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ABSTRACT 

This paper presents a formulation to incorporate the influence of water salinity on the 

swelling behaviour of a MX-80 bentonite into previously developed hydro-mechanical 

models that can reproduce swelling under dilute conditions. The effects of salinity on 

macro- and microstructural water chemical potentials were introduced. In addition, a 

description of solute transport was included to characterise the evolution of the system’s 

salinity. A simplified geochemical model was adopted to idealise the geochemical 

complexity of bentonite. In addition, the modelling of the destructuration process that 

occurs during swelling was modified to account for the effect of salinity. The 

formulation was implemented in a multiphysics partial differential equation finite 

element solver, and the numerical model was used to simulate several vertical free 

swelling tests with feed water of different salt contents (deionised, 10, 35 and 70 g/L). 

The results demonstrate that even though the model can be developed further, it 

represents a significant improvement over models that do not account for the effects of 

salinity. 

 

KEYWORDS 

Bentonite swelling; salinity effects; electrochemical potential; destructuration; 

modelling. 
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1. INTRODUCTION 

The highly expansive behaviour and low hydraulic conductivity of bentonites make 

them good sealing materials for engineered barrier systems in deep geological 

repositories for spent nuclear fuel. The operation conditions of these systems will vary 

widely throughout their useful life. It is therefore essential to have a bentonite stress-

strain constitutive model that is capable of estimating its long term behaviour. The 

characterisation of the hydration and swelling of bentonite is particularly important 

because these properties define its the ability to seal gaps (natural or associated with the 

construction process) that may exist in engineered barrier systems. 

Given the importance of this matter, a significant amount of research has focused on 

bentonite hydration (see for example the contributions in Tournassat et al., 2015). Most 

of these studies assume a hierarchical idealisation of the clay fabric (Yong, 1999). 

However, even in compacted bentonites, the stacking of clay layers to form particles is 

irregular, which generates micro-voids inside the particles (Cases et al., 1992). 

Furthermore, the particles split into smaller ones along wetting pathsSaiyouri et al. 

(2004) suggested that swelling is essentially a process of subdivision of the clay 

particles and not a homogeneous increase in the distance between the layers. Similar 

processes occur in the particle aggregates (Salles et al., 2009). As a result, the internal 

topology of bentonite is irregular, and both the particles and the aggregates they form 

should be considered dynamic functional structures that evolve throughout the 

hydration process. This evolution conditions the process itself. Swelling is a non-linear 

(Wang et al., 2015) complex process in which “competition” for water occurs between 
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the hydration of cations, the hydration of the charged surface of the clay, the separation 

of particles, the adsorption in the intra-aggregate pores (microporosity), the hydration of 

the inter-aggregate space (macroporosity) and diffuse double layer development (Salles 

et al., 2009). 

Despite significant advances in upscaling techniques based on the Homogenization 

Theory (Marry and Rotenberg, 2015), the complexity of these phenomena still makes it 

difficult to define a macroscopic model that will solve engineering-scale problems (i.e., 

behaviour of the repository) through the integration of microscopic processes. To obtain 

a macroscopic model, it is necessary to introduce simplifying hypotheses that avoid 

characterising some of the processes that occur at a microscopic level. The most 

frequent simplification strategy for compacted bentonite is to consider it as a double 

porosity medium (e.g., Alonso et al., 1999; Mašín, 2013). This approach is based on the 

bimodal distribution of porosity observed when the material is analysed using 

porosimetry techniques (Romero et al. 1999) to identify the macrostructural porosity 

with the space between the bentonite particle aggregates, and the microstructural 

porosity with their internal voids. While this fabric evolves throughout the hydration 

process as a result of the previously described microscopic processes (Burton et al., 

2015), the double porosity models satisfactorily reproduce the macroscopic effects of 

these changes on deformability and flow (Gens and Alonso, 1992).  

Hydro-mechanical models have typically been used for dilute conditions. However, 

these models must be modified to describe the response of bentonites to variations in 

salinity. This topic is important for deep geological repositories, where significant 

changes in the chemistry of the surrounding groundwater and thus of the interstitial 

porewater will take place (Hellä et al., 2014). Many experimental studies have been 

conducted to characterise the effect of porewater salinity on the hydro-mechanical 
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behaviour of bentonite. These studies have confirmed that the swelling pressure 

decreases when the porewater’s ionic strength increases (Karnland et al., 2005; Zhu et 

al., 2013). Alawaji (1999) showed in swelling tests that the initial strain velocity 

increases and the swelling capacity decreases as the concentrations increase. In addition, 

since the seminal work of Quirk and Schofield (1955), several authors have shown that 

the hydraulic conductivity of bentonites increases when they are saturated with 

solutions of increasing salinity (Zhu et al., 2013).  

