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Abstract 

This Thesis describes a Hydro-chemo-Mechanical model to characterise the swelling behaviour 

of bentonites. It is based on the concept of double porosity, in which the voids within the particle 

aggregates (microstructure) and those between the aggregates (macrostructure) are differentiated. 

This model, besides describing the hydro-mechanical behaviour of bentonites for different 

boundary conditions in hydration processes, includes the effect of changes in the salinity of the 

system. 

First, the basis of this model, which adopts a simplified geochemistry of the system, is proposed. 

This model is initially used to simulate free swelling processes of an MX-80 bentonite under 

different salinity conditions, obtaining quality results. The mechanical part is based on the 

Barcelona Expansive Model framework. However, the model also takes into account the 

macrostructural strain that occurs during swelling processes due to the bentonite destructuration 

under very low confinement or free swelling conditions. The water exchange between both 

structural levels is given by the difference in chemical potentials of the water present in both. The 

analysis of the difference between both chemical potentials results in a definition of the effective 

microstructural stress, understood as the magnitude that controls microstructural strains. 

The hydraulic part of the model takes into account the differentiation of the water content present 

within the bentonite aggregates, and the free water between the aggregates. Water retention curve 

data were used to differentiate between the two water contents. In addition, the microstructural 

model was extended by taking account of the amount of sodium and calcium as exchangeable 

cations, as well as the cation exchange capacity of bentonite. On the other hand, the water 

retention curve of the macrostructure was also extended to consider the effect of changes of void 

ratio on the air-entry pressure. This modification of the model was applied to both MX-80 and 

FEBEX bentonites, as well as to Boom clay, based on data from water retention curves under free 

swelling and confined conditions. Likewise, the influence of the formulation of the chemical 

activity of species present in the macrostructural water was analysed, proving that taking into 

account the salinity conditions is fundamental to correctly characterise the swelling process. 

The proposed model was introduced in the implementation platform Comsol Multiphysics, which 

allows the solution of partial derivative equations in a multiphysics environment based on the 

application of the finite element method with Lagrange multipliers. To improve the convergence 

of the model, two modifications were introduced in the mechanical part. The first one reduces the 

error due to drift in the calculation of stresses when an explicit integration scheme is used. The 
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second assumes a smooth transition from an elastic behaviour within the yield surface to an 

elastic-plastic behaviour when yielding occurs. Both modifications allow to improve the 

computational performance of the numerical model.  

Once the characteristics of the model are defined, it is applied to the simulation of different 

problems, in addition to the free swelling tests already mentioned. First, it was used to predict the 

results of swelling pressure tests under different salinity conditions. In addition, squeezing tests 

were also simulated, which have shown that the water extracted in this type of test is a mixture of 

the solutions present in the macro- and microstructures. In addition, the model was also used to 

reproduce vertical pinhole erosion tests, both under low salinity conditions and for different 

concentrations of the salinity solution. Finally, the model was proposed to be adapted for 

Gaomiaozi (GMZ) bentonites, for which there are numerous experimental characterisation 

studies. After fitting the model, constant stress swelling and swelling pressure tests were 

simulated. In all the cases analysed, the results obtained were very satisfactory. 

This work shows the usefulness and versatility of the Hydro-chemo-Mechanical model that has 

been developed. Given its capacity to characterise the swelling behaviour of bentonites, 

considering different boundary conditions, the model is of special interest for the simulation of 

the bentonite barriers that will be part of deep geological repositories of spent nuclear fuel. 
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Resumen 

Esta Tesis describe un modelo Hidro-químico-Mecánico para caracterizar el comportamiento de 

bentonitas frente a hinchamiento. Está basado en el concepto de doble porosidad, en el que se 

diferencian los huecos que se encuentran dentro de los agregados de partículas (microestructura) 

y los que se encuentran entre los agregados (macroestructura). Este modelo, además de describir 

el comportamiento Hidro-Mecánico de las bentonitas para distintas condiciones de contorno en 

procesos de hidratación, incluye el efecto que tienen los cambios de salinidad del sistema. 

En primer lugar, se han propuesto las bases de este modelo, en el que se adopta una geoquímica 

simplificada del sistema. Este modelo ha sido primeramente utilizado para simular procesos de 

hinchamiento libre de una bentonita MX-80 frente a diferentes condiciones de salinidad, 

obteniendo resultados de calidad. La parte mecánica está basada en el marco del Barcelona 

Expansive Model. Sin embargo, el modelo también tiene en cuenta la deformación 

macroestructural que se produce durante los procesos de hinchamiento debido a la 

desestructuración de la bentonita en condiciones de muy bajo confinamiento o de hinchamiento 

libre. El intercambio de agua entre ambos niveles estructurales viene dado por la diferencia de 

potenciales químicos del agua presente en ambos. El análisis de la diferencia entre ambos 

potenciales químicos dio como resultado una definición de la tensión microestructural efectiva, 

entendida como la magnitud que controla las deformaciones microestructurales. 

La parte hidráulica incorpora la diferenciación del contenido de agua presente dentro de los 

agregados de la bentonita, y el agua libre que se encuentra entre dichos agregados. Diferentes 

datos de curvas de retención han sido empleados para diferenciar entre ambos contenidos de agua. 

Además, se ha ampliado el modelo microestructural teniendo en cuenta la cantidad de sodio y 

calcio como cationes de intercambio, así como la capacidad de intercambio catiónico de la 

bentonita. Por otro lado, también se ha extendido la curva de retención de la macroestructura para 

considerar el efecto de los cambios en el índice de poros en la presión de entrada de aire. Esta 

modificación del modelo se ha aplicado tanto para bentonitas MX-80 y FEBEX, como para la 

arcilla Boom, a partir de datos de curvas de retención en condiciones de hinchamiento libre y 

confinadas. Asimismo, se ha analizado la influencia de la formulación de la actividad química de 

las especies presentes en el agua macroestructural, comprobando que la toma en consideración de 

las condiciones de salinidad es fundamental para caracterizar correctamente procesos de 

hinchamiento. 
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El modelo propuesto ha sido introducido en la plataforma de cálculo Comsol Multiphysics, que 

permite resolver ecuaciones en derivadas parciales en un entorno multifísico basado en la 

aplicación del método de los elementos finitos con multiplicadores de Lagrange. Para mejorar la 

convergencia del modelo, se han introducido dos modificaciones en la parte mecánica. La primera 

de ellas reduce el error debido a la deriva plástica en el cálculo de las tensiones cuando se utiliza 

un esquema de integración explícito. La segunda supone suavizar el paso de un comportamiento 

elástico dentro de la superficie de fluencia, a un comportamiento elasto-plástico cuando se alcanza 

la plastificación. Ambas modificaciones permiten mejorar el rendimiento computacional del 

modelo numérico.  

Una vez definidas las características del modelo, se ha aplicado a la simulación de diferentes 

problemas, además de los ensayos de hinchamiento libre ya mencionados. En primer lugar, se ha 

utilizado para la predicción de resultados de ensayos de presión de hinchamiento en distintas 

condiciones de salinidad. Además, se han simulado ensayos de “squeezing”, con lo que se ha 

puesto de manifiesto que el agua extraída en este tipo de ensayos es una mezcla de las disoluciones 

presentes en la macro- y la microestructura. Por otra parte, el modelo ha sido empleado asimismo 

para reproducir ensayos de erosión vertical “Pinhole”, tanto en condiciones de baja salinidad, 

como para distintas concentraciones de la disolución. Adicionalmente a estas simulaciones, 

realizadas sobre bentonitas MX-80, se ha propuesto la adaptación del modelo para bentonitas 

Gaomiaozi (GMZ), para la cual existen numerosos estudios experimentales de caracterización. 

Tras el ajuste del modelo, se han simulado ensayos de hinchamiento libre y de presión de 

hinchamiento. En todos los casos analizados, los resultados obtenidos han sido muy satisfactorios. 

Con este trabajo se pone de manifiesto la utilidad y versatilidad del modelo Hidro-químico-

Mecánico que se ha desarrollado. Dada su capacidad para caracterizar el comportamiento de 

bentonitas frente a hinchamiento, considerando diferentes condiciones de contorno, resulta de 

especial interés para la simulación de las barreras de bentonita que se dispondrán en 

almacenamientos geológicos profundos de combustible nuclear gastado. 
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1 Introduction 

Bentonites are a material type used in different technological fields. Due to their low hydraulic 

conductivity and their swelling capacity, they are considered to be a key element for the 

construction of engineered barriers to be placed in deep geological repositories of spent nuclear 

fuel (Pusch, 1992; Sellin and Leupin, 2013; Yong, 1999). However, the construction of these 

repositories will leave technological voids (unfilled space as a result of the construction process; 

Mokni and Barnichon, 2016; Wang et al., 2013) as well as natural voids (discontinuities that may 

exist in the natural rock before the construction) that can be a problem for the proper operation of 

the system. These voids may cause preferential flow paths, which favour the migration of 

radionuclides (Komine, 2010; Wang et al., 2013), or weak areas for the potential development of 

erosion processes (Boisson, 1989; Grindrod et al., 1999; Neretnieks et al., 2010). In addition, they 

may significantly reduce the confinement of the system (Posiva, 2012), facilitating the growth of 

microorganisms (Stroes-Gascoyne et al., 2010). Nevertheless, the hydration of the bentonite and 

its consequent swelling can fill the voids and preferential paths, so that the barrier effect is 

recovered, guaranteeing the storage operation. Therefore, the correct characterisation of the 

swelling of bentonites, as well as their stress-strain behaviour, is essential to achieve a plausible 

estimate of the long-term behaviour. 

The swelling of bentonites is consequence of their great capacity to hydrate. Hydration has been 

studied from different perspectives, obtaining a large amount of valuable information due to the 

application of mercury intrusion porosimetry techniques (Romero and Sims, 2008), electron 

microscopy, both scanning (see Collins and McGown, 1974) and transmission (Pusch, 1987), as 

well as X-ray diffraction (Holmboe et al., 2012; Saiyouri et al., 2000), thermogravimetric analysis 

and adsorption isotherms (see Salles et al., 2009), among others. An overview of the current state 

of knowledge can be obtained from the reviews by Arifin and Schanz (2009), Mata (2003), 

Romero and Simms (2008), Sedighi (2011), Thyagaraj and Salini (2015), as well as Tournassat 

et al. (2015). Most of the references included in these works assumed a hierarchical idealisation 

of the soil fabric (Yong, 1999). However, as pointed out by Laird (2006), it is important to note 

that the stacking of clay sheets to form particles is irregular (see, for instance, Neretnieks et al., 

2009). Although in compacted bentonites the stacking is primarily sub-planar, the orientation of 

the stacks is fundamentally random. In addition, some sheets end in the centre, while other extend 

beyond the main body of the particle (Pusch, 1987). This irregularity means that the particles have 

micro-voids inside them (Cases et al., 1992). On the other hand, during wetting paths the particles 

divide forming other smaller ones (Stepkowska, 1990). This was experimentally proven by 
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Delage et al. (2006), Katti and Shanmugasundaram (2001), and Seiphoori et al. (2014), among 

others. On the contrary, in drying processes several particles can come together to form a large 

particle. Saiyouri et al. (2004) propose that swelling is essentially a process of subdivision of the 

clay particles, and not a homogeneous increase in the distance between sheets. The division also 

occurs in the aggregates (Salles et al., 2009). Therefore, swelling is a complex process in which 

the hydration of cations, the hydration of the charged surface of the clay, the separation of the 

particles, the adsorption both in the intra-aggregate pores (microporosity) and the inter-aggregate 

space (macroporosity), the development of the diffuse double layer and the capillary condensation 

compete for the water (Likos and Wayllace, 2010). These processes are not always reversible 

(Holmboe et al., 2012). Without the subdivision of particles and aggregates playing a relevant 

role, the mere existence of microporosity causes a remarkable hysteresis when passing from 

wetting to drying (Cases et al., 1992). Therefore, the internal topology of bentonites is not regular, 

and both particles and aggregates must be considered dynamic structures that evolve along the 

hydration and dehydration processes, conditioning this evolution to the process itself (path 

dependence). 

