as the Mc 

model in this study. Both models use a double-porosity approach to describe the 

compacted bentonite system. In this study, macroporosity is defined as the aggregate pore 

space, and microporosity is defined as the intra aggregate pore space (Romero et al., 

2011). Both models also define chemical equilibrium between ions in the two porosity 

domains using the Donnan equilibrium approach (Tournassat and Appelo, 2011; Alt-

Epping et al., 2015). The Donnan equilibrium substitutes cation exchange: the total 
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positive charge in the microporosity, balancing the negative charge of the clay mineral 

layer, represents the cation exchange capacity of the bentonite. The composition in the 

microporosity reflects the exchangeable cation occupancy. The Donnan pore space in 

both models is considered to be the total microporosity; the presence of a Stern layer 

containing immobile cations near the negatively charged montmorillonite sheet surface 

is not explicitly considered. Any montmorillonite edge site reactions have been discarded; 

no significant pH changes are expected in this numerical experiment. Therefore, the 

potential buffer role that edge sites can play via protonation or deprotonation will not be 

relevant in this comparison. The ability to simulate the flow of the liquid phase in 

unsaturated conditions is also a common feature in the two models, although only 

problems full saturation will be analysed in this study. Finally, solute transport occurs in 

both microporosity (diffusive only) and in macroporosity (both advective and diffusive). 

Diffusion coefficients can be set individually for micro- and macroporosity. 

Despite the common conceptual structures, ionic distribution and solute transport 

methods of the models, there are important differences in the modelling approaches with 

regard to geochemical modelling. The mC model is a multicomponent reactive transport 

code including thermodynamic equilibria, kinetic mineral precipitation/dissolution 

reactions, surface complexation, and conventional ion exchange (Alt-Epping et al., 2015; 

Steefel et al., 2015). On the other hand, the geochemical system of the Mc model is 

limited because it only considers one anion (Cl) and two cations (Na+ and Ca2+) and does 

not consider any reactions between them. Although this chemical system can reproduce 

behaviour trends that have been observed in various tests in the literature (Karnland et al., 

2006; Castellanos et al., 2008; Ye et al., 2015), the chemical phenomena that alter the 

original mineralogy of bentonite (Karnland and Birgersson, 2006) cannot be simulated 

by these models. 



8 
 

In terms of geomechanical modelling, the levels of sophistication of both codes are 

opposite. In the Mc model, a complete elastoplastic constitutive model (Navarro et al., 

2013, 2014) was chosen based on the Barcelona Expansive Model (BExM) (Alonso et 

al., 1999; Sánchez et al., 2005), although it includes differentiating elements. First, the 

model Mc includes a formulation of the water exchange kinetics between micro- and 

macroporosities that considers the chemical potential difference between both porosity 

levels (Navarro et al., 2016). The model also uses a constitutive model of the behaviour 

of the microstructure that is based on the interpretation of retention curves at high suction 

values (Navarro et al., 2015) and incorporates an alternative definition of the interaction 

function between the micro- and macrostructural strains to consider the free swelling 

phenomena and the effect of the salinity of the saturating water (Navarro et al., 2017). 

The result is a model that includes the major parameters controlling the hydromechanical 

behaviour of the bentonite. 

In the mC model, the microporosity volume is calculated from the Debye length, which 

is inversely proportional to the square root of ionic strength in the macroporosity 

(Tournassat and Appelo, 2011). Because the Debye length overlaps in compacted 

bentonites, the interlayer thickness is a fraction of Debye length, and this parameter 

(termed multiplier) is considered as constant for fixed bentonite dry density. 

Microporosity volume can then be derived by multiplying interlayer thickness with the 

total specific surface area of montmorillonite. Macroporosity follows from the total 

volume constraint and the known dry density. The Debye length multiplier is derived 

from experimental data stating interlayer distances in MX80 bentonite at different dry 

densities and known macroporosity ionic strength (Holmboe et al., 2012). The final 

expression for the calculation of the microporosity (nm) is 
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SSAn


 m          Eq. 1 

where SSA is the total specific surface area of montmorillonite, is a time-dependent 

physical constant (3.03743×10-10 m, Tournassat and Appelo, 2011),  is the multiplier. 

Moreover, there is no geomechanical module to solve the mechanical equilibrium 

equation. An empirical correlation proposed by the authors is used to apply experimental 

data found in the literature (Karnland et al., 2006). The expression  

  cdIabPswell  arcoth2        Eq. 2 

links ionic strength I (M) and swelling pressure Pswell (kPa), the parameters in Table 1 

result in satisfactory fits of the experimental data for both sodium- and calcium-

dominated bentonites (Figure 1) for a montmorillonite dry density of 1380 kg/m3. 