To introduce these processes into constitutive models, simplified models of the 

geochemical configuration of the clay have been adopted (see Guimarães et al., 2013, 

for instance), which often assume a system that is composed of two basic cations 

(usually Na+ and Ca2+) and a single anion (typically, Cl). This has allowed researchers 

to characterise the response of the material to simple “chemical loads” and to better 

understand the importance of hydro-mechanical-chemical coupling on the deformational 

behaviour of bentonites. Currently, thermo-hydro-mechanical and chemical models are 

being developed with a broader geochemical basis (Zheng et al., 2015). 

However, those formulations are primarily aimed at confined conditions and not at free 

swelling conditions that may occur in the presence of voids or erosion processes 

(Navarro et al., 2016). This paper proposes a hydro-chemo-mechanical formulation that 

is capable of reproducing the free swelling behaviour of an MX-80 bentonite under 

different water salinity conditions. To illustrate its applicability, a set of vertical free 

swelling tests were simulated to demonstrate the scope and limitations of the proposed 

formulation. 

 

2. VERTICAL FREE SWELLING TESTS ON MX-80 
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2.1. Materials and methods 

Wyoming MX-80 bentonite was used in the vertical free swelling tests. Its properties 

are similar to the material called Be-Wy–BT007-1-Sa-R that was used by Kiviranta and 

Kumpulainen (2011). Table 1 shows the main mineralogical, chemical, and physical 

properties of this natural sodium bentonite.  

Table 1. Properties of the tested material (Kiviranta and Kumpulainen, 2011). 

 

Chemical composition (weight %) 

SiO2 59.82 

Al2O3 21.27 

Fe2O3 3.62 

Na2O 2.86 

MgO 2.77 

CaO 1.49 

K2O 0.55 

FeO 0.49 

TiO2 0.15 

Mineralogical composition (weight %). Phases present 
only as traces are not shown 

Smectite 87.6 

Plagioclase 4.2 

Quartz 4.1 

K-feldspar 1.8 

Rutile 0.9 

Calcite 0.6 

Pyrite 0.6 

Illite 0.1 

Other properties 

CEC (eq/kg) 0.84 

Na+/K+/Ca2+/Mg2+ (eq/kg) 0.58/0.02/0.25/0.08 

Bentonite density mineral (g/cm3) 2.78 

Liquid Limit  510 

Plastic Limit  50 

Plasticity Index  470 

 

Table 2. Compositions of the permeant solutions used in the tests. 

 

Solution TDS (g/L) NaCl (g/L) CaCl2 (g/L) Number of tests 

Brackish-saline water 10  6.47 3.53 2 
Saline water 35  16.75 18.25 2 
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Highly saline water 70 26.58 43.42 1 

 

 

Fig. 1. Setup of the vertical free swelling test (initial dimensions in mm). 

This material was used to produce cylindrical samples 40 mm in height and 50 mm in 

diameter. The initial bulk density and water content of the samples were 2.05 g/cm3 and 

17 %, respectively. Deionised (DI) water was used to increase the original bentonite 

water content up to this value. The compacted blocks were placed at the bottom of a 

transparent test cell that was 50 mm in diameter (Fig. 1). Water with the desired salinity 

was poured on top of the samples, which allowed them to swell freely in the vertical 

direction. The water solutions used in the tests included DI water (one test), a 10 g/L 

solution (two tests), a 35 g/L solution (two tests) and a 70 g/L (one test). These 

solutions contained only two cations (sodium and calcium) and a common anion 

(chloride); their characteristics are shown in Table 2. The 10 g/L solution was a 

brackish-saline groundwater simulant for Olkiluoto, which is the site of the Onkalo deep 
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geological repository for spent nuclear fuel in Finland, at the repository depth during the 

operational phase (based on Hellä et al., 2014). The 35 g/L solution represents the 

maximum expected salinity of the groundwater at the repository depth (Hellä et al., 

2014) and corresponds to saline water with a Ca2+/Na+ mass ratio of 1:1. The 70 g/L 

solution represents the maximum allowable salinity of the groundwater in the vicinity of 

the repository (Hellä et al., 2014) and corresponds to highly saline water with a 

Ca2+/Na+ mass ratio of 3:2.  
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Fig. 2. Results of the vertical free swelling tests: vertical displacement of the top of the 

samples versus time for (a) DI water and solutions with salt contents of (b) 10 g/L, (c) 

35 g/L and (d) 70 g/L. 

 

During the tests, the bentonite samples were monitored using a National Instruments 

automated camera, and the vertical displacements of the top of the samples were 

computed from the images obtained using a previously calibrated digital image 

correlation technique in the NI Vision Builder for Automated Inspection software. 
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2.2. Results and analyses 

Fig. 2 shows the results. A comparison of the first three graphs confirms that the rate of 

the swelling process increases as the salinity increases, as was noted by Alawaji (1999) . 

The increase of the rate appears to stabilise when the salinity is high because no 

significant differences in the swelling rates are observed between the 35 and 70 g/L 

tests. Furthermore, consistent with the reduction of the swelling pressure that was 

observed by Karnland et al. (2005), the swelling strain at the end of the tests decreases 

with increasing salinity. 