The complexity of these phenomena makes it difficult to define a macroscopic model to solve 

problems on an engineering scale (repository behaviour) by integrating microscopic processes, 

despite the important advances made in recent years in upscaling techniques based on the Theory 

of Homogenisation (Marry and Rotenberg, 2015). Simplifying hypotheses should be introduced 

that will mean renouncing the description of some of the processes that occur at the microscopic 

scale (Villar et al., 2012). The most common simplification strategy is based on considering 

compacted bentonite as a double porosity medium (see, for example, Alonso et al., 2005; 

Guimarães et al., 2013; Lemaire et al., 2004; Nowamooz et al., 2009; Sedighi and Thomas, 2014; 

Vilarrasa et al., 2016; Wang and Wei, 2015; Xie et al., 2004). The basis of this approach is the 

bimodal distribution of porosity observed when analysing the material with porosimetry 

techniques (Delage et al., 1996; Lloret et al., 2003; Romero et al., 1999), identifying, as mentioned 

in the previous paragraph, the macrostructural functional level (or simply macrostructure) with 

the space existing between the bentonite aggregates, and the microstructure with the voids inside 

them. This structure evolves throughout the hydration process (Della Vecchia et al., 2015; Lloret 

et al., 2003; Manca et al., 2016) as a result of the microscopic processes described above. But 

macroscopic strategies based on double porosity models allow the macroscopic consequences of 

these changes to be satisfactorily reproduced in terms of strains and flow (Gens and Alonso, 

1992). In these models, each structural level is assigned a different continuous medium, while 

both media occupy the same spatial domain (Hueckel, 1992). 
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Typically, hydro-mechanical models have been used under dilute conditions. Therefore, to 

consider the response of bentonites in non-negligible salinity conditions it is necessary to modify 

these models. This is important for deep geological repositories, where significant chemical 

changes will occur in the surrounding groundwater and therefore in the interstitial pore water 

(Hellä et al., 2014). Many experimental studies have been conducted to characterise the effect of 

pore water salinity on the hydro-mechanical behaviour of bentonites. These studies have shown 

that, when the ionic strength of pore water increases, the swelling pressure decreases (Karnland 

et al., 2005; Zhu et al., 2013). In addition, Alawaji (1999) showed in swelling tests that the initial 

strain velocity increases and the swelling capacity decreases as the concentrations increase. On 

the other hand, several authors have shown that the hydraulic conductivity of bentonites increases 

when they are saturated with solutions of increasing salinity (i.e. Zhu et al., 2013). In recent years, 

an effort has been made to improve the characterisation of the coupled thermo-hydro-chemo-

mechanical (THCM) behaviour (Sedighi et al., 2015) of unsaturated soils (Loret and Huyghe, 

2004; Tournassat et al., 2015). Relevant contributions of both flow and transport processes 

(Malusis et al., 2012; Šimunek and van Genuchten, 2006) and stress-strain modelling (Gens, 

2010; Sheng, 2011) have been developed. This effort has been especially intense in the analysis 

of the behaviour of active clays (Guimarães et al., 2013). These models introduce in a simplified 

way the geochemical configuration of the system. They usually adopt an idealised geochemical 

model formed by two basic cations (usually Na+ and Ca2+) and a single anion (usually Cl−). This 

configuration serves to characterise the response of the material to simple "chemical charges", a 

basic question to improve the knowledge of HCM coupling (Dominijanni et al., 2013; Musso et 

al., 2013). 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. 

In this Thesis, a Hydro-chemo-Mechanical model is proposed to characterise the behaviour of 

double porosity bentonites against different swelling processes, both in free swelling and confined 

conditions. Although the major part of the work is focused on MX-80 bentonites, it can also be 

extended to other types of active bentonites, as it was done with some aspects of the model for 

FEBEX and GMZ bentonites, and Boom clays. 

First, the framework in which this Thesis is justified, the main hypotheses assumed in its 

development, the objectives of this work, and the methodology followed for its development are 

stated (Section 2). After that, the Results are collected in Sections 3 to 6, which include the 

fourteen articles carried out that compose this Thesis. It should be noted that twelve of them are 

papers published in different journals and the other two are under review.  



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
4 

 

In Section 3, the main characteristics of the chemo-Mechanical model are presented. First, the 

proposed model is exposed, including its application to free swelling tests on MX-80 bentonites 

(Section 3.2). This study resulted in a proposal for the expression of an effective microstructural 

stress (Section 3.3) that controls the microstructural strain, which has been proved to be 

thermodynamically consistent. In addition, since the effect of the solution salinity has been proved 

to be relevant, the influence of the formulation of the activity on swelling processes is analysed 

in Section 3.4. Due to the relevance of the macrostructure-microstructure coupling, an approach 

is proposed to model the strain experienced by the macrostructure as a consequence of the 

swelling of the microstructure during processes with low confinement conditions, which takes 

also into account the effect of salinity (Section 3.5). 

Section 4 is focused on the Hydraulic model. This proposed double porosity model is presented 

in detail in Section 4.2, in which the water present in the macrostructure and the water in the 

microstructure are differentiated. This hydraulic model can also be improved by two extensions 

of interest developed in this work. The first one is an enhancement of the water content and void 

ratio model of the microstructure taking into account the different proportions of calcium and 

sodium as exchangeable cations and the cation exchange capacity of bentonites (Section 4.3). The 

second one is the adaptation of the macrostructural water retention curve model considering the 

effect of the void ratio on the air-entry pressure (Section 4.4). In all cases the model was applied 

to an MX-80 bentonite, except for the macrostructural retention curve, which was also adapted to 

FEBEX bentonite and Boom clay.  

The numerical implementation of the proposed model is developed in Section 5. The Comsol 

Multiphysics platform was used, which is a multiphysics partial differential equation solver based 

on the application of the finite element method with Lagrange multipliers. The process followed 

to implement the model is briefly described in Section 5.1. On the other hand, two modifications 

of the mechanical model are proposed that allow an improvement in the efficiency of the 

calculation process: a modification of the hardening law to avoid the errors that appear in the 

calculation of stresses due to drift when yielding occurs (Section 5.2), and a smooth transition 

from the elastic regime to that in which plastic strains begin (Section 5.3). 

Once the different parts of the model and its extensions are described, and the numerical 

implementation has been explained, Section 6 presents different exercises for the application of 

the model under different boundary conditions. First, the formulation was applied to the 

reproduction of swelling pressure tests (Section 6.2), thus complementing the free swelling tests 

reproduced previously. In addition, the model was also applied to squeezing tests on MX-80 

bentonites (Section 6.3), proving that the model developed is an interesting tool to analyse 
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complex processes like those developed in this type of tests. The model was also extended to 

Pinhole erosion tests, both for deionised water (Section 6.4) and for solutions with different 

concentrations (Section 6.5). Finally, as an example of the possible extension of the model to 

other bentonites, its adaptation to a GMZ bentonite is presented, applied to both the reproduction 

of swelling under constant load and swelling pressure tests (Section 6.6). 

Once the results of the Thesis were presented, a general discussion is developed (Section 7). Next, 

the main conclusions reached with this Thesis are detailed in Section 8, including the possible 

future lines of research that can be derived from the work carried out. Finally, an appendix is 

included, in which the different works that were developed throughout the elaboration process of 

the Thesis are listed, including other related publications. The final part of the document 

comprises the list of references used in this Thesis. 
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2 Justification, Hypotheses, Objectives and Methodology 

In accordance with the basic and common guidelines in doctoral programs of the University of 

Castilla-La Mancha for the presentation of the doctoral thesis in the format of a compendium of 

papers approved by the Direction Committee of the International School of Doctorate of the 

University of Castilla-La Mancha, the document of this Thesis includes in this chapter the sections 

related to the justification, hypothesis, objectives and methodology. 

 

2.1 Justification 

As it is pointed out in the previous Section, to guarantee the correct performance of deep 

geological repositories for spent nuclear fuel, it is necessary to correctly characterise the long-

term behaviour of the bentonites that will be part of the engineered barriers arranged in them. 

These bentonites will experience changes in the mechanical, hydraulic and chemical conditions 

around them; thus, it is necessary to develop a Hydro-chemo-Mechanical model capable of 

characterising their behaviour with respect to such changes. In this way, using the model proposed 

in this Thesis, simulations can be performed to predict the behaviour of bentonites under the 

different boundary conditions expected during their lifetime. 

On the other hand, in the development of this type of models, it is of great importance to adapt 

them to different types of bentonites, so that they can be used for the simulation of different 

repository concepts. This is why the generalisation of the model developed is of interest. 

Therefore, although in this Thesis the main part of the study is focused on characterising MX-80 

bentonites (reference material for engineered barriers in countries such as Sweden and Finland) 

by means of the proposed model, the extension of some of the components of this model to other 

bentonites such as FEBEX and GMZ bentonites and Boom clay is also considered. The FEBEX 

bentonite is the reference material in Spain (Huertas et al., 2006). This material has been 

intensively analysed, and there is an important collection of both experimental and constitutive 

modelling evidences. On the other hand, GMZ is the bentonite considered in China for the 

construction of engineered barriers in deep geological repositories. Given the importance that 

China has worldwide in the generation of spent nuclear fuel, the interest of analysing GMZ 

bentonite is justified. In this way, with the extension of the model for these materials, its versatility 

becomes clearer. 
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2.2 Hypotheses  

This section outlines the main conceptual assumptions that were considered in the development 

of the proposed model. However, in each of the subsections of the Results Chapters (Sections 3 

to 6), the specific and secondary hypotheses that were taken into account for the different 

conditions studied in them are presented. 

1. Isothermal conditions are assumed. This simplification is critical for the short-term 

reproduction of repository behaviour in the neighbourhood of the fuel, since the 

temperature gradient will not be negligible there. However, it implies a significant 

reduction in the complexity of the study. Furthermore, both for short-term analyses in 

areas not contiguous to the fuel (in which the technological and natural gaps are expected 

to be located) and in the very long-term (when changes in the salinity of the environment 

are expected to occur), the hypothesis of isothermal behaviour will not be critical. The 

extension of the model to non-isothermal conditions is considered in future works. 

2. A conceptual framework of double porosity is considered to model the compacted 

bentonites analysed. As indicated in Section 1, this is motivated by the bimodal 

distribution observed in the distribution of pore sizes in MIP tests. 

3. A simplified geochemical model is assumed, based on the existence of two cations (Na+ 

and Ca2+) and one anion (Cl−). The extension to a more complex geochemistry of the 

system is proposed for future works. 

4. It is assumed that the mechanical behaviour of the macrostructure does not depend 

explicitly on the geochemistry of the system. Therefore, the framework of the Barcelona 

Expansive Model (Alonso et al., 1999) is used introducing some modifications proposed 

in this Thesis for swelling processes under low confinement. 

5. On the contrary, it is assumed that geochemistry does influence the deformability of the 

microstructure, since the exchange between macro- and micro-waters is given by the 

difference of chemical potential between both types of water. 

6. An advective flow model based on Pollock (1986) is considered. 

7. Fick’s law is adopted to model vapour diffusion, disregarding the effect of mechanical 

dispersion. 

8. The hysteretic behaviour of the water retention curve is not considered, as the analyses 

performed focus on monotonic wetting processes. 
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2.3 Objectives 

As explained in the Introduction, the main objective of this Thesis is to develop a Hydro-chemo-

Mechanical model in a double porosity framework that allows the simulation of the behaviour of 

bentonites in swelling processes under different salinity conditions. Since in this type of models, 

the strains of the microstructure and its coupling with the deformability of the macrostructure are 

characterised by formulations generally adjusted to the bentonites that are analysed in each case, 

the formulation has been mainly defined for MX-80 bentonites. However, the scope of the 

formulation and its generalisation to other types of active clays has been studied. Thus, as a 

secondary objective, the extension of the model to GMZ and FEBEX bentonites and for Boom 

clay has been analysed. Likewise, to contribute to the confidence in the model, its verification 

and validation against different types of problems and boundary conditions has been set as an 

objective. Thus, the model has been used to simulate free swelling processes, swelling pressure 

tests, squeezing tests and localised mechanical erosion tests. 

 

2.4 Methodology 

To develop the model proposed in this Thesis, first, an analysis of the geomechanical formulation 

and its extension to double porosity systems was performed, for the fundamental literature in this 

regard was reviewed (for example, Alonso et al., 2005; Arifin and Schanz, 2009; Gens and 

Alonso, 1992; Gens et al., 2011; Karnland et al., 2005; Laird, 2006; among others). To this end, 

the microstructure of the bentonites was studied, as well as the physical-chemical description of 

their hydration. Subsequently, a review of the constitutive models of double porosity was 

conducted, emphasising (i) the definition of the deformational behaviour of the aggregates, (ii) 

the exchange of water mass between micro- and macrostructures, and (iii) the strains induced by 

the microstructure in the macrostructure. In addition, the incorporation of the geochemical 

formulation was analysed, assuming a simplified geochemistry in which the system is composed 

of calcium, sodium and chloride (Guimarães et al., 2013). After this first phase of study, the model 

was proposed, whose main characteristics are described in Section 3.2. In this double porosity 

model, it was considered that the stress-strain formulation of the macrostructure is described by 

the framework of the Barcelona Basic Model (BBM; Alonso et al., 1990) and the Barcelona 

Expansive Model (BExM; Alonso et al., 1999). With regard to the hydraulic model, a model based 

on that of Pollock (1986) was proposed for the macrostructure, while an analysis of experimental 

results on water retention curves was carried out for the microstructure. Thus, a method was 
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proposed that differentiates the water in the microstructure from that in the macrostructure, whose 

details can be seen in Section 4.2. 

This model was implemented in the platform Comsol Multiphysics, used to perform most of the 

simulations in this Thesis, which allows to solve partial differential equations in a multiphysics 

environment based on the application of the finite element method with Lagrange multipliers. To 

this end, the hydro-mechanical model developed by the research group was used (Navarro et al., 

2014a,b). The main parts of this implementation are described in Section 5.1. To determine the 

scope of the model, simulations of free vertical swelling tests were carried out first at the different 

salinities that are expected for Olkiluoto, which is the site of the Onkalo deep geological 

repository for spent nuclear fuel in Finland, at the repository depth during the operational phase 

(based on Hellä et al., 2014). 