Equation 2 is used for swelling pressure estimation, assuming that ionic strength (I) in the 

macroporosity and dry density (via the parameters a, b, c and d) are the only governing 

parameters. A possible response of the Debye length multiplier on swelling pressure is 

neglected and the multiplier is kept constant. A further evaluation of the experimental 

data conducted at different ionic strengths from (Karnland et al., 2006), reveals that 

swelling pressures at 480 kg/m3 dry density are higher for Na-montmorillonite than for 

Ca-montmorillonite. Surprisingly, swelling pressures at 780 kg/m3 are higher for Ca-

montmorillonite above approx. 2.5 M. This turning point moves further down in ionic 

strength with increasing dry density. At 1690 kg/m3, Ca-montmorillonite shows higher 

swelling pressures over the entire ionic strength range investigated. A conclusive 

explanation for this behaviour is missing, as well as coherent data on mixed Ca-Na (or 

additional cation) systems. However, literature data (Birgersson et al., 2009) suggests 

swelling pressures of Ca-Na bentonite similar to pure Na bentonite up to 80% Ca 



10 
 

occupancy, which is above Ca occupancies considered in this study. Therefore, mixed 

Na-Ca bentonites are mechanically treated as Na bentonites. 

 

Parameter Na-montmorillonite Ca-montmorillonite 

a 111.8 24.8 

b 510672.4 600913.8 

c -460.1 -1613.4 

d 215.2 257.8 

 

Table 1. Parameters from fitting Equation 2 to measured data (Figure 1). 

 

Figure 1. Swelling pressures at different ionic strength deduced from measurements (dots, Karnland, 

Olsson, and Nilsson 2006), and fitted curves after equation 2 with parameters from Table 1. 

Montmorillonite dry density is 1380 kg/m3. 

 

3. PROPOSED INTERCOMPARISON EXERCISE 

In the previous section, it is pointed out that none of the conceptual models behind these 

numerical codes take into account all the processes that occur in bentonite. This study 

addresses the question whether both codes can make long term and consistent estimates 
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of different variables of interest in such a way that they may be used in a complementary 

manner in design studies of engineered barrier systems. 

A simplified comparison was proposed such that it is not outside the range of application 

of any of the two models. The behaviour of the engineered barrier is analysed around the 

canister containing spent nuclear fuel located in a vertical deposition hole (Figure 2a). To 

accomplish this, a radius (see Figure 2b) of the bentonite buffer is modelled as a 1D 

domain. In reality, the system is an axisymmetric problem. Both models will produce the 

same inaccuracies due to this geometric simplification, and consequently, the code 

comparison will be consistent. The size of the simulated element is 0.35 m, the thickness 

of the bentonite buffer after emplacement in partially saturated state and subsequent full 

saturation and homogenisation. Saline groundwater, whose composition has been used as 

a reference in the safety assessments for KBS-3H and KBS-3V (Nykyri et al., 2008; Smith 

et al., 2008), has been considered to be the saturating water in this study (see Table 2). 

These conditions are assumed to be representative of the baseline conditions at the 

Olkiluoto site foreseen to host a spent fuel repository. The pore fluid composition was 

obtained after equilibration in the CRUNCHFLOW model of such water with the original 

mineralogy (Kiviranta and Kumpulainen, 2011) proposed as a buffer material for the 

benchmark (see Table 3). Using the mean of samples 1-1-Sa and 1-2-Sa (Wyoming MX-

80), the gypsum content was calculated using the corresponding sulphate content and by 

assuming all sulphate is present in the form of gypsum. This calculation was based on the 

values shown in Table 3, which originated from XRD measurements at 54% relative 

humidity, where the water content of bentonite was approximately 12% of the dry mass. 

Assuming that all water is located in the interlayers of smectite, the corresponding amount 

of water is subtracted from the smectite content, and the resulting values are upscaled to 

100% by mass and shown in Table 4.  
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Figure 2. (a) Diagram of a vertical deposition hole and an engineered barrier system (b) 1D domain 

scheme of the proposed comparison. 
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Groundwater 

type 

Dilute carbonate-

rich water 

Saline water Brine water 

Sample OL-KR4_81_1 OL-KR20-465-1 

KR20_465_1 

OL-KR4_861_1 

KR4_861_1 Depth (z, m) -69 -360 -818 

TDS (kg/m3) 1.1 11 69 

CB (%) 3.76 0.97 0.15 

pH 7.8 7.4 7.8 

Alk. (HCO3) 4.573 0.657 0.200 

DIC (kg/m3) 58.5×10-3 6.6×10-3 1.0×10-3 

SO4 0.958 0.208 <0.010 

Cl 9.900 180.521 1212.873 

Na 13.136 114.834 424.102 

K 0.248 0.281 0.563 

Ca 1.347 32.437 391.736 

Mg 0.741 2.551 4.526 

Sr 5.706×10-3 0.160 1.837 

SiO2 0.200 0.166 88.209×10-3 

Mn 3.458×10-3 5.825×10-3 40.045×10-3 

Fe 8.058×10-3 2.328×10-3 35.813×10-3 

S2- tot 0.312×10-3 5.614×10-3 <15.6×10-3 

F 31.582×10-3 52.636×10-3 84.218×10-3 

Br 17.521×10-3 0.551 4.355 

NH4 41.578×10-3 <1.2×10-3 1.663×10-3 

PO4 1.685×10-3 <0.32×10-3 0.421×10-3 

B 26.825×10-3 0.120 83.249×10-3 

N2 (gas) 1.852 3.257 8.343 

H2 (gas) 0.112×10-3 <0.3×10-3 10.395×10-3 

He (gas) 0.892×10-3 0.321 0.924 

CH4 (gas) 31.677×10-3 6.112 41.403 

Eh (mV) -290 -70 -60 
 

Table 2. Compositions of the reference waters. 
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 1-1-Sa 1-2-Sa Mean±Std 

Mineral (% mass) (% mass) (% mass) 

Smectite  88.5  86.7  87.6±1.3  

Illite  0.1  0.1  0.1±0  

Quartz  4.0  4.3  4.1±0.2  

Cristobalite  tr?  tr?  tr?  