 

3. THEORY 

3.1. Chemo-mechanical model 

The bimodal distribution of the pore size that was discussed in the Introduction suggests 

the use of a double porosity conceptual framework to model the compacted bentonite 

considered in this paper. Among existing double porosity models, the versatility and 

scope of the Barcelona Expansive Model (BExM; Alonso et al., 1999; Gens and 

Alonso, 1992) has led it to become the reference model to analyse the deformational 

behaviour of active clays. Consequently, as in Navarro et al. (2016), the BExM was 

adopted as the base stress-strain constitutive model in this study. Therefore, the 

macrostructural strains were calculated with the Barcelona Basic Model (BBM; Alonso 

et al., 1990). The parameters defined in Table 3 were used. However, as a practical 

approximation in the monotonic swelling paths analysed in this paper, the BBM was 

changed to a non-linear elastic model for total void ratio e values greater than 3. A 

linear relationship was assumed between logp (net mean stress) and logeM 

(macrostructural void ratio), adapting the formulation for deformable soils proposed by 
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Butterfield (1979). In a manner analogous to Guimarães et al. (2013), the 

proportionality constant for this new linear relationship was defined such that there 

would be continuity for the slopes at e = 3. 

 

Table 3. Macrostructural mechanical parameters used in the model (from Navarro et al., 

2016). 
 

Parameter Definition Value 

k Increase in cohesion with suction 0.1 

iO Saturated elastic stiffness for changes in p 0.1 

 i (kPa-1) Parameter of the elastic stiffness for changes in p 0 

So Parameter of the elastic stiffness for changes in sM 0.05 

Sp Parameter of the elastic stiffness for changes in sM 0 

SS (kPa-1) Parameter of the elastic stiffness for changes in sM 0 

pREF (kPa) Parameter of the elastic stiffness for changes in sM 10 

 Poisson’s ratio 0.35 

pC (kPa) Reference stress of the net mean yield stress 10 

(0) Slope of the virgin compression curve for saturated conditions 0.15 

r Parameter of the macrostructural soil compressibility 0.8 

(kPa-1) Parameter of the macrostructural soil compressibility 2.0·10-5 

pO
*(kPa) Saturated pre-consolidation stress 1800 

M Slope of the critical state line 1.07 

 

Another relevant modification was introduced with regard to the usual application of the 

BExM. The model does not explicitly incorporate the macrostructural strain that is 

induced by bentonite destructuration and is not directly caused by mechanical loads or 

suction changes. In this paper, the state surface used by Navarro et al. (2016) is adapted 

to characterise these free swelling strains that are caused mainly by the separation of 

particles and aggregates that was explained in the Introduction. 
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Fig. 3. (a) Increase in macroporosity not caused by stress changes in the tests by Marcial 

et al. (2002), Zhang et al. (1995) and Studds et al. (1998), eMm1. State surface proposed 

by Navarro et al. (2016) (dashed line), and maximum values eMm1MAX of eMm1 (bold 

line). (b) Fits of the results from Studds et al. (1998) using Eq. (1). 
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Fig. 3-a shows the information from Marcial et al. (2002) and Zhang et al. (1995) that 

was used by Navarro et al. (2016) after analysing and adapting the experimental data 

obtained by these authors. The results from applying the same analysis to the test results 

from Studds et al. (1998) are also shown. The latter authors characterised the swelling 

of Wyoming bentonite saturated with distilled water when the ionic strength of the soil 

interstitial aqueous solution was increased to 0.01, 0.1 and 1.0 M while maintaining a 

constant vertical effective stress. In addition, both Marcial et al. (2002) and Zhang et al. 

(1995) characterised the consolidation of slurries with high initial void ratios using low 

salinity water. To analyse the data, the increase of the macrostructural void ratio due to 

free swelling, eMm1, for different values of the microstructural void ratio, em, is shown 

in the figure. The microstructural void ratio is defined as the volume of voids in the 

microstructure (intra-aggregate voids) per volume of the mineral, whereas the 

macrostructural void ratio, eM, is defined as the volume of inter-aggregate voids per 

volume of the mineral. The rate that eMm1 increases in the swelling tests from Studds et 

al. (1998) is higher than the rate with which eMm1 decreases in the consolidation 

processes observed by Marcial et al. (2002) and Zhang et al. (1995). Therefore, the 

validity of using the state surface from Navarro et al. (2016) (dashed line in Fig. 3-a) to 

model the monotonic free swelling paths is questionable. 