Once the basic model was proposed, different works were carried out to improve and extend the 

model, which is reflected in the different papers that compose this Thesis. To perform these 

works, a search for information and its study was conducted for its development. Thus, a literature 

review was performed on the modelling of the chemical activity of species present in the 

macrostructural water of bentonites, considering the models of Debye-Hückel, extended Debye-

Hückel, Davies and WATEQ Debye-Hückel (Parkhurst and Appelo, 2013; Truesdell and Jones, 

1974). This led to the development of the paper set out in Section 3.4. In addition, the proposal 

made to improve the model of macro-micro interaction in Section 3.5 was tested including the 

free swelling test carried out by Dvinskikh and Furó (2009), with more information on the spatial 

and temporal evolution of the specimen throughout the test. On the other hand, the influence of 

bentonite exchangeable cations and their cation exchange capacity on the water retention curve 

(Berend et al., 1995; Cases et al., 1992, 1997; Dueck, 2008; Dueck and Nilsson, 2010; 

Kraehenbuehl et al., 1987; Likos and Wayllace, 2010; Montes-H et al., 2003a; Salles et al., 2009; 

Wadsö et al., 2004), both in purified and natural bentonites, was analysed. This database allowed 

to obtain results of the behaviour of sodium, calcium and natural MX-80 described in detail in 

Section 4.3. In addition, a number of water retention curve tests were compiled under both 

confined and free swelling conditions in Section 4.4, for an MX-80 bentonite (Delage et al., 2006; 

Dieudonne et al, 2016; Jacinto, 2010; Jacinto et al., 2009; Kuusela-Lahtinen et al., 2016; Likos 

and Lu, 2006, Likos and Wayllace, 2010; Man and Martino, 2009; Pintado et al., 2013b; Saiyouri 

et al., 2004; Seiphoori et al., 2014; Tang and Cui, 2010; Villar, 2004, 2007), as well as for FEBEX 

bentonite (Jacinto et al., 2012; Lloret and Villar, 2007; Lloret et al., 2003; Pintado, 2002; Vaunat 

and Gens, 2005; Villar, 2002, 2004, 2007; Villar et al., 2008) and Boom clay (Della Vecchia et 

al., 2013, 2015; Hu et al., 2013; Romero, 1999; Romero et al., 1999; 2011; Salager et al., 2011). 
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In addition, to improve the efficiency of the model in the platform Comsol Multiphysics, the two 

modifications of the mechanical model of the macrostructure of Sections 5.2 and 5.3 were 

proposed. 

To give more confidence in the model, problems with different boundary conditions were 

considered, applying the proposed model to other tests besides the free swelling tests initially 

analysed, such as swelling pressure and squeezing tests. For this purpose, a literature review was 

conducted to deepen the knowledge of these tests (Arifin and Schanz, 2009; Karnland et al., 2005, 

2006; Muurinen et al., 2004; among others) and their modelling. Thus, the results described in 

Sections 6.2 and 6.3 were obtained. In this way, it was proven that the model is not only valid for 

conditions of negligible or null confinement, but also under confined conditions (swelling 

pressure) and high vertical compressive stresses (squeezing). In addition, the model was also 

applied to the simulation of erosion processes. First, pinhole tests were analysed under very low 

salinity conditions (Section 6.4). Next, the effect of different salinity conditions on the pinhole 

test, taken from Sane et al. (2013), was considered (Section 6.5). Likewise, an analysis of the 

extension of the model to a GMZ bentonite was performed, for which a first search for sources of 

information on its behaviour was carried out, having obtained an important database of different 

characterisation tests of GMZ bentonite (for example, Chen et al., 2006, 2016b, 2017; Cui et al., 

2012; He et al., 2016a, 2016b; Qin et al., 2015; Sun et al., 2013; Wan et al., 2015; Wen, 2006; Ye 

et al., 2012, 2014; Zhang et al., 2012a, 2012b, 2012c, 2013, 2014, 2016). The model was applied 

for the simulation of constant load swelling and swelling pressure tests, which results are found 

in Section 6.6. 
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3 Results: Chemo-Mechanical model 

3.1 Introduction 

The papers that form this first chapter of results focus on the conceptual modelling of the chemo-

Mechanical coupling of the model, that is, on the effect of the chemical aspects on the mechanical 

behaviour of the system. Although some information from the Hydraulic model is also included 

in these papers, it is explained in depth in Section 4. This is therefore a first presentation of its 

most relevant features, which will be developed and extended in later Sections. The chemo-

Mechanical coupling is based on a double porosity approach which, as reflected in Section 1, is 

justified by the experimental observations made on the internal structure of active bentonites, thus 

differentiating between macro- and microstructures. The framework of the Barcelona Expansive 

Model (Gens and Alonso, 1992) was used as a reference for analysing the deformational 

behaviour. Thus, the Barcelona Basic Model (Alonso et al., 1990) was considered to describe 

macrostructural strains. Microstructural deformations are taken into account in the model by 

means of a state surface based on the water content at high suction levels, whose formulation is 

discussed in more detail in Section 4. In addition to these strains at each of the structural levels of 

the bentonite, the coupling between both must be considered. To do this, on the one hand, the 

plastic strain of the macrostructure induced by the microstructure formulated in the Barcelona 

Expansive Model is taken into account. On the other hand, the proposed formulation considers 

the macrostructural strain that is induced by bentonite destructuration, also considering the 

“explosion” that may occur in sodium bentonites when free swelling is well advanced (Neretnieks 

et al., 2009). 

The effect of salinity is addressed by a thermodynamically consistent formulation based on the 

chemical potentials of macro- and microstructural waters. A simplified geochemical model is 

used to develop this formulation, in which only the presence of calcium and sodium cations and 

chloride anion are considered. It is assumed that there must be a balance between the chemical 

species present at both structural levels, so both chemical potentials are equal. Assuming a 

Donnan electrochemical equilibrium model between the macro- and microstructures and the 

electro-neutrality of the system, the species concentrations at the two levels can be calculated. 

Having solved the chemical problem, the effect of these species on the chemical potential of the 

macro- and microstructures can be obtained. 
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This formulation was implemented in Comsol Multiphysics, which is a multiphysics partial 

differential equation solver that is based on the application of the finite element method with 

Lagrange multipliers. Further details are provided in Section 5. As noted above, the proposed 

model is described in detail in Section 3.2. However, this initial model has been improved and 

further analysed in subsequent works. These are included in Sections 3.3, 3.4 and 3.5.  

To study the scope of the proposed model, different tests were simulated. In Sections 3.2, 3.4 and 

3.5, free swelling tests were considered for MX-80 bentonite, while in Section 3.3, swelling 

pressure tests were analysed, considering different salinities of the surrounding water in both 

types of tests. First, the results provided by the original model in Section 3.2 allow the 

experimental results considered to be reproduced with an acceptable quality. In this way, the 

relevance of a correct modelling of the influence of chemistry on mechanical behaviour is 

highlighted. This is not only relevant in the integrated measurements that involve the swelling of 

the samples, but also in the modelling of the time and spatial evolution of magnitudes such as 

water content or bulk density.  

Based on this model, the paper in Section 3.3 proposes a definition of effective microstructural 

stress (understood as a magnitude that controls microstructural strain) from the difference in 

chemical potential of water at both structural levels. The model used to develop this proposal 

coincides with that presented in Section 3.2. Thus, the effective microstructural stress is defined 

in general terms in Eq. (3.3.8), as the sum of the net mean stress, the macrostructural matric 

suction and the difference between the macrostructural osmotic suction and the suction due to the 

concentration of the microstructural non-charge-compensating ions. With this definition, when 

salinity is negligible and the system is saturated, microstructural effective stress is equivalent to 

the definition of mean effective stress. Likewise, when salinity is negligible, but the system is 

partially saturated, the microstructural effective stress is equal to the proposal of Gens and Alonso 

(1992) to define the "neutral line". In this analysis, swelling pressure tests were used, in which 

the concentration of the solution is increased, so that the swelling pressure is reduced throughout 

the test. Thus, it was found that the proposed effective microstructural stress has a better 

functional dependence on the microstructural void ratio than the net mean stress. 

In Section 3.4, an analysis of the effect of the formulation of the water activity on the strain of an 

MX-80 bentonite is presented against free swell tests for different salinities. Since the same tests 

as in Section 3.2 are used, the improvement is comparable to the hypothesis originally made in 

which the activity coefficient is assumed to be equal to 1 and therefore the values of activity and 

concentration coincide. In the paper presented in this Section, a first approximation of the 

influence of the activity formulation is analysed. For this purpose, a sensitive exercise is 



3.1. Results: Chemo-Mechanical model. Introduction  

 
15 

 

performed in which the extended Debye-Hückel model is applied to estimate the activity 

coefficients of the species in the macrostructure. It was observed that when the salinity of the 

system is not negligible, a more appropriate formulation of the activity of the species significantly 

improves the results obtained. Although for higher salinities, other more complex models should 

be used such as the WATEQ Debye-Hückel or the Pitzer model, this study highlights the 

sensitivity of the bentonite mechanical behaviour to the activity definition. 

Finally, Section 3.5 includes a paper that proposes an improvement in the formulation of the 

coupling between macro- and microstructures, in such a way that the analysis focuses on the 

modelling of macrostructural strains caused by the destructuration of the microstructure under 

low confinement conditions. It is therefore an improvement on the original model proposed in 

Section 3.2. This new formulation is summarised in Eq. (3.5.8). With this new formulation it is 

possible to model in a simple way the increase in macrostructural void ratio due to the process of 

breaking up the aggregates in free swelling processes. Thus, this increase only occurs when the 

microstructural void ratio is high and therefore the confinement in the system is low, below a 

reference value, assuming also that the loss of packing is directly proportional to the ratio between 

the loss of confinement and the existing confinement level. The same free swelling tests as in 

Section 3.2 were analysed again, achieving a better fit. In addition, another free swelling test 

obtained by Dvinskikh and Furó (2009) was analysed, from which information on the spatial 

distribution of the clay volume fraction was available. The results obtained are very satisfactory, 

especially considering that the proposed swelling model is based on only two material parameters. 

As it can be extracted from the papers included in this Section, when different improvements in 

the model are adopted and the effect of chemistry on the mechanical behaviour is included, a 

better prediction of the experimental results is observed. It is clear that a correct treatment of the 

salinity of the system is fundamental when this salinity cannot be considered negligible. That is 

why in this Thesis special emphasis is placed on the chemo-Mechanical formulation of the model 

and therefore on the coupling of the chemistry, although in a simplified way, with the mechanical 

behaviour of the bentonite. 
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3.2.1 Abstract 

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

behaviour of an 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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3.2.2 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 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 paths. Saiyouri 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 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 
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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 pore water will take place (Hellä et al., 2014). 

Many experimental studies have been conducted to characterise the effect of pore water salinity 

on the hydro-mechanical behaviour of bentonite. These studies have confirmed that the swelling 

pressure decreases when the pore water'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. 
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3.2.3 Vertical free swelling tests on MX-80 

3.2.3.1 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 3.2.1 shows the main mineralogical, chemical, and physical properties of this 

natural sodium bentonite. 

Table 3.2.1. 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 

 

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 
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diameter (Fig. 3.2.1). 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 common anion 

(chloride); their characteristics are shown in Table 3.2.2. The 10 g/L solution was a brackish-

saline groundwater simulant for Olkiluoto, which is the site of the Onkalo deep 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. 

 

Fig. 3.2.1. Setup of the vertical free swelling test (initial dimensions in mm). 

Table 3.2.2. 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 

Highly saline water 70 26.58 43.42 1 

 

 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
22 

 

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. 

 

3.2.3.2 Results and analyses 

Fig. 3.2.2 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. 

 

  

Fig. 3.2.2. 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. 
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3.2.4 Theory 

3.2.4.1 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 3.2.3 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 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 3.2.3. 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 
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that are caused mainly by the separation of particles and aggregates that was explained in the 

Introduction. 

Fig. 3.2.3a 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, ΔeMm1, 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 ΔeMm1 

increases in the swelling tests from Studds et al. (1998) is higher than the rate with which ΔeMm1 

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. 

3.2.3a) to model the monotonic free swelling paths is questionable. 

  

Fig. 3.2.3. (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. (3.2.1). 
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However, as noted above, the idea of using a state surface to describe ΔeMm1 was supported, but 

the new state surface, in addition to defining the dependence of ΔeMm1 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: 

Mm1 m

Mm1MAX mMAX

Ln  Ln
e e

a
e e

   
=   

   
      (3.2.1) 

the satisfactory fits illustrated in Fig. 3.2.3b are obtained. In Eq. (3.2.1), ΔeMm1MAX defines the 

maximum value of ΔeMm1, which is determined by the bold boundary line highlighted in Fig. 

3.2.3a. The coefficient a (dimensionless) characterises the rate at which ΔeMm1 increases as em 

increases. The fits shown in Fig. 3.2.3b were obtained for the contour lines that correspond to 

0.01, 0.1 and 1 M using the 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. (3.2.1) was incorporated to the definition of ΔeMm 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 ΔeMm2 as opposed to ΔeMm1 in Eq. (3.2.1) which is identified 

as the increase linked to the destructuration of aggregates. Although the physical-chemical-based 

modelling of ΔeMm2 goes beyond the scope of this paper, this term cannot be omitted from the 

model if the large swellings that are observed in Fig. 3.2.2 are to be reproduced. For this reason, 

a simplified formulation was adopted based on the parameterised expression: 

Mm2 Mm2 Mm1MAX Mm2  e e f =         (3.2.2) 
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where Mm2 indicates the relationship between the maximum value of ΔeMm2 and the maximum 

increase in macroporosity due to the destructuration of aggregates (ΔeMm1MAX, bold line in Fig. 