Plagioclase  4.2  4.2  4.2±0  

Calcite  0.5  0.6  0.6±0.1  

Dolomite        

K-feldspar  1.5  2.1  1.8±0.5  

Biotite  tr  tr  tr  

Chlorite        

Hornblende        

Zircon  tr  tr  tr  

Apatite    tr  tr  

Hematite  0.1  tr  tr  

Goethite        

Pyrite  0.4  0.8  0.6±0.3  

Magnetite  tr  tr  tr  

Opal-A        

Rutile  0.7  1.0  0.9±0.2  

Gypsum        
Table 3. Mineralogical composition of the MX-80 reference bentonite. 

Mineral (mass %) 

Smectite dry 78.50 

Gypsum 0.65 

Calcite 0.55 

Illite 0.10 

Quartz 4.16 

Plagioclase 4.21 

Dolomite 6.82 

K-feldspar 1.81 

Chlorite 1.15 

Hematite 0.10 

Pyrite 0.60 

Opal-A 0.50 

Rutile 0.85 

Table 4. Estimated mineralogical composition of the MX-80 bentonite evaluated in this study. 

Two modelling exercises were proposed based on this initial arrangement. Starting with 

an initial condition containing bentonite in equilibrium with the saline groundwater, the 

in-diffusion of dilute carbonate-rich water and brine water were simulated (water 
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specifications in Table 2). Both types of water are also used as reference bounding waters 

in the safety assessments for the KBS-3H and KBS-3V design concepts (Hellä et al., 

2014). The in-diffusion process from the host rock to the bentonite buffer (see Figure 2b) 

will result in changes in the composition of the water in both the micro- and the 

macroporosity, in variations in the distribution of the pore space between the two 

structural levels, and in the swelling pressure. The goal of this comparison exercise is to 

compare the predictions from both models regarding the evolution and final state of the 

system.  

 

4. DETAILED PROBLEM SPECIFICATION 

Although the mC model can simulate multicomponent reactive hydrogeochemical 

systems, two subsystems of different complexities were analysed to facilitate the 

comparison with the results of the Mc model. In the first system, which is referred to as 

the "complete system" in this study, gypsum and calcite were selected as readily soluble 

minerals. All other minerals, including montmorillonite, were treated as inert. The initial 

chemical conditions (shown in Table 5) were obtained after the equilibration of the saline 

reference water (see Table 2) with the soluble minerals. After saturating the porewater in 

the macroporosity with respect to gypsum and calcite, the pH dropped slightly, and ionic 

strength increased. The model predicted 29 vol% of macroporosity and 17 vol% of 

microporosity (thus adding to a total porosity of 46%) based on the dry density and the 

rather high ionic strength. The cation occupancy was reflected by the microporosity 

composition, the Donnan equilibrium also predicted 0.5 eq% of anions in the 

microprosity. This system was only simulated with the mC model. 
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Initial 

Saline 

(mol/m3) 

Macropore 

equilibrated 

(mol/m3) 

Micropore 

equilibrated 

(mol/m3) 

SO4
2- 0.209 16.331 5.752 

HCO3
- 0.664 0.658 0.869 

Cl- 181.942 182.628 26.039 

Na+ 113.462 125.102 1134.393 

K+ 0.278 0.308 2.807 

Ca2+ 32.243 41.916 3151.055 

Mg2+ 2.536 3.385 237.508 

Sr2+ 0.159 0.181 15.620 

SiO2 (aq) 0.166 0.171 0.172 

Mn2+ 0.006 0.007 0.569 

Fe3+ 0.002 0.003 0.221 

F- 0.053 0.053 0.006 

Br- 0.556 0.558 0.060 

NH3 (aq) 0.000 0.000 0.000 

HPO4
2- 0.000 0.000 0.000 

B(OH)3 (aq) 0.120 0.123 0.123 

O2(aq) 0.000 -0.259 -0.083 

H+  0.160 -0.172 

pH 7.80 7.23  

Ionic strength 215.675 250.304  
Table 5. Equilibrated saline water with the minerals in bentonite used as initial conditions for the 

complete system. Total concentrations of the solution components. 

 

The second geochemical system was particularly simple, only considering the ions Na+, 

Ca2+, and Cl- (i.e., the “Na+–Ca2+– Cl- system”), and it was simulated with both mC and 

Mc models. The initial chemical condition of the macroporosity water of the Na+–Ca2+–

Cl- system was obtained by keeping the ionic strength and the Na+/Ca2+ ratio of the 

complete system constant and by ensuring electroneutrality (see Table 6). Micro- and 

macroporosity volumes remained constant, because the ionic strength was kept constant. 