However, as noted above, the idea of using a state surface to describe eMm1 was 

supported, but the new state surface, in addition to defining the dependence of eMm1 on 

em, introduces its dependence on the salinity conditions. The paths described by Studds 

et al. (1998), which are contours of the state surface for constant salinity, illustrate this 

dependence. If the function for emMAX, which is the maximum value of the 

microstructural void ratio for a given salinity, is used to characterise the salinity, and the 

contour lines are defined through a log-log function: 
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the satisfactory fits illustrated in Fig. 3-b are obtained. In Eq. (1), eMm1MAX defines the 

maximum value of eMm1, which is determined by the bold boundary line highlighted in 

Fig. 3-a. The coefficient a (dimensionless) characterises the rate at which eMm1 

increases as em increases. The fits shown in Fig. 3-b were obtained for the contour lines 

that correspond to 0.01, 0.1 and 1 M using a values of 74.41, 913.9 and 3750, 

respectively. Therefore, a is not a constant but rather a function that increases with 

salinity. To approximate this variability, a simplifying working hypothesis was adopted, 

which assumes that a remains constant for salinities less than or equal to 0.01 M as well 

as for salinities greater than or equal to 1 M, while it varies linearly between 0.01 M and 

1 M. Thus, a is characterised by a four-segment piecewise linear function. 

The subscript “1” in Eq. (1) was incorporated to the definition of eMm to indicate that 

this equation does not describe the entire variation of the macrostructural void ratio due 

to bentonite destructuration in a free swelling process. The data from Marcial et al. 

(2002), Zhang et al. (1995) and Studds et al. (1998) do not include the “explosion” that 

may occur in sodium bentonites when free swelling is well advanced (Neretnieks et al., 

2009). In this situation, the aggregates are nearly unstructured, and there is an 

abundance of isolated layers. The microporosity, composed mainly by water adsorbed 

to the layers, is close to its maximum value and remains nearly constant. Therefore, this 

large amount of swelling is mainly associated with an increase in macroporosity. In this 

paper, this increase is called eMm2 as opposed to eMm1 in Eq. (1) which is identified as 

the increase linked to the destructuration of aggregates. Although the physical-

chemical-based modelling of eMm2 goes beyond the scope of this paper, this term 

cannot be omitted from the model if the large swellings that are observed in Fig. 2 are to 
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be reproduced. For this reason, a simplified formulation was adopted based on the 

parameterised expression: 

Mm2Mm1MAXMm2Mm2 fee          (2) 

where Mm2 indicates the relationship between the maximum value of eMm2 and the 

maximum increase in macroporosity due to the destructuration of aggregates 

(eMm1MAX, bold line in Fig. 3-a). In the models presented in the next section, a 

maximum value, Mm2MAX, of 10 was tentatively adopted in the swelling boundaries. In 

this domain, this function was assumed to be smaller by assuming that it decreases as 

the ratio between eMm1MAX,DI (the maximum value of eMm1MAX for DI water, which is 

equal to 12.5 in accordance with Fig. 3) and eMm1MAX for the existing salinity 

decreases: 

DIMm1MAX,

Mm1MAX
Mm2MAXMm2

e

e




  .       (3) 

The function fMm2 defines how eMm2 varies with em because the destructuration 

associated with eMm2 initiates only when em is close to emMAX. As a first approximation, 

a piecewise linear-quadratic law was used: 

























2

mREFmMAX

mREFm
Mm2

Mm2mREFm

 , otherwise 

0  ,  if 

ee

ee
f

fee

.      (4) 

Because emREF (starting threshold value of eMm2) is very close to emMAX (in the models 

shown in the next section, emREF/ emMAX = 0.98 was used), the shape of fMm2 has a 

limited effect on the results of the model. 
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Therefore, the total increase of the macrostructural void ratio caused by bentonite 

destructuration, eMm, is calculated as follows: 

Mm2Mm1Mm eee          (5) 

where eMm1 is calculated with Eq. (1), and eMm2 is given by Eqs. (2), (3) and (4). To 

use this formulation, it is necessary to define em. It can be obtained with the state 

surface defined in Fig. 4 (bold line), which is based on the experimental data from 

Dueck and Nilsson (2010), Kahr et al. (1990), Sane et al. (2013) and Wadsö et al. 

(2004). In the vertical axis emR is the remaining microstructural void ratio under dry 

conditions (Navarro et al., 2015), equal to 0.093 for the MX-80 bentonite analysed. 

 

Fig. 4. State surface that defines the microstructural volumetric constitutive model. 

 

 

The state surface in Fig. 4 is almost equal to that obtained using the formulation 

proposed by Navarro et al. (2015). However, they express em as a function of sm instead 
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of smS, and the introduction of the subscript “S” is important. Navarro et al. (2015) 

worked with low salinity aqueous solutions. Assuming that the concepts of total suction 

and water potential are equivalent (Yong, 1999), practically only matric potential was 

present, which is understood as the affinity of water by the solid components of the soil-

water system. This affinity varies in relation to the organisation of the soil (Box and 

Taylor, 1962), which can be characterised by em for the microstructure. Consequently, 

Navarro et al. (2015) were able to establish a connection between em and sm by 

identifying the total suction sm of the microstructural water with its matric suction. 

However, this is not correct if the salinity is not negligible. For the same level of 

organisation em, different salinity conditions will generate different potentials.  

To differentiate the microstructural matric suction from the matric suction of the 

macrostructure, it was called the “structural” suction with a subscript “S” in Fig. 4, smS. 