3.2.3a). 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 ΔeMm1MAX,DI (the maximum value of 

ΔeMm1MAX for DI water, which is equal to 12.5 in accordance with Fig. 3.2.3) and ΔeMm1MAX for 

the existing salinity decreases: 

Mm1MAX

Mm2 Mm2MAX

Mm1MAX,DI

 
e

e
 


=


.      (3.2.3) 

The function fMm2 defines how ΔeMm2 varies with em because the destructuration associated with 

ΔeMm2 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
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Because emREF (starting threshold value of ΔeMm2) 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. 

Therefore, the total increase of the macrostructural void ratio caused by bentonite destructuration, 

ΔeMm, is calculated as follows: 

Mm2Mm1Mm eee +=        (3.2.5) 

where ΔeMm1 is calculated with Eq. (3.2.1), and ΔeMm2 is given by Eqs. (3.2.2), (3.2.3) and (3.2.4). 

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

defined in Fig. 3.2.4 (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. 

The state surface in Fig. 3.2.4 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 of smS, and the 

introduction of the subscript “S” is important. Navarro et al. (2015) worked with low salinity 
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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. 

 

Fig. 3.2.4. State surface that defines the microstructural volumetric constitutive model. 

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. 3.2.4, smS. To calculate the 

increase in the microstructural suction ΔsmO 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: 

mO W i,mNCC m     
i

s R T c 
 

 =  
 
       (3.2.6) 

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 
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microstructure does not compensate for 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: 

i,k Oi i,k i k  Ln   R T a z F = + +        (3.2.7) 

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 i,m equal to i,M in Eq. (3.2.7) 

results in: 

D

i,M i,m

  
 exp

 

iz F
a a

R T

 
=  

 
       (3.2.8) 

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): 

i,mD

i,M i,m

  
 exp

 i

i

z

Cz F
C C

R T B

 
= = 

 
      (3.2.9) 

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: 

Na,M Ca,M Cl,M2 0C C C+ − =        (3.2.10) 

Na,m Ca,m Cl,m2 0C C C q+ − − =       (3.2.11) 

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

m

 CEC
q

e


=         (3.2.12) 

where mineral is the mineral density. Table 3.2.1 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. (3.2.9) to (3.2.11) 

that: 

( ) 2

Ca,M Cl,m Ca,M Cl,m2  2  0C C B C B C q− + + + + =     (3.2.13) 

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. (3.2.10) and (3.2.11) (electroneutrality). 

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

the microstructure allow ΔsmO to be calculated using Eq. (3.2.6). 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 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 ΔsmO, 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): 

( ) ( )M VO M MO

W

 
WMM

T s s 


= − +       (3.2.14) 

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

of water, W is the density of free water, and sM is the macrostructural matric suction. It is 
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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. (3.2.6), is defined as: 

MO W i,M M

i

     s R T c 
 

=  
 
        (3.2.15) 

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  +=         (3.2.16) 

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 VO mS

m

 
WMM

T p s 


= + −       (3.2.17) 

where m 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 

ΔsmO that is caused by the “extra” salinity is given by: 

mO mO

m

 
WMM

s


 = −         (3.2.18) 

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), m=W was 

assumed for modelling purposes. Therefore, if M Eqs. (3.2.14) to (3.2.18) that: 

mS M MO mOs p s s s= + + −         (3.2.19) 

which allows the state surface of Fig. 3.2.4 to be applied to determine em.  

To finish this subsection, the method used to calculate the value of emMAX used in Eqs. (3.2.1) and 

(3.2.4) should be defined. According to Fig. 3.2.4, the maximum microstructural void ratio 

possible for a given salinity occurs when the structural suction of the microstructure is minimal, 

smSmin. In accordance with Eq. (3.2.19), this occurs when p=0 (unconfined conditions) and sM=0 
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(saturated conditions), which satisfy smSmin=sMO−ΔsmO. By introducing this value in Fig. 3.2.4, 

emMAX is obtained. 

 

3.2.4.2 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 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 3.2.4, 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. 

Table 3.2.4. 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: 
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( )i

i i 0
m

m
t


+   =


v         (3.2.20) 

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

i,M M M i,m m

i i,M i,m

   

1

C Sr e C e
m m m

e

+
= + =

+
     (3.2.21) 

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=em+eM). Although i=Ca2+ or Cl− in the analyses performed in this paper, the 

proposed framework is valid for any other species. 

The term mi vi in Eq. (3.2.20) defines the mass flow of solute per unit area, which is calculated as: 

i i i i  m m= +v v l         (3.2.22) 

where the mass flow of the i-th ion with regard to the soil skeleton's displacement, li, is given by: 

i i,M M i,M i,m m= + +l q j j        (3.2.23) 

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: 

M M

i,M i,M i,M

 

1

e Sr
D C

e
= − 

+
j        (3.2.24) 

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, =          (3.2.25) 

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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3.2.4.3 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. (2014a, 2016) were applied. 

 

3.2.5 Results and discussion 

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

Section 3.2.3 were analysed using a 2D axisymmetric model. The initial and boundary conditions 

shown in Fig. 3.2.5 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 3.2.2). 

 

Fig. 3.2.5. 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. 
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Fig. 3.2.6. Vertical free swelling tests (Table 3.2.2) 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. 
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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. 3.2.6a to d. As expected, the fit for the DI case is good, but the fits for the other solutions 

are inadequate. 

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 ΔeMm 

model (i.e., Eqs. (3.2.1) to (3.2.5)), the parameters for DI water were used: ΔeMm1MAX,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. 3.2.6e to 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. 3.2.7). 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 3.2.3). 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. 3.2.6f to h. 

   

Fig. 3.2.7. 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 

0

5

10

15

20

25

30

35

40

0 0.4 0.8 1.2

In
it

ia
l 

sa
m

p
le

 h
ei

g
h

t 
(m

m
)

em

a)

0

5

10

15

20

25

30

35

40

0 0.4 0.8 1.2

In
it

ia
l 

sa
m

p
le

 h
ei

g
h

t 
(m

m
)

em

M1 M2 10 g/L

M2 35 g/L M2 70 g/L

b)

0

5

10

15

20

25

30

35

40

0 0.4 0.8 1.2

In
it

ia
l 

sa
m

p
le

 h
ei

g
h

t 
(m

m
)

em

c)



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
36 

 

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. 3.2.3 

must be reproduced, which is achieved when the formulation of ΔeMm defined by Eqs. (3.2.1)-

(3.2.5) is “correctly” applied. If (i) ΔeMm1MAX is determined from the bold line in Fig. 3.2.3, (ii) 

emMAX is calculated as described in the last paragraph of Subsection 3.2.4.1, and (iii) the value of 

a to use in Eq. (3.2.1) is computed using the piecewise function defined in Subsection 3.2.4.1, the 

results identified as M3 in Figs. 3.2.6i to l are obtained. These results significantly improve upon 

those of model M2. This is also observed in Fig. 3.2.8, 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 Fig. 3.2.9, 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 ΔeMm 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. 3.2.3. 

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

for DI water. For this reason, Figs. 3.2.6a, e and i are the same, and the latter two figures could 

therefore probably be ignored. However, the comparison is illustrated more clearly with their 

inclusion. 

The proposed model (M3) captures the trend of the swelling and, as shown in Figs. 3.2.9 and 

3.2.10, 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. 3.2.10a to 

c, the bulk density decreased so much that it could not 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. (3.2.1)-

(3.2.5) 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. To 

conclude this section, Fig. 3.2.11 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,mCC+CNa,mCC). 

The results are associated with the complete model, M3. This magnitude is of great relevance 
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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. 3.2.8. 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. 
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Fig. 3.2.9. 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. 3.2.10. 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. 

   

Fig. 3.2.11. 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. 
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3.2.6 Conclusions 

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. (3.2.1)-(3.2.5) 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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3.3.1 Abstract 

The volumetric deformability of the microstructure of compacted active clays is linked to the 

water mass exchange with the macrostructural void space. Given that this exchange is determined 

by the difference in the chemical potential of water in these two structural levels, this work 

proposes to define a microstructural effective stress (understood as the magnitude controlling 

microstructural strains) from this difference in chemical potentials, identifying the microstructural 

effective stress with the thermodynamic swelling pressure. To assess the scope of this definition, 

an inspection exercise has been conducted, examining the important functional dependence on 

the microstructural void ratio for different loads, water content and environmental salinity 

conditions. For the compacted active clays analysed, the thermodynamic swelling pressure is a 

robust and consistent definition of the microstructural effective stress. 

 

Keywords: Active clays; Effective stress; Microstructure; Chemical potential. 
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3.3.2 Introduction 

In recent years, considerable effort has been made to improve the characterisation of the coupled 

thermo-hydro-chemo-mechanical (THCM) behaviour (Sedighi et al., 2015) of unsaturated soils 

(Loret and Huyghe, 2004; Tournassat et al., 2015), with important contributions with regard to 

both flow and transport processes (Malusis et al., 2012; Šimunek et al., 2006) and stress-strain 

modelling (Gens, 2010; Sheng, 2011). The effort has been specially intense in the analysis of the 

behaviour of active clays (Guimarães et al., 2013). Significant advances were made to identify 

and characterise an “effective stress” (see for instance the reviews in Khalili et al., 2004; Lu et 

al., 2014; Nuth and Laloui, 2008b; and the definition of the suction stress characteristic curve, 

Baille et al., 2014; Lu et al., 2010), understood as the “function of the externally applied stresses 

and the internal fluid pressures which controls the mechanical effects of a change in stress” 

(Khalili et al., 2005). Many of the proposals focus on the analysis of unsaturated single-porosity 

soils, although the definition of effective stress in double-porosity continua has also been 

analysed. When analysing compacted active clays, in accordance with Gens and Alonso (1992), 

the space among the particle aggregates is identified with the macrostructural porosity, and the 

microstructural porosity is identified with intra-aggregate spaces (inter- and intra-particle voids). 

Each structural level is assigned a different continuum level, although both media fill the same 

space (Hueckel, 1992). This way, the internal complexity of microstructure is abstracted. 

Although at least two hierarchical levels of pores, interlamellar and interparticle voids, could be 

distinguished within it, only one macroscopic variable, the microstructural void ratio em (volume 

of intra-aggregate voids per volume of mineral), is used to describe the spatial arrangement of the 

microstructure. The spatial arrangement of the macrostructure is characterised with the 

macroscopic variable eM, the macrostructural void ratio (volume of inter-aggregate voids per 

volume of mineral). For these kinds of materials, as pointed out by Mainka et al. (2014), some 

authors have proposed a Bishop-type effective stress, introducing the influence of the 

microstructure on soil deformability in Bishop’s parameter. Other works propose a different 

approach, defining not a “global” effective stress but different constitutive stresses for 

macrostructure and microstructure (Alonso et al., 1999; Guimarães et al., 2013; Sánchez et al., 

2016). 

The present work follows the latter approach, and focuses on defining a microstructural effective 

stress that introduces the effect of total stress, water content, and environmental salinity in a 

thermodynamically consistent way. The definition proposed is founded on the analysis of the 

chemical potentials of macrostructural and microstructural water. Then, concepts linked to the 

particle-scale force analysis are not used, as opposed to the works of Hueckel (1992), Fam and 
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Santamarina (1992), and Lu and Likos (2006). Consequently, the descriptive capacity of those 

works is lost. However, an up-scaled (macroscopic) definition of the microstructural effective 

stress is obtained without the need to introduce any hypothesis on the structure of particle 

interaction forces. After describing this definition, its scope and limitations are assessed by 

applying it to the analysis of several swelling pressure tests in which the salinity condition of an 

active clay varies with time. 

The definition of the many variables used can be found in a notation Appendix (Section 3.3.7) at 

the end of the paper. 

 

3.3.3 Material, methods and experimental data 

This work analyses 18 swelling pressure tests conducted by Karnland et al. (2005) (tests S2–41 

to S2–66 in Table 3.3.1), which used a sodium-purified MX-80 bentonite with a cation exchange 

capacity CEC of 0.85 eq/kg and other 12 similar tests from Karnland et al. (2006) (Table 3.3.1), 

which used a sodium-purified MX-80 with a CEC of 0.86 eq/kg (see other properties in Table 

3.3.2). The samples of higher density were compacted using a special device, while those of lower 

density were compacted directly in the oedometric sample holders used later in the tests. In all 

cases, small samples were tested (1.6 cm3 Karnland et al., 2005; 4.8 cm3 Karnland et al., 2006) to 

minimise the time needed to reach equilibrium in the different testing steps. The oedometric 

holders prevented vertical displacements in addition to radial strains, to prevent the volumetric 

deformation of the sample Karnland et al. (2005, 2006). For this reason, isochoric conditions were 

assumed as a working hypothesis when analysing the tests. After placing the samples in the 

holders, deionised water was slowly circulated intermittently through the bottom filter of the 

holder, letting the air out through the upper filter to avoid the formation of trapped air bubbles. 

After approximately one week, water was also circulated through the upper filter. Water was 

circulated until the swelling pressure, measured with a load cell, reached a constant value. In that 

equilibrium situation, saturation conditions were assumed Karnland et al. (2005, 2006). 

Subsequently, the salinity increase steps (SIS) that will be analysed were started in the same 

sample holders. At each step, the salinity of the interstitial water was increased by contacting the 

sample top and bottom boundaries with a NaCl aqueous solution of controlled salinity. The 

salinity of the boundary solution was kept constant until a constant swelling pressure was reached. 