Microporosity composition had to be calculated again by imposing Donnan equilibrium, 

thereby cation occupancy was slightly shifted (Table 6). 
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 Macropore (mol/m3) Micropore (mol/m3) 

Cl- 208.479 23.113 

Na+ 124.829 1125.967 

Ca2+ 41.825 3402.933 

Ionic strength 250.304  
Table 6. Initial conditions for the Na+–Ca2+–Cl- system. 

To define the chemical Dirichlet boundary condition (i.e. imposing a constant 

concentration boundary), it was assumed that the bentonite was in contact with either 

"dilute carbonate-rich" or "brine" groundwater (Table 2), as summarized in Table 7. For 

the Na+–Ca2+– Cl- system, the values in Table 7 were obtained after using the same criteria 

as those considered in the definition of initial chemical conditions. 

 Complete system Simplified System 

 

Dilute 

carbonate rich 

(mol/m3) 

Brine (mol/m3) 

Dilute 

carbonate rich 

(mol/m3) 

Brine (mol/m3) 

SO4
2- 0.978 0.000   

HCO3
- 4.762 0.200   

Cl- 10.310 1214.753 18.611 1221.140 

Na+ 12.595 423.126 15.387 428.548 

K+ 0.238 0.561   

Ca2+ 1.320 391.282 1.612 396.296 

Mg2+ 0.725 4.521   

Sr2+ 0.006 1.835   

SiO2 (aq) 0.200 0.088   

Mn2+ 0.003 0.040   

Fe3+ 0.008 0.036   

S2- tot 0.000 0.000   

F- 0.033 0.084   

Br- 0.018 4.362   

NH3 (aq) 0.040 0.002   

HPO4
2- 0.002 0.000   

B(OH)3 (aq) 0.026 0.083   

pH 7.8 7.8   

Ionic strength 20.22 1617.44 20.22 1617.44 
Table 7. Boundary conditions for the complete system and the Na+–Ca2+–Cl- system. 

With regard to the initial hydromechanical condition, an isotropic stress of 3739 kPa was 

introduced. This value corresponds to the swelling pressure calculated by Equation 2 for 

the initial ionic strength of 0.250 M. It was assumed that the described behaviour of 
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bentonite will be similar to that of Na-montmorillonite. Thus, the parameters used for 

both models will be similar to those corresponding to this type of material. Because it is 

assumed that the bentonite buffer is already saturated and homogenized at the start of the 

analysis, a zero displacement at the contact with the host rock was considered. 

Water flow was only simulated in the Mc model because the mC model does not allow 

for the simulation of water-pressure redistribution caused by the deformation resulting 

from the in-diffusion of water with a different salinity than the initial porewater salinity. 

However, this advective transport caused by this phenomenon is negligible compared 

with the diffusion and, consequently, has a minimal impact on overall solute transport 

Furthermore, as noted above, it was assumed that fully saturated conditions were present 

in all cases. A water pressure equal to the atmospheric pressure was considered as initial 

condition. A no flux condition at the surface of the canister and a constant liquid pressure 

equal to the initial pressure at the surface of the host rock were used as boundary 

conditions for water flow.  

The appropriate parameterization of the two models is critical for comparing their results. 

Table 8 shows the transport parameters, Table 9 shows the mechanical parameters, and 

Table 10 shows the hydraulic parameters. The formulation and definition of these 

parameters is found in Appendixes A and B of this paper respectively. All parameter 

values have been previously used and justified by Navarro et al. (2015) for the MX-80 

bentonite that was evaluated in this study and that corresponds with the MX-80 bentonite 

described by Kiviranta and Kumpulainen (2011). An initial wet density of 2000 kg/m3 

and a water content at full saturation of 29.2 wt% of dry was assumed, which implies an 

initial dry density of the buffer of 1548 kg/m3. A cation exchange capacity (CEC) of 83.4 

cmol(+)/kg dry bentonite, an average MX-80 grain density of 2826 kg/m3, and a specific 
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surface area of 632 m2/g dry bentonite were also assumed in this study (Kiviranta and 

Kumpulainen, 2011). 

Component 
Diffusion coefficient in free 

water (m2/s) 

H+ 8.57×10−9 

SO4
2- 1.06×10−9 

HCO3
- 1.18×10−9 

Cl- 2.03×10−9 

Na+ 1.33×10−9 

K+ 1.96×10−9 

Ca2+ 7.9×10−10 

Mg2+ 7.0×10−10 

Sr2+ 7.91×10−10 

SiO2 (aq) 1.0×10−9 

Mn2+ 7.12×10−10 

Fe3+ 6.04×10−10 

F- 1.475×10−9 

Br- 2.08×10−9 

NH3 (aq) 1.51×10−9 

HPO4
2- 7.59×10−10 

B(OH)3 (aq) 1.3×10−10 

Generic value for secondary species 1.3×10−9 

Macropore diffusion coefficient / diffusion 

coefficient in free water 
0.1 

Micropore diffusion coefficient / diffusion 

coefficient in free water 

0.01 

Table 8. Transport parameters. 
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Parameter Value 

k 0.1 

κio 0.1 

αi (kPa-1) 0 

κSo 0.05 

αSp 0 

αSS (kPa-1) 0 

pREF (kPa) 10 

v 0.35 

pC (kPa) 10 

λ(0) 0.15 

r 0.8 

β (kPa-1) 2.0×10−5 

pO
⁎ (kPa) 23352 

M 1.07 

emR 0.093 

emCMAX 0.480 

αm (MPa−1) 0.016 

lm 0.612 

κm 0.04 

smS,O (MPa) 40 

DeM,m 498 

DeM,m 18.8 

H (kPa·s)−1 1.5×10−8 

C 0.4 

Table 9. Mechanical parameters. 