To calculate the increase in the microstructural suction smO due to “extra” salinity, 

namely, the contribution to the chemical potential by ions (cations and anions) in excess 

of the cationic exchange capacity CEC, the formulation introduced by Karnland et al. 

(2005) was adapted by introducing the microstructural osmotic coefficient m: 

mmNCCi,WmO   







 

i

cTRs        (6) 

where R is the universal gas constant, T is the absolute temperature, and ci,mNCC is the 

microstructural non-charge-compensating molal concentration of the i-th ion. For 

simplicity, m was assumed to be equal to 1 in this first approach to the problem. In 

addition, as noted in the Introduction, a simple geochemical model was assumed, which 

consists of a single type of anion, chloride Cl, and two types of cations, sodium Na+ 

and calcium Ca2+. The chloride present in the microstructure does not compensate for 
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the negative charges of the clay particles, and it is therefore in excess. It was assumed 

that for sodium and calcium, there is a proportionality between the charge-compensating 

fraction and the total amount present in the microstructure. 

Because Cl may be present in the microstructure, anion exclusion is not imposed 

(Tournassat and Appelo, 2011), but the distribution of any ion between the macro- and 

microstructures will be conditioned by chemical equilibrium. This equilibrium is 

determined by the equality of electrochemical potentials i,k defined as: 

kiki,Oiki,  Ln  FzaTR       (7) 

where the subscript “i” indicates the type of ion (Cl, Na+, and Ca2+ in the model 

considered here), the subscript “k” can take the values “m” and “M” according to the 

ion present in the micro- or macrostructure, respectively, Oi is a reference 

electrochemical potential, ai,k is the activity, zi is the ionic charge, F is the Faraday 

constant, and k is the electric potential of the ions in the micro- or macrostructure. If 

there is a balance between the species in the macro- and microporosities, both chemical 

potentials must be equal. Consequently, making μi,m equal to μi,M in Eq. (7) results in: 















TR

Fz
aa i D

mi,Mi, exp         (8) 

where D is the Donnan potential, which is defined as D = m - M. If an approximate 

model is adopted in which the activity coefficients are equal to 1, consistent with the 

osmotic coefficients, then a Donnan electrochemical equilibrium model between the 

macro- and microstructures is obtained, such as that proposed by Tournassat and 

Appelo (2011): 

iz

i

B

C

TR

Fz
CC

mi,D
mi,Mi, exp 












       (9) 
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where Ci,M and Ci,m are the molar concentrations in both structural levels, and B is the 

partitioning function for the ion concentrations in the macro- and microstructures, 

which is common for all of the ions present in the system. Additionally, electro-

neutrality of the system must be met: 

02 MCl,MCa,MNa,  CCC         (10) 

02 mCl,mCa,mNa,  qCCC        (11) 

where q is the surface charge (molc/L), which can be calculated as: 

m

mineral

e

CEC
q


          (12) 

where mineral is the mineral density. Table 1 shows the CEC and mineral values of the 

analysed bentonite. If CCa,M and CCl,m are adopted as state variables of the 

electrochemical problem (their calculation is explained in the next subsection), it can be 

derived from Eqs. (9) to (11) that: 

  022 mCl,MCa,

2

mCl,MCa,  qCBCBCC      (13) 

which is a quadratic functional expression that allows B (and therefore D) to be 

determined. Once B is known, CCa,m and CCl,M are obtained from CCa,M and CCl,m, 

respectively. Then, CNa,M and CNa,m are obtained using Eqs. (10) and (11) 

(electroneutrality). 

Once the electrochemical problem has been solved, the concentrations of the chemical 

species in the microstructure allow smO to be calculated using Eq. (6). However, 

because smS is still unknown, the calculation of em is not possible. It can be assumed that 

em is also a state variable that can be calculated by analysing the mass balance of the 

microstructural water (e.g., Navarro et al., 2016). However, in this paper, a simpler 
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strategy was adopted by assuming that there is equilibrium between the water from the 

macro- and microstructures. By accepting this hypothesis, equality of the chemical 

potentials is imposed, and the chemical potential of the microstructural water, m, is 

calculated based on the potential of the macrostructural water, M. Based on this and by 

knowing smO, smS can be calculated as described in the following paragraphs, which is 

used to obtain em. The hypothesis of equilibrium between the macro- and 

microstructural water is questionable (Ferrage et al., 2007) because it entails not 

characterising the kinetics of the process of mass exchange between the macro- and 

microstructure but rather considering it to be instantaneous. However, it is perhaps the 

hypothesis that is most consistent with having assumed that the dissolved species in 

both types of water are in equilibrium. 

The chemical potential of the macrostructural water M can be obtained using (Karnland 

et al., 2005): 

   MOM

W

VOM ss
WMM

T 


        (14) 

where VO(T) is the chemical potential of pure water at a temperature T, WMM is the 

molar mass of water, ρW is the density of free water, and sM is the macrostructural 

matric suction. It is identified with the capillary suction and is thus defined as the 

difference between the gas pressure and the liquid pressure PL, sM  PG - PL. In addition, 

sMO is the macrostructural osmotic suction that, as in Eq. (6), is defined as: 

M

i

Mi,WMO   







 cTRs        (15) 
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where ci,M is the molal concentration of the i-th ion in the macrostructural porosity, and 

M is the macrostructural osmotic coefficient. As with the microstructural water, M 

will be 1. 