Table 3.3.1 shows the value of the obtained swelling pressure and the salinity imposed at each 

SIS. 
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Table 3.3.1. Dry densities and swelling pressures at equilibrium conditions after subsequent exposure to pure water and 

NaCl solutions of 0.1 M, 0.3 M and 1.0 M (Karnland et al., 2005, 2006). 

Id 
Dry density 

(kg/m3) 

Swelling pressure (kPa) 

0.0 M 0.1 M 0.3 M 1.0 M 

Karnland et al. (2005) 

S2-41 463 300 179 61 13 

S2-42 795 598 363 160 50 

S2-43 1321 2946 2709 2312 1554 

S2-44 1529 9321 9170 8775 7302 

S2-45 1634 15280 15103 14753 13447 

S2-46 1851 32825 32849 32417 31122 

      

S2-51 338 126    

S2-52 785 618 400 196 92 

S2-53 1272 2000 1735 1335 799 

S2-54 1487 5853 5750 5287 4021 

S2-55 1686 13581 13463 12990 11776 

S2-56 1784 27380 27189 26926 25069 

      

S2-61 535 216 82 41 13 

S2-62 849 646 419 194 53 

S2-63 1398 3666 3455 3046 2178 

S2-64 1584 9455 9275 8904 7614 

S2-65 1730 20056 19976 19800 18930 

S2-66 2017 55588 55488 54960 53626 

WyNa Karnland et al. (2006) 

 458 232 115 70 44 

 766 621 428 210 85 

 1249 2248 2125 1634 1074 

 1555 9850 9340 9145 8270 

 1615 16000 15400 14900 14240 

 1717 27600 26500 25980 25430 

 

To study the results in Table 3.3.1, the water retention data from Dueck and Nilsson (2010), Kahr 

et al. (1990), Sane et al. (2013) and Wadsö et al. (2004) in Fig. 3.3.1 were used. All these tests 

were carried out using the vapour equilibrium technique. With this technique, the control of the 

relative humidity RH of the air surrounding the specimen allows to impose a total macrostructural 

suction s in the specimen, given that both magnitudes are related by the psychrometric equation: 



3.3. A microstructural effective stress definition for compacted active clays 

 
45 

 

W  
Ln( )

R T
s RH

WMM


=         (3.3.1) 

where R is the universal gas constant, T is the absolute temperature, W is the water density and 

WMM is the molar mass of water. Relative humidity is usually controlled by varying the salinity 

of an aqueous solution in equilibrium with vapour (see, among others, Delage et al., 2008; Pintado 

et al., 2009).  

Table 3.3.2. Properties of the tested material (Karnland et al., 2006; Navarro et al., 2017b). 

Chemical composition (weight %) 

SiO2 60.0 

Al2O3 21.2 

Fe2O3 3.7 

Na2O 2.5 

MgO 2.4 

CaO 0.1 

K2O 0.1 

TiO2 0.1 

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

Montmorillonite 83.5 

Plagioclase 2.9 

Quartz 2.8 

Muscovite 2.8 

Tridymite 1.9 

Gypsum 0.9 

Microcline 0.8 

Illite 0.7 

Lepidocrite 0.7 

Orthoclase 0.7 

Pyrite 0.6 

Other properties 

Na+/K+/Ca2+/Mg2+ (eq/kg) 1.05/0.00/0.02/0.04 

Specific surface area (BET, N2) (m2/g) 40 

Liquid Limit  510 

Plastic Limit  50 
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Plasticity Index  470 

 

Fig. 3.3.1. Water retention data from Dueck and Nilsson (2010), Kahr et al. (1990), Sane et al. (2013) and Wadsö et al. 

(2004). 

In all cases (swelling pressure tests and water retention data), MX-80 bentonite samples were 

tested, for which an average mineral density mineral of 2780 kg/m3 has been adopted (Navarro et 

al., 2017b). 

 

3.3.4 Theory and calculations 

3.3.4.1 Microstructural effective stress definition 

Similar to the immobile water of van Genuchten and Wierenga (1976), microstructural water is 

assumed to be primarily linked to the clay mineral. Thus, if the change in volume of the 

microstructure is equal to the change in the volume of water contained in it, the micro–macro 

water mass exchange will define the volumetric deformability of the microstructure. 

Consequently, focusing the analysis on the volumetric behaviour, it will be reasonable to identify 

the microstructural effective stress with the thermodynamic force that controls this mass 

exchange, which can be considered a process of phase change governed by the difference in 

chemical potentials. Therefore, the microstructural effective stress in active clays will be derived 

from this difference. 

Given the equivalence between total suction and water potential (Yong, 1999), and defining the 

macrostructural total suction s as the sum of macrostructural matric suction sM (identified with 

the capillary suction: sM=PG-PL, where PG and PL define the gas and the liquid pressure, 
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respectively) and macrostructural osmotic suction sMO, the chemical potential of macrostructural 

water M can be obtained as (Karnland et al., 2005): 

( ) ( )M VO M MO

W

 
WMM

T s s 


= − +       (3.3.2) 

where VO(T) is the chemical potential of pure water at a temperature T. The macrostructural 

osmotic suction is defined as: 

( )MO W i,M M     s R T c =         (3.3.3) 

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

macrostructural osmotic coefficient, assumed to be equal to 1 in this approach. This hypothesis 

notably simplifies the formulation, but it means that the proposed approach should be applied 

with caution under high salinity conditions. 

The chemical potential of microstructural water m can be calculated as (Karnland et al., 2005; 

Navarro et al., 2017b): 

mNCCmSm  +=         (3.3.4) 

where mNCC defines the increase in chemical potential due to “extra” salinity of the 

microstructure, that is, the contribution to the chemical potential by ions (cations and anions) in 

excess of the CEC: the non-charge-compensating ions. Consequently, mS is set by the clay 

structure (clay mineral and exchangeable cations), and therefore, it can be understood as the 

microstructural matric or structural (hence the subscript “S”) potential. According to Navarro and 

Alonso (2001b), mS can be calculated as a generalisation of the classical expression of Low and 

Anderson (1958): 

( ) ( )mS VO

m

 
WMM

T p  


= + −       (3.3.5) 

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

stress minus the gas pressure), and  is the thermodynamic swelling pressure (equivalent to the 

thermodynamic osmotic pressure of Lewis, 1952), which defines the affinity of water for the solid 

components. Although the density of adsorbed water may be greater than that of free water (e.g. 

Jacinto et al., 2012), ρm=ρW is assumed for modelling purposes (Tournassat and Appelo, 2011). 

From Karnland et al. (2005), mNCC is defined as: 
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( )mNCC i,mNCC m     WMM R T c  = −       (3.3.6) 

where ci,mNCC is the molal concentration of the microstructural non-charge-compensating i-th ion, 

and m is the microstructural osmotic coefficient. As with the macrostructural water, m will be 

1 hereinafter. 

In the equilibrium between macrostructural and microstructural water, M=m will hold. 

Therefore, using the equations above: 

W i,mNCC M W i,M      p R T c s R T c  − + = +      (3.3.7) 

or in a different arrangement: 

( )M W i,M i,mNCC   p s R T c c = + + −       (3.3.8) 

where the value of  is given by the chemical potential of macrostructural and microstructural 

water, which includes both hydration effects and the osmotic potential. Bentonite aggregates will 

undergo volumetric strains when this equality is not met. In that case, the arrangement of the 

microstructure and thus the microstructural void ratio em will vary. If  changes with em in such a 

way that both changes are linked through a state function,  can plausibly be understood as the 

microstructural effective stress associated with the arrangement of the microstructure. In saturated 

conditions, if the effect of salinity is limited (sMO≈0 and mNCC≈0), Eq. (3.3.8) can be written as: 

´p=           (3.3.9) 

where p′ is the effective mean stress. Under a mechanical interpretation of this equation 

(Fig.3.3.2), if the pressure that the microstructure exerts ( ) is greater than that imposed by the 

macrostructure (which can be understood as a boundary pressure on the aggregates, B, and in 

this case is equal to p′), then the microstructure swells. If <B (m>M), the contrary (shrinkage) 

occurs (Fig. 3.3.2). Consequently,  defines the variation in microstructural volume, which can 

be understood as the effective stress of the microstructure. In this case, as proposed by Mašín and 

Khalili (2016), it is equal to the effective stress of the macrostructure, p′. 

If the salinity remains negligible but the macrostructure is partially saturated, in equilibrium, Eq. 

(3.3.8), the following will hold: 

Msp +=          (3.3.10) 

which is identical to the proposal of Gens and Alonso (1992) to define the “neutral line”. The 

macrostructural suction reduces the chemical potential of macrostructural water, Eq. (3.3.2), 

having the effect of an equivalent pressure on the microstructure: B=p+sM in Fig. 3.3.2. This 
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effect is present in water retention tests, such as those in Fig. 3.3.1, from which the variation of  

with regard to em can be deduced (Navarro et al., 2015). In those tests, bentonite samples were 

prepared with deionised water, and afterwards, as mentioned in the Introduction, the vapour 

equilibrium technique was applied to control suction. This way, it is reasonable to assume that 

the salt concentration in the soil was limited along the tests (sMO≈0 and mNCC≈0). Therefore, in 

the equilibrium states associated with each of the points represented in Fig. 3.3.1, Eq. (3.3.10) 

held. Since sM can be identified with the total suction macrostructural s, which can be computed 

by using the Eq. (3.3.1), and the samples were not confined in the wetting paths analysed (free 

swelling: p=0), it can be derived from Eqs. (3.3.1) and (3.3.10) that: 

( )W  
 Ln

R T
RH

WMM


 = −        (3.3.11) 

Hence, the relationship between w (water content) and Ln(RH) can be understood as a w- 

relationship. In addition, the capillary contribution to the total water content is negligible for high 

suctions (Jacinto et al., 2009; Or and Tuller, 1999; Romero et al., 2011). Consequently, the water 

content, in this case, corresponds mainly to microstructural water, w=wm. Assuming a fully 

saturated microstructure as a working hypothesis (see the review by Mašín and Khalili (2016) on 

the application of this hypothesis), em=GS wm will hold, where GS is the specific gravity of the soil 

particles. Using this expression as well as the data corresponding to suctions above 20 MPa, the 

state surface plotted with a solid line in Fig. 3.3.3 (Navarro et al., 2015) is obtained, which links 

 to em. 

 

Fig. 3.3.2. Mechanical analogy of the relationship between  and B, boundary condition exerted by the macrostructure 

on the microstructure. 

Macro 


B
 

micro 
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Fig. 3.3.3. Experimental data (markers), and state surface (solid line) that defines the functional dependency between 

 and em in low salinity conditions. 

If  does indeed play the role of microstructural effective stress, this functional dependency must 

still hold when salinity is not negligible. In this case, the definition of  in Eq. (3.3.8) must be 

used, which presents many similarities with the “chemically modified effective stress” proposed 

by Guimarães et al. (2013). As those authors proposed, Eq. (3.3.8) modifies the definition in Eq. 

(3.3.10) with a salinity-dependent term. However, unlike the formulation in Guimarães et al. 

(2013), the term in Eq. (3.3.8) (ci,M−ci,mNCC) does not include any constitutive parameter of the 

material. 

In keeping with the mechanical analogy proposed in Fig. 3.3.2, the difference between the salinity 

in the macrostructural water and the salinity induced by the non-charge-compensating ion in the 

microstructure can be understood as an equivalent pressure on the microstructure 

(B=p+sM+ci,M−ci,mNCC), which induces aggregate shrinkage. Assuming m>M, the larger the 

difference between these two salinities, the larger the difference between the macrostructural and 

microstructural chemical potentials, increasing the aggregate compression and driving more water 

from the microstructure to the macrostructure (microstructural shrinkage). 

 

3.3.4.2 Chemo-mechanical calculation 

To study the scope of Eq. (3.3.8), the tests of Karnland et al. (2005, 2006) described in Section 

3.3.3 have been analysed. Under saturated conditions (sM=0), these tests obtained the value of p 
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for different salinities (Table 3.3.1). Consequently, only the molal concentrations ci,M and ci,mNCC 

must be determined to obtain .  

In the tests, which analysed two sodium-purified bentonites, the chemical boundary condition was 

imposed to the samples by making them contact a NaCl aqueous solution. Therefore, the only 

representative ions were sodium Na+ and chloride Cl−. In the equilibrium states analysed, the 

concentration of macrostructural water is given by the salinity imposed in the sample boundary 

(Table 3.3.1). If the Donnan equilibrium approach is adopted (Tournassat and Appelo, 2011; Revil 

et al., 2011), the microstructural concentrations can be obtained from the macrostructural 

concentrations through a partition function B (Navarro et al., 2017b): 

Cl,M

Na,m Na,M Cl,m ;  
C

C B C C
B

= =       (3.3.12) 

where C*,M and C*,m define molar concentrations (*=Na, Cl), respectively, in macro- and 

microstructure (anion exclusion is not imposed, Tournassat and Appelo, 2011). Assuming 

electroneutrality in the microstructure, the following is obtained: 

0mCl,mNa, =−− qCC         (3.3.13) 

where the surface charge q (molc/L) is given by: 

mineral

m

 CEC
q

e


=         (3.3.14) 

Using Eq. (3.3.12), Eq. (3.3.13) can be rewritten as: 

2

Na,M Cl,M  0C B q B C− − =        (3.3.15) 

a functional equation that, once em is known, allows the determination of B. With B, the 

concentrations CNa,m and CCl,m can be computed from CNa,M and CCl,M (boundary conditions) using 

Eq. (3.3.12). Once the molar concentrations are defined, the calculation of molal concentrations 

is immediate, making it possible to obtain the osmotic terms in Eq. (3.3.8). 