Parameter Value 

α (kPa-1) 1.15×10-4 

m 0.7335 

bM 9.521 

nMO 0.053 

kMO (m2) 6.558×10−21 

Table 10. Hydraulic parameters. 
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5. RESULTS 

The Na+–Ca2+–Cl- system was simulated with both the mC and Mc code. However, as it 

was mentioned, the complete system was also simulated with the mC model, and the 

results were used to evaluate the impact of the geochemical simplification described 

above.  

To compare the results of the two codes, two types of graphs are shown: a spatial 

distribution of the variable of interest after 10 years from the start of contact with the 

dilute or brine water; and a comparison of the evolution of the variable of interest over 

time. Some of these variables correspond to the value of the cell/node most distant from 

the brine/ dilute water reservoir (i.e., the closest to the non-flux boundary condition on 

the canister surface), whereas the swelling pressure corresponds to the average value for 

the entire domain.  

The first set of graphs (Figure 3) shows the spatial distribution of the concentrations of 

the three ions, as well as the ionic strengths of the macroporosity and of the two cations 

in the microporosity for the Na+–Ca2+–Cl- system 10 years after the start of the simulation. 

Even though the concentration profiles of the macroporosity are generally similar, the 

microporosity profiles are shown to be different. However, if the molar fractions in the 

microporosity are calculated, the distributions are more similar, although not equal 

(Figure 4). These discrepancies originate primarily from the different description of the 

volumes occupied by both porosity domains. Figure 5 shows the differences in the 

estimation of the distribution of the porosities between the mC and Mc models, 

particularly in the case of brine in-diffusion. The mC model predicts a large increase in 

microporosity during dilute infiltration. But the absolute total charge of the cations 

balancing the CEC stays constant (apart from a minor change in the already low Cl- 

concentration calculated by the Donnan equilibrium, which also needs to be balanced by 
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cations). Therefore, the cations concentrations (mol per microporosity volume) must 

decrease reciprocally to the microporosity. 

Figure 3 (a) and (b) Concentration profiles of ions in the macroporosity 10 years after the start of the 

simulation. (c) and (d) Concentration profiles of cations in the microporosity, all results from the Na+–

Ca2+–Cl- system 

Figure 4. Microporosity molar fraction 10 years after the start of the simulation in the Na+–Ca2+–Cl- 

system (a) dilute in-diffusion (b) brine in-diffusion 
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Figure 5. Distribution of porosity 10 years after the start of the simulation in the Na+–Ca2+–Cl- system (a) 

dilute in-diffusion (b) brine in-diffusion 

 

In the set of comparison graphs depicting the evolution at the closest point to the canister 

(i.e., point "P" in Figure 2b), the concentrations in the macroporosity of the two models 

agree quite well (Figure 6), particularly in the case where the contacting water is the dilute 

water. The evolution of the molar fractions of cations in the microporosity (see Figure 7) 

is also shown to be similar, although there are differences that are not negligible. On the 

other hand, opposing evolution trends are noted in the case of contacting brine 

groundwater between 10 and 100 years. The differences are primarily caused by the 

different evolution of microstructural pore space (see Figure 8). In the mC model, 

microporosity variations are shown to be much faster and larger than those in the Mc 

model, which exhibits a stable behaviour over time. 
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Figure 6. Evolution of the macroporosity concentrations of ions of the Na+–Ca2+–Cl- system on the side 

closest to the canister (a) dilute in-diffusion (b) brine in-diffusion 

Figure 7. Evolution of the microporosity molar fraction of the cations of the Na+–Ca2+–Cl- system on the 

side closest to the canister (a) dilute in-diffusion (b) brine in-diffusion 
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Figure 8. Evolution of the distribution of the porosities on the side closest to the canister for the Na+–

Ca2+–Cl- system (a) dilute in-diffusion (b) brine in-diffusion 

Finally, considering the overall swelling pressure, both models produce similar results for 

both the final equilibrium value and the evolution over time, as shown in Figure 9. 

However, if the result of the mC model for the complete system is examined, the pressures 

predicted by both simplified models are considerably higher during the contact with dilute 

water. Due to the dissolution of minerals (e.g., gypsum and calcite) not included in the 

Na+–Ca2+–Cl- system, a major difference is shown in the ionic strengths produced by the 

two approaches (Figure 10). 
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Figure 9. Evolution of the swelling pressure for the Na+–Ca2+–Cl- system and the complete system. 

Figure 10. 