Therefore, the chemical potential of the microstructural water m can be calculated as: 

mOmSm            (16) 

where, based on the definition of smS and as proposed by Navarro et al. (2016) and 

Karnland et al. (2005), the structural potential can be expressed as: 

   mS

m

VOmS sp
WMM

T 


        (17) 

where ρm is the microstructural water density, and p is the net mean stress (defined as 

the mean stress minus the gas pressure). Additionally, the increase in chemical potential 

associated with smO that is caused by the “extra” salinity is given by: 

mO

m

mO s
WMM




 .        (18) 

Several studies have shown that the density of adsorbed water is greater than that of free 

water (e.g. Jacinto et al., 2012). However, as proposed in Tournassat and Appelo 

(2011), ρm  ρW was assumed for modelling purposes. Therefore, if M  m is used, it 

is derived from Eqs. (14) to (18) that: 

mOMOMmS - sssps          (19) 

which allows the state surface of Fig. 4 to be applied to determine em. 

To finish this subsection, the method used to calculate the value of emMAX used in Eqs. 

(1) and (4) should be defined. According to Fig. 4, the maximum microstructural void 
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ratio possible for a given salinity occurs when the structural suction of the 

microstructure is minimal, smSmin. In accordance with Eq. (19), this occurs when p  0 

(unconfined conditions) and sM  0 (saturated conditions), which satisfy smSmin  sMO  

smO. By introducing this value in Fig. 4, emMAX is obtained. 

 

3.2. Flow and transport model 

Isothermal problems that assume a constant gas pressure value equal to atmospheric 

pressure were analysed. Therefore, the flow problem concentrated on the analysis of 

liquid water and vapour. Both flows occur only in the macrostructure. As usual (e.g., 

Yong, 1999), the microstructure was assumed to be saturated, and therefore, there is no 

point in considering the vapour flow in it. Additionally, as in van Genuchten and 

Wierenga (1976), the microstructural water was assumed to be primarily linked to the 

bentonite, and thus, the microstructural flow vector vm was assumed to equal v (the time 

derivative of the soil skeleton’s displacements u, which is obtained by solving the 

mechanical problem associated with the mechanical equilibrium equation). The 

conventional advective (Darcy) formulation proposed by Pollock (1986) was used to 

model the macrostructural water flow. Osmotic problems, such as those evaluated by 

Malusis et al. (2003), were not taken into account. The electro-osmotic flows associated 

with the Donnan potential gradients were also not considered. Therefore, using the 

parameters in Table 4, a flow model similar to that described in detail by Navarro et al. 

(2016) was used, although the flow of water vapour in the macrostructure was not 

neglected. Assuming a constant gas pressure, the mass flow of vapour is only diffusive, 

and it can therefore be calculated by Fick’s law using the approach proposed by Pollock 

(1986) assuming a soil tortuosity equal to 1. 
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Table 4. Hydraulic parameters of the macrostructure. 

 

Parameter Definition Value 

α (kPa-1) van Genuchten (1980) parameter 1.1510-4 
m van Genuchten (1980) parameter 0.733 

bM Intrinsic permeability parameter 9.911 

M0 Intrinsic permeability parameter 0.047 

k0 (m2) Intrinsic permeability parameter 2.33910-21 

 

The microstructural water mass balance equation allows the mass exchange, rm, 

between the macro- and microstructures to be determined based on the value of em 

obtained using the calculations in the previous subsection. Consequently, PL (obtained 

after solving the macrostructural water mass balance equation) is the only state variable 

for the flow. 

The previous subsection also described that the concentrations CCa,M and CCl,m were 

selected as state variables of the transport. To determine these concentrations, the total 

mass balance of the species dissolved in water was analysed: 

  0ii
i 




vm

t

m
         (20) 

where the mass of the i-th ion per unit volume mi is given by: 

e

eCeSrC
mmm






1

mmi,MMMi,

mi,Mi,i       (21) 

where mi,M defines the mass of the solute per unit volume in the macrostructure, mi,m has 

an analogous definition in the microstructure, SrM is the macrostructural degree of 

saturation, eM defines the macrostructural void ratio, and e is the total void ratio (total 

volume of voids per volume of mineral, e = emeM). Although i = Ca2+ or Cl in the 

analyses performed in this paper, the proposed framework is valid for any other species. 
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The term mi·vi in Eq. (20) defines the mass flow of solute per unit area, which is 

calculated as: 

iiii lvv  mm          (22) 

where the mass flow of the i-th ion with regard to the soil skeleton’s displacement, li, is 

given by: 

mi,Mi,MMi,i jjql m .        (23) 