To determine the value of em, it must be remembered that the tests were conducted under isochoric 

conditions. Therefore, the decrease in microstructural void ratio was equal to the increase in 

macrostructural void ratio: 

Mm ee −=          (3.3.16) 

In the analysed saturated SIS, p decreased, and thus a logarithmic relationship between eM and 

the variation of p can be assumed (Alonso et al., 1990): 
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( )M  Lne p = −          (3.3.17) 

where  is the macrostructural elastic stiffness for changes in p. In keeping with that obtained by 

Navarro et al. (2017b), =0.1 was used. Therefore, the value of em at the end of a step is given by 

the expression: 

m m,ini

ini

 Ln
p

e e
p

= +         (3.3.18) 

where em,ini and pini are the values of the microstructural void ratio and the mean net stress, 

respectively, at the beginning of the analysed SIS. To apply the recurrence formulated in Eq. 

(3.3.18), it must be taken into account that the salinity was negligible at the beginning of the first 

SIS, after the saturation of the sample. This way, em can be obtained with the state surface in Fig. 

3.3.3 using Eq. (3.3.9). 

 

3.3.5 Results and discussion 

After applying the calculation approach described in the previous Section, the values of the 

microstructural molar concentrations plotted in Fig. 3.3.4 and the microstructural void ratios in 

Fig. 3.3.5 were obtained. Along this process, swelling pressure decrease, so microstructural voids 

are enlarged and macrostructural voids shrink, in a way that total porosity and dry density remain 

constant. 

 

Fig. 3.3.4. Variation in the microstructural molar concentrations when varying the macrostructural sodium 

concentration in the tests performed by Karnland et al. (2005, 2006). 

0.01

0.1

1

10

100

1000

10000

0 200 400 600 800 1000

C
m

(m
M

)

CNa,M (mM)

CNa,m

CCa,m

CCl,m



3.3. A microstructural effective stress definition for compacted active clays 

 
53 

 

 

Fig. 3.3.5. Variation in the microstructural void ratio when varying the macrostructural sodium concentration in the 

tests performed by Karnland et al. (2005, 2006). 

Fig. 3.3.6a, which plots em against , was obtained from Fig. 3.3.5. The grouping of data points 

is very satisfactory. In addition, the results are consistent with the state surface in Fig. 3.3.3, 

represented in a solid line in Fig. 3.3.6a. The good fit between the two data groups is remarkable, 

since the data from Fig. 3.3.3 were obtained from microstructural swelling processes and the data 

based on Fig. 3.3.5 were obtained from microstructural shrinkage processes. For this reason, it 

seems feasible that this surface defines a functional dependency between  and em. 

  

Fig. 3.3.6. In the tests performed by Karnland et al. (2005, 2006) (tests 1 to 3, and test 4, respectively): (a) relationship 

between  and em; (b) relationship between p and em. 
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confinement is high, p is large and greater than the chemical load (ci,M−ci,mNCC). Thus,  is 

practically equal to p, and Fig. 3.3.6a and b are comparable. However, if p is small, or if the 

macrostructural suction is limited, the role of salinity is not negligible and the relationship 

between em and p+sM is lost. 

 

Fig. 3.3.7. Relationship between p and  in the tests performed by Karnland et al. (2005, 2006). 

 

3.3.6 Conclusions 

The microstructural void ratio of active compacted clays has been confirmed to have a marked 

functional dependency on the thermodynamic swelling pressure defined in Eq. (3.3.8) (see the 

hypotheses that are implicit in this equation in Table 3.3.3). Thus, it is reasonable to identify this 

pressure with the microstructural effective stress, understood as the magnitude controlling the 

microstructural strains. The thermodynamic basis of the proposed formulation, based on the 

chemical potentials of water in the macrostructure and the microstructure, makes it possible to 

integrate the effects of water content, Fig. 3.3.3, total stress and environment salinity, Fig. 

3.3.6(a), in a coherent way. The same does not apply when an only hydro-mechanical approach 

to the microstructural effective stress is followed. Furthermore, the thermodynamic swelling 

pressure comprehends other simpler definitions of microstructural effective stress. If salinity is 

negligible, this pressure is equal to the sum of net mean stress and macrostructural suction. If, in 

addition, the medium is saturated, this pressure is equal to the macrostructural effective stress. 

Consequently, the thermodynamic swelling pressure is a robust and thermodynamically 

consistent definition of the microstructural effective stress. 
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Table 3.3.3. Basic hypotheses underlying the proposed formulation. H1, hypothesis needed for the general validity of 

the formulation. H2 to H4, hypotheses needed for the validity of Eq. (3.3.8), general expression of the thermodynamic 

swelling pressure at equilibrium. 

# Hypothesis 

H1 Microstructural water linked to the clay mineral. 

H2 ρm=ρW. 

H3 M=1. 

H4 m=1. 

 

 

3.3.7 List of symbols 

B Partition coefficient for ion concentrations in the macro- and the 

microstructure 

C*,M Molar concentration of Na or Cl in the macrostructure 

C*,m Molar concentration of Na or Cl in the microstructure 

CEC Cation exchange capacity 

ci,M Molal concentration of the i-th ion in the macrostructure 

ci,mNCC Molal concentration of the microstructural non-charge-compensating i-th ion 

eM Macrostructural void ratio 

em Microstructural void ratio 

em,ini Initial microstructural void ratio 

GS Specific gravity of the soil particles 

PG  Gas pressure 

PL  Liquid pressure 

p Net mean stress 

pini Initial net mean stress 

p’ Effective mean stress 

q Surface charge  

R Universal gas constant 

RH Relative humidity 

s Total macrostructural suction 

sM Macrostructural matric suction 

sMO Macrostructural osmotic suction 

T Absolute temperature 

WMM Water molar mass 

w Water content 

wm Microstructural water content 

mNCC Increase in chemical potential due to “extra” salinity of the microstructure 

M Macrostructural osmotic coefficient 

m Microstructural osmotic coefficient 

 Macrostructural elastic stiffness for changes in p 
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M Chemical potential of macrostructural water 

m Chemical potential of microstructural water  

mS Microstructural matric or structural potential 

VO (T ) Reference chemical potential of pure water at absolute temperature T 

 Thermodynamic swelling pressure 

B Boundary pressure on the aggregates 

ρm Microstructural water density 

mineral Average mineral density of the montmorillonite particles 

W Water density 
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3.4.1 Abstract 

The deformability of bentonites is strongly conditioned by their salinity conditions. Consequently, 

the chemo-mechanical coupling must be taken into account to characterise correctly the 

deformational behaviour of these materials. Some models have been developed that account for 

this coupling. These models, which usually assume a double-porosity approach to characterise 

the structure of compacted bentonite, idealise the geochemical system, commonly using a 

simplified definition of the activity of the species dissolved in the aqueous solutions present in 

the bentonite pores. In this paper, the significance of the formulation used to calculate the 

activities is analysed. As a sensitivity exercise, the extended Debye-Hückel model is applied to 

estimate the activity coefficients of the species in the macrostructure. The exercise is conducted 

by simulating vertical free-swelling tests under different salinity conditions. It is shown that when 

the salinity conditions are not negligible, the results are improved using this illustrative model 

compared with the case in which the activity of the species was assumed equal to their 

concentration. Although the formulation of the activity coefficients could be improved for higher-

salinity conditions, this study highlights the sensitivity of the bentonite mechanical behaviour to 

the activity definition. 

 

Keywords: Chemical properties; Finite-element modelling; Radioactive waste disposal. 
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3.4.2 Introduction 

Bentonites are considered as sealing materials for engineered barrier systems in deep geological 

repositories of spent nuclear fuel, mainly because of their highly expansive behaviour and low 

hydraulic conductivity. To characterise correctly the behaviour of these bentonites, it is necessary 

to take into account their response to variations in salinity, since significant changes in the 

surrounding geochemical conditions, and thus in the interstitial pore water, will take place during 

the useful life of the repositories (Hellä et al., 2014). Several experimental studies have shown 

the relevance of geochemical conditions to the hydro-mechanical behaviour of bentonites. For 

instance, an increase in the pore water’s ionic strength causes a decrease in the swelling pressure 

(Herbert et al., 2008; Karnland et al., 2005; Zhu et al., 2013), an increase in the initial strain 

velocity in swelling tests (Alawaji, 1999) and an increase in the hydraulic conductivity 

(Castellanos et al., 2008; Siddiqua et al., 2011; Zhu et al., 2013). Therefore, the characterisation 

of the effect of geochemical conditions on the mechanical behaviour of bentonites is essential to 

evaluate the long-term performance of the deep geological repositories for spent nuclear fuel that 

use bentonites as engineered barriers. 

Different models have been developed to introduce these processes (e.g. Lei et al., 2014; Liu et 

al., 2005; Loret et al., 2002). Most of them adopt simplified geochemical models (see e.g. the 

papers of Guimarães et al., 2013, and Witteven et al., 2013). Nevertheless, these models have 

some limitations, not only due to the idealisation of the geochemical composition of the system, 

but also because of the approximations introduced when modelling the geochemical behaviour of 

the system. In this regard, approximate formulations are introduced to define the activity of the 

chemical species. For example, in double-porosity models (a common modelling strategy used to 

analyse compacted bentonites; Alonso et al., 1999; Gens and Alonso, 1992), the activity of the 

species present in the microstructure is usually approximated by their concentration (Guimarães 

et al., 2013). On the other hand, the activity coefficients of the ions present in the macrostructural 

solution are usually evaluated on the basis of the activity coefficients in electrolytes (Muurinen et 

al., 2004). These works note that the determination with certainty of the chemical potential of the 

species present in the bentonite is not simple. However, this is a relevant issue that can 

compromise the validity of the models for non-negligible salinity conditions. 

Navarro et al. (2017b) developed a model that takes into account salinity effects, which was 

applied to simulate free-swelling tests. In that model, the activity of the species in both the 

macrostructure and the microstructure was assumed equal to their concentration. Although good 

fits were obtained, the high velocity of the swelling in the initial part of the tests can be further 
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improved, particularly for high-salinity conditions. The present paper studies to what extent the 

difficulty of the model in reproducing this fast initial swelling is due to the inaccurate modelling 

of the pore water activity. This way, without trying to define which pore water activity model 

should be used (which is beyond the scope of this paper), the sensitivity of the bentonite chemo-

mechanical model to the pore water activity definition is analysed. For that purpose, free-swelling 

processes of an MX-80 bentonite for salinity concentrations of 10, 35 and 70 g/L are analysed. 

As an illustrative model to conduct the sensitivity exercise, the extended Debye-Hückel 

formulation (which was applied by Salas et al, 2014) was used to characterise the activity 

coefficients of the macrostructural species. The results obtained with this formulation are 

compared with the results obtained by Navarro et al. (2017b). 

 

3.4.3 Experimental data: materials and methods 

The material used in the free-swelling tests analysed in this paper was the natural MX-80 

bentonite modelled by Navarro et al. (2017b), which has similar properties to those of the material 

Be-Wy-BT007-1-Sa-R described by Kiviranta and Kumpulainen (2011). This bentonite contains 

87.6% smectite and sodium as the predominant cation. 

  

Fig. 3.4.1. Setup of the vertical free swelling test (initial dimensions in mm) and initial conditions (where w is the water 

content and b is the bulk density). 
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The test procedure is described in detail by Navarro et al. (2017b). Cylindrical samples 40 mm 

high and 50 mm diameter were produced with this material. The compacted blocks were placed 

at the bottom of a transparent test cell with the same diameter (Fig. 3.4.1). Water with a certain 

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

direction. The water solutions used in the tests were a 10 g/L solution, a 35 g/L solution and a 70 

g/L solution, which represent a brackish saline groundwater, the maximum expected salinity and 

the maximum allowable salinity in Onkalo (Finland), respectively (Hellä et al., 2014). These 

solutions contained only sodium and calcium chloride, in different proportions (67.4, 47.9 and 

38.0%, respectively, of sodium chloride). Two tests were conducted with the 10 and 35 g/L 

solutions, and one test was conducted with the 70 g/L solution. 

 

3.4.4 Conceptual model: constitutive background 

The conceptual framework used to perform the simulations is based on the double-porosity model 

proposed by Navarro et al. (2017b). The Barcelona Expansive Model (Alonso et al., 1999; Gens 

and Alonso, 1992) is adopted as the base stress-strain constitutive model, in which the 

microstructure is identified as the intra-aggregate void space and the macrostructure is defined as 

the inter-aggregate void space. To determine the microstructural strain, the state surface shown in 

Fig. 3.4.2 (see the paper of Navarro et al., 2017b) was applied, which defines the relationship 

between the microstructural void ratio em (volume of intra-aggregate voids per volume of mineral) 

and the structural suction of the microstructure smS. In this figure, emR is the remaining 

microstructural void ratio in dry conditions (equal to 0.093 for the MX-80 analysed in this study). 