Evolution of the ion concentrations in the macroporosity on the side closest to the canister for the Na+–

Ca2+–Cl- system and the complete system during in-diffusion of dilute groundwater (mC model). 
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6. DISCUSSION 

Despite the fundamental differences between the two models, the simulated solute 

concentrations in the macroporosity show good agreement. However, the response of the 

porosity distribution to alterations in macroporosity composition differs, resulting in 

differences in microporosity volume. The large differences in micro- and macroporosity 

fraction predicted by Mc and mC have a minor influence on solute concentration 

evolution (acceptable agreement in Figure 6, note the logarithmic time scale). It is on the 

other hand, interesting to note that the estimates of the variation of the swelling pressure 

due to changes in the chemical composition of the in-diffusing water are similar in the 

two different approaches (Figure 9). The good agreement of the Mc and mC swelling 

pressures follows from the good agreement of macroporosity ionic strengths predicted by 

both models, which is the main variable governing swelling pressure in mC.  

The exhaustive characterization of this material (Karnland et al., 2005; Kiviranta and 

Kumpulainen, 2011) allows for proposing empirical correlations between the ionic 

strength and swelling pressure, as presented in Equation 2. To use this equation, the 

simulated conditions must be similar to the test conditions described in the literature (e.g., 

full saturation, homogeneity of the material and full confinement), which was the case in 

this study. The agreement of the swelling pressures resulting from this equation (mC 

model) with the pressures calculated by the Mc model indicates the good performance of 

the Mc model. However, the mC model cannot describe the behaviour of the bentonite if 

it deforms. It is not possible to simulate complex processes, such as the penetration of 

bentonite into discontinuities of the host rock or the shear force caused by movements of 

the host material along the fractures (Raiko et al., 2010). It is also not possible to introduce 

model phenomena that include deformations and tensional changes caused by suction 

variations or delayed consolidation due to deformation of the microstructure. 
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The swelling pressures resulting from modelling the Na+–Ca2+–Cl- system and the 

complete system differ markedly even under the simplified conditions used in this study. 

Figure 9 shows that the difference in the estimated swelling pressure is caused by the 

dissolution of minerals such as calcite and gypsum, which generates a large difference in 

the concentration of Ca2+ in the macroporosity (Figure 10). The dissolution or alteration 

of these or other minerals cannot be considered in a ternary system model. However, it 

was possible to experimentally verify (Karnland and Birgersson, 2006; Wersin et al., 

2007) that these phenomena are relevant in the mechanical behaviour of a bentonite 

buffer. Consequently, a hydro-geomechanical model with a simplified geochemical 

system (Mc model) cannot reproduce the complete behavior of the bentonite under 

repository conditions.  

This study has attempted to maintain both models within their potential fields of 

application while allowing them to overlap and be compared in their areas of 

commonality. However, even in this case, the description of the evolution of the 

microporosity, which includes changes in chemical and mechanical conditions, is 

different between the two models. In case of the mC model, the variation of this pore 

space does not include any mechanical constraint. The microporosity volume is calculated 

from the ionic strength, the Debye length multiplier, and other parameters assumed to be 

constant for the same material. This allows for large variations in the microporosity 

(Figure 8). Resistance from the macrostructural level to this microstructural deformation 

is only represented by a constant factor (Debye length multiplier). Conversely, the Mc 

model shows little variation in the porosity distribution over time (Figure 8). In this 

model, the microstructure variations lead to deformations that change the mean net stress 

because the system is confined; this causes the chemical potential of the microstructural 

water to vary (Navarro et al., 2014) and thereby alters the swelling potential of the 
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aggregate. This behaviour was observed by Wang et al. (2014) for highly compacted 

samples of MX-80 bentonite samples saturated under constant volume conditions. 

Furthermore, when the tests were performed under constant load conditions and the 

samples were allowed to vary their volume (Musso et al., 2013), the behaviour is closer 

to that considered in the mC model. Although in both cases the referred experimental 

results were obtained after a decrease in matric suction, the trends of behaviour after 

changes in osmotic suction will probably be similar. Musso et al. (2013) carried out also 

the saturation process with different electrolytes with increasing concentrations showing 

the neutralizing effects of a decrement in matric suction and an increment in osmotic 

suction. 

The above considerations elucidate the discrepancy of micro-/macroporosity fractions 

predicted by the two models, but suitable experimental data is missing to verify the 

predictions. Kozaki et al., (2008) found basal spacings of 1.88 nm in Na-montmorillonite 

saturated with 0-0.08 M NaCl at a dry density of 1000 kg/m3 (x-ray diffraction). At 0.1 M 

NaCl, additional basal spacings were measured at 1.56 nm, and increasingly at 0.5 M 

NaCl. Multiplication of the average montmorillonite basal spacing with the total 

montmorillonite surface area corresponds to microporosity volume. Therefore, these data 

indicates a decrease of the microporosity with increasing ionic strength saturation for such 

a low density. Hydraulic conductivity of bentonite is linked with the macroporosity under 

the assumption that advection mainly occurs in the macroporosity: higher measured 

conductivity then indicates higher macroporosity. This behaviour was found by Karnland 

et al. (2006): MX-80 bentonite showed an increasing conductivity under NaCl 

equilibration from 0.1 to 1 M, measured in the 800-1700 kg/m3 dry density range. This 

suggests that the decrease of microporosity with increasing ionic strength measured by 

Kozaki et al. (2008) for 1000 kg/m3 also occurs at higher densities. But especially at high 
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densities, the error on the cited data increases drastically, and additional inconsistencies 

can be found at ionic strengths below 0.1 M. The weak data basis allows neither for 

verification of the model predictions, nor for further refinements of the models. More 

experimental data on porosity distribution at different densities at different ionic strengths 

is urgently needed, as well as at different cation occupancies, where the data basis is even 

scarcer. 