The term mi,M·qM defines the advective flow in the macrostructure because the vector 

qM identifies the macrostructural water seepage. Like the microstructural water, the 

advective term was assumed to be null in the microstructure. The vectors ji,M and ji,m are 

the diffusion of the i-th ion in the macrostructure with respect to the advective flow and 

the diffusion of the i-th ion in the microstructural liquid, respectively. The macro 

diffusion was modelled using Fick's law: 

Mi,Mi,
MM

Mi,
1

CD
e

Sre





j         (24) 

where Di,M is the macrostructural molecular diffusion coefficient (diffusion is 

considered isotropic). Because the modulus of the advective flow is usually small, 

mechanical dispersion was neglected. The formulation by Bourg et al. (2006) was 

adopted to determine Di,M: 

G
DD

1
io,Mi,            (25) 

where Do,i is the self-diffusion coefficient of the i-th ion in bulk liquid water, and G is a 

factor that accounts for the influence of the pore-network geometry and was assumed to 

be 4. The values used for the self-diffusion coefficients are Do,Ca2+ = 7.79·10-10 m2/s and 

Do,Cl- = 2.03·10-9 m2/s (Cussler, 1997). In the present formulation, the micro diffusion 

was neglected due to lack of data on the microstructural diffusion coefficient, ji,m = 0. 
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3.3. Numerical implementation 

The proposed hydro-mechanical-electrochemical model was implemented in COMSOL 

Multiphysics (CM), which is a multiphysics partial differential equation solver that is 

based on the application of the finite element method with Lagrange multipliers 

(COMSOL, 2015). This finite element model is based on a hydro-mechanical numerical 

model that was developed by the research group of the authors of this paper. The 

strategies and numerical skills described in Navarro et al. (2014, 2016) were applied 

 

4. RESULTS AND DISCUSSION 

To analyse the scope of the proposed formulation, the vertical free swelling tests 

described in Section 2 were analysed using a 2D axisymmetric model. The initial and 

boundary conditions shown in Fig. 5 were applied. In the mass balance of the chemical 

species, the ion concentrations fixed at the top were those of the permeant solution that 

corresponded to each test (Table 2). 
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Fig. 5. Boundary conditions used in the simulations: (a) for the flow and transport 

problem, in which the ion concentrations fixed at the top correspond to those of the 

corresponding permeant solution, and (b) for the mechanical problem. 

First, the tests were simulated without considering the salinity effect. This model, 

named model M1, assumed that distilled water (DI) was used. Obviously, by not 

considering the salinity, there is only one result, which is compared with the results 

obtained experimentally for each salinity in Figs. 6-a to 6-d. As expected, the fit for the 

DI case is good, but the fits for the other solutions are inadequate. 
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Fig. 6. Vertical free swelling tests (Table 2) and model results. Model M1: (a) DI water, 

(b) 10 g/L, (c) 35 g/L and (d) 70 g/L salt contents. Model M2: (e) DI, (f) 10 g/L, (g) 35 

g/L and (h) 70 g/L salt contents. Model M3: (i) DI, (j) 10 g/L, (k) 35 g/L and (l) 70 g/L 

salt contents. 

 

To improve the behaviour of model M1 for brackish and saline waters, the full electro-

chemo-hydro-mechanical formulation presented above was used to model the tests. 

However, in the eMm model (i.e., Eqs. (1) to (5)), the parameters for DI water were 

used: eMm1MAX,DI  12.5, emMAX,DI  1.1, and a = 74.4. This model was called model 

M2, and the swelling results obtained from it are plotted in Figs. 6-e to 6-h. The 

increased presence of ions in the non-negligible salinity cases, which results from the 

infiltration of a more saline external water, increases the chemical potential of the 

macrostructural water and thus the microstructural water as well. Both the osmotic and 

structural suctions increase. In other words, the microstructure becomes more ordered, 

and the microstructural void ratio decreases (Fig. 7). This effect has been called 

“osmotic shrinkage” by some authors (e.g., Lloret and Villar, 2007) and causes the 

swelling capacity to decrease as the water salinity increases, as in the experimental 

results (Section 2). However, M2 does not reproduce the other effect caused by the 

salinity, which is the increase in the swelling rate. For the times analysed, the 

predictions of M2 are significantly lower than the experimental results (Figs. 6-f to 6-h). 
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Fig. 7. Comparisons of the microstructural void ratios em obtained with models M1 and 

M2. Time: (a) 5 hours, (b) 50 hours, and (c) 400 hours. 

 

In the free swelling paths, both the total and macrostructural void ratios increase. These 

increases are significantly greater than the increase of eM caused by the reduction of em 

under confined conditions due to the salinity. For this reason, in the free swelling paths, 

the osmotic shrinkage alone does not explain the increase in the swelling rate. It is 

advisable to adopt a formulation in which the macrostructure growth rate increases with 

salinity, while the total swelling decreases. In other words, the behaviour of the results 

by Studds et al. (1998) that are shown in Fig. 3 must be reproduced, which is achieved 

when the formulation of eMm defined by Eqs. (1)-(5) is “correctly” applied. If (i) 

eMm1MAX is determined from the bold line in Fig. 3, (ii) emMAX is calculated as 

described in the last paragraph of Subsection 3.1, and (iii) the value of a to use in Eq. 