On the other hand, the macrostructural strains due to mechanical loads and changes in suction 

were calculated using the Barcelona Basic Model (Alonso et al., 1990). Additionally, the 

macrostructural strain that is induced by bentonite destructuration (i.e. free-swelling strain caused 

by the separation of particles and aggregates) was calculated following the procedure proposed 

by Navarro et al. (2017b). A summary of the mechanical formulation is included in the Appendix 

in Section 3.4.7 (which also includes Fig. 3.4.9 and 3.4.10). 

The chemical potential of the macrostructural water M can be calculated as in the paper of 

Edlefsen and Anderson (1943): 

( ) ( )M VO M MO

W

 
WMM

T s s 


= − +       (3.4.1) 
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where VO (T) is the chemical potential of pure water at the absolute temperature T, WMM is the 

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

(defined as the difference between the gas pressure and the liquid pressure, which is the capillary 

suction) and sMO is the macrostructural osmotic suction, which can be calculated as a function of 

the activities of the species present in the macrostructural water as: 

W

MO i,M

  
  ln 1

i

R T
s a

WMM

  
= − − 

 
       (3.4.2) 

where R is the universal gas constant and ai,M is the activity of the i-th ion in the macrostructural 

water. A simple geochemical model was assumed, consisting of a single type of anion, chloride 

(Cl−), and two types of cations, sodium (Na+) and calcium (Ca2+). 

 

Fig. 3.4.2. State surface that defines the microstructural volumetric behaviour (test data from Dueck and Nilsson, 2010; 

Kahr et al., 1990; Sane et al., 2013; Wadsö et al., 2004). Adapted from (Navarro et al., 2017b). 

On the other hand, the microstructural water potential m can be calculated as (Karnland et al., 

2005): 

( ) ( )m VO mS mNCC

m

 
WMM

T p s s 


= + − −       (3.4.3) 

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

stress minus the gas pressure) and smNCC is the microstructural suction due to ions in excess of 

the cation exchange capacity CEC (0.84 eq/kg for the analysed bentonite; Kiviranta and 

Kumpulainen, 2011). Although different works show that the density of adsorbed water is greater 

than that of free water (e.g. Hueckel, 1992; Jacinto et al., 2012), ρm=ρW was assumed for modelling 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 10 100 1000

e m
-e

m
R

smS (MPa)

Dueck and Nilsson (2010)

Dueck and Nilsson (2010)

Kahr et al. (1990)

Sane et al. (2013)

Wadsö et al. (2004)

State surface



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
62 

 

purposes (Tournassat and Appelo, 2011). From the paper by Karnland et al. (2005), smNCC can 

be calculated as: 

W

mNCC i,mNCC

  
  ln 1

i

R T
s a

WMM

  
 = − − 

 
      (3.4.4) 

where ai,mNCC is the activity of the i-th non-charge-compensating ion in microstructural water.  

Numerous models are available to compute the activity of ions in electrolytes. However, the 

consideration of pore water as an electrolyte is questionable, particularly in the microstructure 

(Guimarães et al., 2013). For this reason, this work will assume that the activity of the ions present 

in the microstructure can be identified as their concentration. Then, Eq. (3.4.4) can be rewritten 

as: 

mNCC W i,mNCC    
i

s R T c
 

 =  
 
       (3.4.5) 

where ci,mNCC is the molal concentration of the i-th microstructural non-charge-compensating ion. 

Several authors, however, have used electrolyte formulations for the aqueous solutions in the 

macrostructure. Although some authors suggest that this issue should be further analysed 

(Muurinen et al., 2004), other authors consider it as a valid hypothesis (Witteven et al., 2013). 

Salas et al. (2014) applied an extended Debye-Hückel formulation to bentonite macrostructural 

solutions. The present work will compare two approaches. The first is to approximate the activity 

of the ions in the macrostructure as their molal concentrations, and the second is to use the 

extended Debye-Hückel formulation in the macrostructural solution, considering that: 

i,M i,M i,M a C=         (3.4.6) 

where i,M is the activity coefficient of the i-th ion in the macrostructural water and Ci,M is its 

molar concentration. The extended Debye-Hückel formulation computes the activity coefficients 

as follows (Parkhurst and Appelo, 2013): 

( ) 2

i,Mlog   
1   

M

i

i M

I
A z

b r I


 
= −  

 + 

      (3.4.7) 

where zi is the ionic charge of the i-th ion, IM is the ionic strength of the macrostructural solution, 

A and b are parameters dependent on temperature and the dielectric constant and ri is an ion-

specific parameter representing the effective size of the ion. The ionic strength is defined as: 
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2

M i,M

1

1
 

2

n

i

i

I C z
=

=          (3.4.8) 

The value of the parameters A and b for water at 25°C is A=0.4946 M−1/2 and b=0.3253 M−1/2 

nm−1. The parameter ri takes the values 0.4, 0.6 and 0.3 nm for sodium, calcium and chloride ions, 

respectively (Parkhurst and Appelo, 2013). 

If equilibrium is assumed between the macrostructural water and microstructural water, M=m, 

the following can be derived from Eqs. (3.4.1) and (5.6.3): 

mS M MO mNCCs p s s s= + + −         (3.4.9) 

where p and sM can be obtained solving the mechanical and flow problems, and sMO and smNCC 

from Eqs. (3.4.2) and (3.4.5). This expression allows determining em by using the state surface in 

Fig. 3.4.2. Eq. (3.4.9) can be used to compute the minimum possible value of smS (smSmin=sMO-

smNCC) for a given salinity condition, where sMO and smNCC are known. Consequently, the 

maximum possible value of em for that salinity (emMAX) can also be computed, introducing smSmin 

in Fig. 3.4.2. 

To determine the distribution of concentrations of the considered species in the macrostructure 

and the microstructure, chemical equilibrium between the two was assumed, considering a 

Donnan equilibrium approach (Tournassat and Appelo, 2011). Introducing electroneutrality in 

both structural levels, the complete set of concentrations can be computed after solving the 

transport problem for CCa,M and CCl,m (Navarro et al., 2017b). 

Isothermal conditions and a constant gas pressure (equal to the atmospheric pressure) were 

assumed in the analysis. The microstructure was considered linked to the bentonite (van 

Genuchten and Wierenga, 1976). Therefore, the microstructural flow vector is equal to the soil 

skeleton velocity, which is obtained solving the mechanical equilibrium equation (mechanical 

problem). The macrostructural water flow is calculated using the conventional advective 

formulation proposed by Pollock (1986), using a flow model similar to that described by Navarro 

et al. (2016). The parameters in Table 3.4.1 were considered. The flow of water vapour in the 

macrostructure was considered to be only diffusive and was calculated using Fick’s law. The 

transport problem was solved according to the procedure proposed by Navarro et al. (2017b), 

assuming that the transport in the macrostructure is due to the advective and diffusive flows, and 

in the case of the microstructure, only diffusion is considered. 
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Table 3.4.1. Hydraulic parameters of the macrostructure. Adapted from Navarro et al. (2017b). 

Parameter Definition Value 

α (kPa-1) Retention curve parameter 1.1510-4 

m Retention curve parameter 0.733 

bM Intrinsic permeability parameter 9.911 

M0 Intrinsic permeability parameter 0.047 

k0 (m2) Intrinsic permeability parameter 2.33910-21 

 

The formulation was implemented in Comsol Multiphysics, which is a multiphysics partial 

differential equation solver based on the finite-element method with Lagrange multipliers 

(Comsol, 2015). This numerical tool was used to simulate the free-swelling tests defined in the 

previous section and to obtain the results presented in the following section. 

 

3.4.5 Results and discussion 

As noted in Section 3.4.2, the vertical free swelling tests used in Navarro et al. (2017b) (described 

in Section 3.4.3) were analysed. It is important to emphasise that all the parameters that define 

the model presented in the previous section, which were used in the simulations, have been 

obtained from tests that are independent of the tests analysed below. The boundary conditions 

shown in Fig. 3.4.3 were applied, in which the ion concentrations at the top of the samples were 

those of the solution of each test. In Figs. 3.4.4-3.4.6, the results of the proposed model, both 

using concentrations as an approximation of activities and using the extended Debye-Hückel 

formulation for activity coefficients in the macrostructure as described in Section 3.4.4, are 

compared with the experimental data, for the three salinity conditions considered in this paper. In 

the case of 10 g/L (Fig. 3.4.4), the results obtained with both approaches to the activity coefficient 

were satisfactory. In particular, both models reproduced correctly the initial swelling rate, 

achieving a better fit in the rest of the test when the extended Debye-Hückel formulation was 

used. Table 3.4.2 shows the root-mean-square error (RMSE) between the experimental results 

and the predicted ones with both formulations. An improvement of 37.9% was achieved using the 

extended Debye-Hückel with respect to using concentrations as an approximation of activities, 

taking into account the results of the two tests with a salinity of 10 g/L. Although the salts 

concentration is low, the results obtained have been improved by introducing the activity 

formulation. 
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Fig. 3.4.3.Boundary conditions used in the simulations: (a) mechanical problem and (b) flow and transport model. 

 

Fig. 3.4.4. Model results using the extended Debye-Hückel formulation (solid line) compared with the results 

considering the activities equal to the molal concentrations (dashed line) and the experimental data (markers) for a 10 

g/L salt content. 
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Fig. 3.4.5. Model results using the extended Debye-Hückel formulation (solid line) compared with the results 

considering the activities equal to the molal concentrations (dashed line) and the experimental data (markers) for a 35 

g/L salt content. 

 

Fig. 3.4.6. Model results using the extended Debye-Hückel formulation (solid line) compared with the results 

considering the activities equal to the molal concentrations (dashed line) and the experimental data (markers) for a 70 

g/L salt content. 

Table 3.4.2. Root-mean-square error (mm) between the experimental results and the simulations of the tests analysed, 

considering both the activities equal to the molal concentrations (ai,M=ci,M) and the extended Debye-Hückel formulation 

(ext DH). 

Test ai,M=ci,M ext DH 

10 g/L I 3.01 1.12 

10 g/L II 7.43 4.90 

35 g/L I 3.52 1.36 

35 g/L II 6.54 2.88 

70 g/L 12.62 10.60 
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This improvement is even more important for a concentration of 35 g/L (Fig. 3.4.5). In this case, 

the fit is significantly better when introducing the extended Debye-Hückel formulation in the 

macrostructure with regard to using concentrations as an approximation of activities, achieving a 

reduction of 57.8% in the RMSE, considering again both tests. The salinity causes the total 

swelling capacity to decrease, since sMO increases and, although smNCC also increases, the value 

of emMAX is lower. Fig. 3.4.7 illustrates this fact, where the evolution of em at point A (located at 

10 mm of the top of the sample) for the swelling tests of 10, 35 and 70 g/L are compared. 

However, since emMAX is reduced, the effect of the destructuration of the macrostructure (eMm in 

Eq. (3.4.13)) starts earlier, and, although its final value is lower, the swelling is faster at the 

beginning of the test. The introduction of the activity coefficients causes the effect of the salinity 

in sMO to be dampened, as shown in Fig. 3.4.8. Nevertheless, as the effect of the salinity in the 

microstructure is assumed to be the same in both approaches, em and emMAX are closer when 

introducing activity coefficients, causing the initial swelling to be even faster. The definition of 

the activity coefficients affects the kinetics of the swelling, because, in essence, it is a process of 

water mass exchange between the macrostructure and the microstructure based on the equilibrium 

between M and m. 

 

Fig. 3.4.7. Computed evolution of em at point A (located at 10 mm from the top of the sample), in the swelling tests of 

10, 35 and 70 g/L. 

In the 70 g/L swelling test (Fig. 3.4.6), although the increase in the initial swelling rate was not 

sufficiently high, the results were again improved using the extended Debye-Hückel formulation, 

as reflected in Table 3.4.2. However, the improvement obtained (a reduction of 16% in the RMSE) 

is more limited than that in the 35 g/L and 10 g/L tests. This fact seems reasonable because the 

extended Debye-Hückel shows a worse behaviour for higher ionic strengths. Nevertheless, as 
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noted in Section 3.4.2, the objective of the present paper is not to define a model for determining 

the activity of the pore water, but to point out the sensitivity of the mechanical behaviour of 

bentonites to the definition of the pore water activity. 

 

Fig. 3.4.8. Computed evolution of sMO at point A (located at 10 mm from the top of the sample) in the swelling test of 

35 g/L, considering the activities equal to the molal concentrations (dashed line), and the extended Debye-Hückel 

formulation (solid line). 

 

3.4.6 Conclusions 

The objective of this paper was to analyse the influence of the formulation of the activities of the 

chemical species dissolved in the aqueous solutions present in the bentonite porosity. As a 

sensitivity exercise, the extended Debye-Hückel model was used to compute the activity 

coefficient of the species in the macrostructure, using as a base the hydro-chemo-mechanical 

model developed by Navarro et al. (2017b). The model was used to simulate vertical free-swelling 

tests under different salinity conditions. The results obtained with the proposed model were 

compared with the results in which the activity coefficients were assumed equal to 1. In all cases, 

the fits were improved when the activity model was considered. Particularly, the initial increase 

in the swelling rate for high-salinity conditions was better reproduced. The model can be further 

developed by introducing more sophisticated activity formulations. However, the main objective 

of the paper was met, and the results obtained are a good first approximation to this complex 

problem. These results show the importance of taking into account the effect of the activities of 

the species present in the system in hydro-chemo-mechanical models of bentonites. 
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3.4.7 Appendix: Mechanical model 

The continuum total strain rate vector dTOT was calculated using the additive structure: 

)( Mm

p

MmmMTOT  +++= ddddd      (3.4.10) 

As noted in Section 3.4.4, the macrostructural strain vector dM was obtained using the Barcelona 

Basic Model (Alonso et al., 1990), adopting the formulation proposed by Alonso et al. (2011). 