Lastly, the complementary nature of both models is important because without a previous 

geochemical simulation that equilibrates the pore water with respect to accessory 

minerals, the initial chemical conditions are unrealistic. This is also true in the case where 

in-diffusing waters are capable of triggering dissolution/precipitation reactions. 

Concurrently, a prediction of the evolution of the geomechanical microporosity is 

unrealistic without a model that can include a mechanical variable in the chemical 

equilibrium. For this reason, using both models together is a useful way to evaluate 

swelling pressure changes resulting from chemical gradients until the chemomechanical 

coupling framework is fully defined. 

 

7. SUMMARY AND CONCLUSIONS 

This study compares the performance of two numerical codes simulating the behaviour 

of the bentonite buffer of an engineered barrier system exposed to different groundwaters. 

The models investigated in this study are based on different conceptual approaches: one 

is primarily a reactive transport code, and the other is intended to model the 

hydromechanical behaviour of bentonites. However, both models attempt to approximate 

the results of each other. The first model uses an empirical formulation of the swelling 

pressure, and the second model uses a simulation of a simplified geochemical system. 
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Both models are already innovative on their own: at present, reactive transport models 

couple porosity only with mineral precipitation/dissolution, and mechanical models 

neglect the impact of porewater composition on mechanical parameters. Furthermore, 

only few models exist which consider the influence of charged clay mineral layer surfaces 

on the porewater composition and transport therein. The current approaches have to be 

seen as first intermediate step towards a fully coupled THM-C model (thermo-hydro-

mechano-chemical model). 

Similar results were obtained for the distribution of the concentration of ions in the 

macroporosity and for swelling pressure variations in a problem within the scope of both 

models (i.e., a Na+–Ca2+–Cl- system). However, when comparing the mC model results 

of the Na+–Ca2+–Cl- with the complete system, the differences arising from the omission 

of the dissolution/precipitation reactions of minerals were more apparent. The mC model 

on the other hand has very limited capabilities to describe the geomechanical behaviour 

of the bentonite since it does not solve the mechanical equilibrium equations.  

However, this study shows the importance of integrating these two types of models to 

simulate these phenomena with greater precision, which includes the evolution of the 

behaviour of engineered barrier systems over time. It has also been possible to verify that 

a good experimental characterization of bentonite is essential even for simple models. 

The incomplete understanding of the physical-chemical phenomena that occur in this 

material can be circumvented by the use of empirical relationships to estimate its swelling 

pressure.  

This study has shown that the connection between reactive transport models and 

geomechanical models in bentonite, such as MX-80, must include a correct description 

of the behaviour of this material at the microstructural level. Although this point has 

already been discussed by other authors (Guimarães et al., 2013), its importance becomes 
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more apparent when comparing the results of two different conceptual approaches. In all 

cases, the microporosity will control both the total amount of each ion in the total porosity, 

overall solute transport, and the geomechanical behaviour of the system. It is therefore 

essential to understand how this part of the pore space evolves over time, including the 

physicochemical phenomena of such an evolution. Until a solid understanding of these 

topics is reached to define the framework of the chemomechanical coupling via the 

microporosity behaviour, the use of both models in a complementary manner is an 

interesting tool for the design evaluation of engineered barrier systems. 
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APPENDIX A. DESCRIPITION OF THE Mc MODEL 

The description of the mechanical approach of the Mc presented in this work is based on 

the formulations of Hoffmann et al. (2007) and Alonso et al. (2011) for the behaviour of 

the macrostructural level. The conceptual approach for the behaviour of the 

microstructure and its influence on the macrostructure, has been taken from different 

works on expansive clays in free swelling conditions (Navarro et al., 2014; Navarro et al., 

2015a; Navarro et al., 2016) and that include salinity effects on the microstructural 

behaviour (Navarro et al., 2017). This appendix only summarises the formulation 

considered in the Mc model. 

An associated plasticity approach based on the Barcelona Basic Model is used. Given the 

von Mises stress q, the slope of the critical state line M (a material parameter), the net 
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mean stress p, and the net mean yield stress at the current suction pO, the yield function 

F is defined as: 

(A.1)    0OS

22  ppppMqF  

where the increase in tensile strength with suction pS was calculated using the expression: 

(A.2) ps=k·sM 

k being a material parameter and sM being the macrostructural suction. The value of the 

net mean yield stress at the current suction pO was calculated using the expression: 
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where the reference stress pC is a material parameter, and the evolution of the saturated 

pre-consolidation stress pO
* is calculated from the macrostructural plastic strain rate using 

the hardening law: 
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In these equations, (sM) is the slope of the virgin compression curve at macrostructural 

suction sM, and (sM) is the elastic stiffness for changes in the net mean stress. To 

determine both magnitudes, the expressions used are: 

(A.5)     MM exp1)0()( srrs    

(A.6)  MiioM 1)( ss    

where (0), r, , io and i are material parameters. 