(1) is computed using the piecewise function defined in Subsection 3.1, the results 

identified as M3 in Figs. 6-i to 6-l are obtained. These results significantly improve 

upon those of model M2. This is also observed in Fig. 8, which compares the predicted 

evolutions of em and eM at two points on the sample that are initially located 0.5 cm 

from the top, P1, and from the bottom, P2. The hydration barely affects P2. As shown in 
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Fig. 9, the water conditions hardly varied in the lower half of the sample. Consequently, 

the void ratios obtained with M2 and M3 are comparable. However, the situation is 

different at P1. The evolution of em is not significantly different because the effect of 

the salinity on em is included in both M2 and M3. Nevertheless, the salinity also changes 

emMAX and consequently the point at which eMm is activated, which causes eM to 

increase earlier and thus modifies the swelling behaviour. Because this salinity effect is 

only included in model M3, there are significant differences between the predictions of 

M2 and M3, as shown in Fig. 3.  

Regardless of how the effect of salinity on eMm is simulated, the same result is always 

obtained for DI water. For this reason, Figs. 6-a, 6-e and 6-i are the same, and the latter 

two figures could therefore probably be ignored. However, the comparison is illustrated 

more clearly with their inclusion. 
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Fig. 8. Comparisons of the results of models M2 and M3 at points P1 and P2. 

Microstructural void ratios of (a) P1 and (b) P2. Macrostructural void ratios of (c) P1 

and (d) P2. 

 

The proposed model (M3) captures the trend of the swelling and, as shown in Figs. 9 

and 10, the distributions of the water content and bulk density in the bentonite (no 

experimental data of these variables were obtained from the 70 g/L test). It is important 

to emphasise that very high water contents were obtained in the tests with e values of 

40. As shown in Figs. 10-a to 10-c, the bulk density decreased so much that it could not 
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be measured reliably at the top of the test piece, which calls into question the validity of 

the assumption that the material remains a “soil” in the context of Soil Mechanics. The 

fits reveal that the formulation proposed by Eqs. (1)-(5) has the ability to simulate large 

swellings. However, it is still not possible to accurately reproduce the high swelling rate 

observed experimentally at the beginning of the tests. 

 

 

Fig. 9. Water content distributions at the end of the tests. Dots are experimental data, 

and lines are model predictions (M3) for: (a) DI, (b) 10 g/L and (c) 35 g/L. 

 

Fig. 10. Bulk density distributions at the end of the tests. Dots are experimental data, 

and lines are model predictions (M3) for (a) DI, (b) 10 g/L and (c) 35 g/L. 
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To conclude this section, Fig. 11 shows the evolution of the ratio of calcium cations 

Ca2 to the total charge-compensating cations, XCa2, which is defined as XCa2  CCa,mCC 

 (CCa,mCCCNa,mCC). The results are associated with the complete model, M3. This 

magnitude is of great relevance given the influence of the charge-compensating cations 

on swelling (Zhu et al., 2015). However, XCa2 remained less than 80 % throughout all 

of the tests. Consequently, according to Birgersson et al. (2009), the behaviour of the 

bentonite was always that of a sodium bentonite. This is consistent with the high 

swelling value that was obtained. In addition, this supports the use of the same 

deformational model in all of the simulations without considering the variation in the 

distribution of the charge-compensating cations. 

   

 

Fig. 11. Evolution of the ratio of Ca2 cations to the total charge-compensating cations, 

XCa2, for model M3. Time: (a) 5 hours, (b) 50 hours, and (c) 400 hours. 

 

5. CONCLUSIONS 
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Despite its limitations, the proposed formulation allows for the consistent inclusion of 

the effect of water salinity on the swelling of MX-80 bentonite. The inclusion of the 

osmotic terms into both the micro- and macrostructural levels in the chemo-hydro-

mechanical formulation models the limiting effect of salinity on the swelling capacity 

that was observed experimentally in vertical free swelling tests using solutions with salt 

contents between 10 and 70 g/L of sodium and calcium chloride. In addition, the 

formulation proposed in Eqs. (1)-(5) reproduces the increase of the destructuration rate 

of bentonite and, as a result, the swelling rate caused by the salinity. These additions to 

the model significantly improve the predictions compared to those that do not account 

for the salinity effects. Although the fit could be improved further for the swelling 

velocity in the shorter term (likely by improving the flow and transport model as well as 

the increase of the macrostructural void ratio that occurs when the aggregates are nearly 

destructured), the proposed formulation is a useful starting point to characterise the 

effect of salinity on the free swelling of compacted bentonites.  
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Highlights 

 Influence of water salinity on the swelling behaviour of a MX-80 bentonite 

 Simplification of the bentonite geochemical complexity 

 Macro- and microstructural water equilibrium (equal chemical potentials) 

 Improvement over models that do not account for the effects of salinity 
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