The macrostructural elastic volumetric strain dMV
e was obtained using the expression: 

(A.7) 
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where the “basic” value of the “stress” bulk modulus Kp was obtained using the 

expression: 
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(A.8) 
 

 M

p

1

s

ep
K




  

and the “suction” bulk modulus Ks was obtained with the expression: 
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Here, S(sM,p) is the elastic stiffness for changes in suction, which was calculated as 

follows: 
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where So, Sp, pREF and SS are material parameters.  

Regarding the formulation of the conceptual model of the microstructural behaviour, the 

constitutive equation that links the microstructural void ratio (em) and the 

chemomechanical variables is given in the form: 

(A.11) mOmCm eee    

where emC is the microstructural void ratio associated with crystalline swelling y emO  is 

the increment of the microstructural void ratio caused by the osmotic swelling. Both terms 

are calculated as follows: 

(A.12) 
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where emR, emCMAX, αm, lm, κm and smS,O are material parameters and smS is the matric 

microstructural suction.  
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The kinetic term for water mass exchange between micro and macroporosity (cm) is given 

by the expression: 

(A.14)  MOMOmS
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where w is the water density, sM is the macrostructural matric suction sMO is the 

macrostructural osmotic suction, and where H and C are model parameters. 

The volumetric strain of the macrostructure induced by the destructuration of the 

microstructural level is based on the state surface defined by the expression: 

(A.15)   mmM, ee   

where eM,m es the increment in the macrostructural void ratio (eM) caused by a variation 

of em and  y  are material parameters.  

With regard to the water flow, a van Genuchten retention curve (van Genuchten, 1980) 

was used to define the variation of the macrostructural degree of saturation SrM in relation 

to the macrostructural suction sM (Navarro et al., 2015b): 
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where SrM,0 is the residual degree of saturation (equal to 0) and where, if the relationship 

n=1/(1-m) is assumed,  and m are the only two material parameters. Furthermore, the 

model for the intrinsic permeability (KM) proposed by Gens et al. (2011) has been used: 

(A.17)   M0MMM exp nnbkK MO   

where kMO is the intrinsic permeability for the reference porosity nM0; nM is the 

macroporosity; and bM is a constitutive parameter. 
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APPENDIX B. DESCRIPTION OF VARIABLES AND FORMULATION 

REFERENCES 

Parameter Definition Reference 

bM Intrinsic permeability fitting parameter Gens (2011) 

C 
Fitting coefficient for the mass transfer 

interaction 
Navarro (2014) 

emR Additional microstructural void ratio Navarro (2015) 

emCMAX 
Microstructural void ratio associated with 

the crystalline swelling at saturation 
Navarro (2015) 

H 

Transfer coefficient at the end of the mass 

exchange process between micro and 

macrostructural levels 

Navarro (2014) 

k Increase in cohesion with suction Alonso (2011) 

kMO (m2) Reference intrinsic permeability Gens (2011) 

lm Fitting parameter of emC Navarro (2015) 

M Slope of the critical state line Alonso (2011) 

m 
Van Genuchten’s retention curve fitting 

parameter 
Navarro (2015) 

nMO 

Reference porosity at which the 

macroscopic intrinsic permeability is equal 

to kMO 

Gens (2011) 

pC Reference stress Alonso (2011) 

pO
* Saturated pre-consolidation stress Alonso (2011) 

pREF Material parameter used to define κS Alonso (2011) 

r 
Material parameter used to define the 

macrostructural soil compressibility 
Alonso (2011) 

smS,O 
Microstructural suction at which osmotic 

swelling begins to play a significant role 
Navarro (2015) 

α  
Van Genuchten’s retention curve fitting 

parameter 
Navarro (2015) 

DeM,m 

Fitting parameter of the surface state that 

defines the micro and macrostructural 

interaction 

Navarro (2016) 
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Parameter Definition Reference 

αi 
Material parameter of the elastic stiffness 

for changes in the net mean stress 

Hoffmann (2007) 

 

αm Fitting parameter of emC Navarro (2015) 

αSp 
Material parameter used to define κS. 

Dimensionless 
Alonso (2011) 

αSS Material parameter used to define κS. Alonso (2011) 

β 
Material parameter used to define the 

macrostructural soil compressibility 
Alonso (2011) 

DeM,m 

Fitting parameter of the surface state that 

defines the micro and macrostructural 

interaction 

Navarro (2016) 

κio 
Material parameter of the elastic stiffness 

for changes in the net mean stress 

Hoffmann (2007) 

 

κm Microstructural stiffness parameter Navarro (2015) 

κSo 
Material parameter of the elastic stiffness 

for changes in suction 
Alonso (2011) 

κS(s,p) 

Elastic stiffness for changes in suction 

evaluated at macrostructural suction s and 

net mean stress p. 

Alonso (2011) 

λ(0) 
Slope of the virgin compression curve for 

saturated conditions 
Alonso (2011) 

v Poisson's ratio Alonso (2011) 
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