The parameters in Table 3.4.3, identified by Navarro et al. (2016) in their analysis of a bentonite 

equal to the one studied in this paper, were adopted. 

The microstructural strain vector dm is obtained from dmV, defined as a function of the 

microstructural void ratio increment dem (obtained from Fig. 3.4.2): 

e

de
d

+

−
=

1

m

mV         (3.4.11) 

The strains dMm
p and d(Mm) define the macrostructural volumetric strain caused by 

macrostructural packing when the microstructural void ratio increases. In swelling paths, the first 

term, which is plastic, can be computed as (Sánchez et al., 2005): 

p

MVm S mV d f d =         (3.4.12) 

The value of the interaction swelling function fS was obtained with a simplified linear 

approximation (adopted from Navarro et al., 2016), assuming fS=1 when p approaches 0 and fS=0 

when p equals the net mean yield stress. 

Table 3.4.3. Macrostructural mechanical parameters used in the model. Adapted from Navarro et al. (2016). 

Parameter Definition Value 

k Increase in cohesion with suction 0.1 

iO Used to define the elastic stiffness for changes in p 0.1 

So Used to define the elastic stiffness for changes in sM 0.05 

 Poisson’s ratio 0.35 

pC (kPa) Reference stress used to define the net mean yield stress 10 

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

r Used to define the macrostructural soil compressibility 0.8 

 (kPa-1) Used to define the macrostructural soil compressibility 2.0·10-5 

pO
*(kPa) Saturated pre-consolidation stress 1800 

M Slope of the critical state line 1.07 
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The second term, d(Mm), defines the strain of the macrostructure induced by bentonite 

destructuration and not directly by the hydromechanical loads. The total increase in the 

macrostructural void ratio caused by destructuration, eMm, was calculated as: 

Mm2Mm1Mm eee +=        (3.4.13) 

The first term can be calculated with the state surface defined by Navarro et al. (2017b), obtained 

from the data of swelling tests from the paper of Studds et al. (1998) for different salinities. The 

log-log function was used: 

Mm1 m

Mm1MAX mMAX

Ln  Ln
e e

d
e e

   
=   

   
      (3.4.14) 

where emMAX, the maximum value of the microstructural void ratio for a given salinity, is defined 

after Eq. (3.4.9); eMm1MAX defines the maximum value of eMm1; and the coefficient d 

(dimensionless) (Fig. 3.4.9a) characterises the rate with which eMm1 increases as em increases, 

which is not a constant but a function that increases with salinity. Using this expression, the fitting 

lines shown in Fig. 3.4.10 were obtained. 

The second term in Eq. (3.4.13) takes into account the “explosion” that can occur in sodium 

bentonites when free swelling is well advanced (Neretnieks et al., 2009). In this situation, the 

aggregates are nearly unstructured. A simplified formulation based on the parameterised 

expression proposed by Navarro et al. (2017b) was used in this paper: 

Mm2 Mm2 Mm1MAX Mm2  e e f =         (3.4.15) 

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

maximum macroporosity increase due to the destructuration of aggregates and the function fMm2 

defines the variation in eMm2 with respect to em (Fig. 3.4.9b), because the destructuration eMm2 

initiates only when em is close to emmax. 
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Fig. 3.4.9. (a) Piecewise function of the coefficient d depending on the value of the microstructural ionic strength. (b) 

Function of fm2 depending on em/emMAX. 

 

Fig. 3.4.10. Fits of the results from Studds et al. (1998) using Eq. (3.4.14) to calculate the increase in macrostructural 

void ratio caused by bentonite destructuration. 

 

3.4.8 Notation 

A Parameter of the extended Debye-Hückel formulation 

ai,M Activity of the i-th ion in the macrostructural water 

ai,mNCC Activity of the i-th non charge compensating ion in the microstructural water 

b Parameter of the extended Debye-Hückel formulation 

CEC Cation exchange capacity 

Ci,M Molar concentration of the i-th ion in the macrostructural water 

Ci,m Molar concentration of the i-th ion in the microstructural water 
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ci,mNCC Molal concentration of the i-th non charge-compensating ion in the 

microstructure 

em Microstructural void ratio 

emMAX Maximum possible value of the microstructural void ratio for a given salinity 

condition 

emR Remaining microstructural void ratio under dry conditions 

IM Ionic strength of the macrostructural solution 

p Net mean stress 

R Universal gas constant 

ri Ion specific parameter of the extended Debye-Hückel formulation 

sM Macrostructural matric suction 

sMO Macrostructural osmotic suction 

smS Structural suction of the microstructure 

smSmin Minimum possible value of the structural suction of the microstructure for a 

given salinity condition 

T Absolute temperature 

WMM Molar mass of water 

w Water content 

zi Ionic charge 

i,M Activity coefficient of the i-th ion in the macrostructural water 

ΔsmNCC Microstructural suction due to ions in excess of the cationic exchange capacity 

M Chemical potential of the macrostructural water 

m Chemical potential of the microstructural water 

VO (T) Chemical potential of pure water at the absolute temperature T 

b Bulk density 

m Density of microstructural water 

ρW Density of free water 
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3.5.1 Abstract 

This work proposes a formulation to simulate the swelling of compacted bentonites, focusing the 

analysis on the modelling of macrostructural strains caused by the destructuration of the 

microstructure under low confinement conditions. First, its formulation is described, highlighting 

its integration into a generalised constitutive model, which is able to describe the behaviour of 

compacted bentonites under very different conditions of stress, salinity and water content. After, 

its scope is assessed, comparing the model predictions with experimental results of free swelling 

tests performed under different salinity conditions. The results obtained are very satisfactory, 

especially considering that the proposed swelling model is based on only two material parameters. 

 

Keywords: Radioactive waste disposal; Bentonite barriers; Free swelling; Constitutive model; 

Chemical properties; Numerical modelling. 
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3.5.2 Introduction 

Their high swelling and adsorption capacity, together with their low permeability, have made 

bentonites to be considered as a base material for the construction of some of the engineered 

barriers to be placed in deep geological repositories of spent nuclear fuel (see, for example, the 

description in Sellin and Leupin, 2013). However, the existence of discontinuities, of natural 

origin or associated with the construction process, may cause preferential flow paths to develop, 

compromising the bentonite barrier effect (Sellin and Leupin, 2013). Nevertheless, as bentonite 

will be placed in the system in unsaturated conditions, its hydration and consequent expansion 

can cause the filling of these preferential paths in such a way that the barrier effect is recovered, 

thus ensuring the functionality of the storage. Therefore, the correct evaluation of bentonite 

swelling, and in general of its stress-strain behaviour, is a key issue to obtain a reliable estimation 

of the performance of storage facilities. 

Compacted clays show a bimodal pore size distribution (Delage et al., 2006; Lloret et al., 2003; 

Romero et al., 2011). At least two structural levels can be distinguished: a microstructure, “m” in 

Fig. 3.5.1a, associated with the space inside the aggregates formed by clay particles, and a 

macrostructure, “M” in Fig. 3.5.1a, associated with the inter-aggregate space. To take into account 

this structure in a macroscopic model of the system, a double porosity approach can be adopted 

to model the thermo-hydro-chemo-mechanical behaviour of compacted clays (Guimarães et al., 

2013; Mašín, 2013; Musso et al., 2013; Qiao et al., 2019; Sánchez et al., 2005; Sedighi and 

Thomas, 2014). Each structural level is assigned a different continuous medium, while both media 

occupy the same spatial domain (Hueckel, 1992). The coupled increase of total strain d (vectors 

are identified in bold, and the engineering or Voigt notation is used for the stress and strain 

tensors) can be computed using an additive approach (see Sánchez et al., 2012, 2016, for 

example), Fig. 3.5.1b: 

m Mm Md d d d= + +ε ε ε ε        (3.5.1) 

where the microstructural strain dm defines the strain caused by the change of volume of the 

aggregates, dm is the strain associated with the rearrangement of the macrostructure as a 

consequence of dm, and dM represents the strains produced upon stress or suction changes in the 

macrostructure even if the volume of the microstructure remains constant. When isothermal 

conditions are assumed, there is a broad experience in the use of the Barcelona Basic Model 

(BBM; Alonso et al., 1990) to compute dM (see Sheng et al., 2004, for example). The volumetric 

deformability of the microstructure can be defined as function of the variation of an effective 
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stress or microstructural suction (see Sánchez et al., 2005, for instance). In this line, Navarro et 

al. (2017b) proposed the use of a state surface for the microstructural void ratio em (defined as the 

volume of intra-aggregate voids per volume of minerals) obtained from the water retention curve 

of sodium MX-80 bentonites for suctions greater than 10 MPa (suction threshold above which 

soil water is predominantly located in the microstructure; Villar, 2007). The approach has recently 

been improved, extending the formulation to MX-80 bentonites of different sodium and calcium 

content (De la Morena et al., 2018). The micro-macro coupling term dm includes both the 

macrostructural plastic volumetric strain dm1 caused by the macrostructural packing when the 

microstructural void ratio changes (Sánchez et al., 2005), which can be computed as proposed in 

the Barcelona Expansive Model (BExM; Alonso et al., 1999), and the free swelling dm2 

produced in the macrostructure by the destructuration of the microstructure at low or moderate 

confinement conditions. The latter term is assumed to be associated with the new void space 

generated by the breaking up of particles and aggregates into smaller units that occurs during the 

hydration and swelling processes, as described by Salles et al. (2009) and Laird (2006), and 

identified by authors as Wang et al. (2014) and Auidiguier et al. (2008) (in Cui, 2017). Saiyouri 

et al. (2004) also refer to this process, noting that, more than a homogenous increase of interlayer 

distances, swelling is mainly due to the subdivision of clay particles. 

It is not easy to find formulations in the literature to introduce such a destructuration process in 

the numerical models used to simulate the behaviour of bentonite clay barriers. Therefore, the 

formulation proposed by Qiao et al. (2019) to introduce the split of clay particles in a double 

structure hydromechanical constitutive model is of interest. However, the present work adopts a 

different strategy to introduce the effect of salinity, important for the general behaviour of 

bentonites (Di Maio, 1996; Studds et al., 1998; Zhang et al., 2016), and for the hydration capacity 

of the pore space corresponding to their microstructure (Bourg and Ajo-Franklian, 2017; 

Karnalnd et al., 2005; Liu et al., 2018; Pusch, 1980; Warkentin and Schofield, 1962). The 

proposed formulation is based on the variables and state functions used in the thermo-hydro-

chemo-mechanical modelling of bentonite clay barriers, introducing only two additional material 

parameters. 

To present this new formulation, the material and the tests used to evaluate its scope are first 

described. Afterwards, its conceptual basis is explained. Finally, the model is applied to the 

qualification exercises, demonstrating its capacity to reproduce free swelling of MX-80 bentonites 

under different salinity conditions. 
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Fig. 3.5.1. Pore size probability density function (PDF) of a compacted bentonite; “m”, microstructural level; “M”, 

Macrostructural level. Symbols “w” and “s” represent, respectively, water content and salinity (b) Conceptual outline 

of the additive approach d=dm+dMm+d. 

 

3.5.3 Material, methods and experimental data 

Several vertical free swelling tests were simulated to evaluate the scope of the model. The vertical 

free swelling tests presented by Navarro et al. (2017b) were first analysed, in which an MX-80 

bentonite with a smectite content of 87.6% was used. The cation exchange capacity of this 

predominantly sodium bentonite was of 0.84 eq/kg, corresponding to 0.58 eq/kg of Na+, 0.25 

eq/kg of Ca2+, 0.08 of eq/kg Mg2+, and 0.02 eq/kg of K+. Its mineral density mineral (see Appendix 

A in Section 3.5.7 for a list of symbols) was of 2.78 g/cm3, with a liquid limit of 510%, a plastic 

limit of 50%, and a plasticity index of 460%. Cylindrical samples with a diameter of 50 mm and 
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an initial height of 40 mm were tested. The samples were prepared using deionised water and 

were statically compacted applying 17.5 MPa to an initial bulk density b of 2.05 g/cm3 and an 

initial water content of 17%. The compacted samples were placed inside a transparent tube where 

the swelling occurred only in the vertical direction after pouring water with different salinities on 

the samples top, see Fig. 3.5.2a. In addition to a reference test with deionised water (DI), two 

different aqueous solutions were applied: 10 g/L (salinity for which two tests were performed) 

and 35 g/L (two tests). These solutions only contained two cations, sodium and calcium, and a 

common anion, chloride. Their characteristics are shown in Table 3.5.1. Based on Hellä et al. 

(2014), the 10 g/L solution simulates the brackish-saline groundwater which is expected during 

the operating phase at the storage depth at Olkiluoto, the site for the Onkalo deep geological 

repository of spent nuclear fuel in Finland. The 35 g/L represents the maximum salinity expected 

for groundwater at the depth of the repository. 

 

Fig. 3.5.2. (a) Schematic configuration of the swelling tests. The initial dimensions of the sample are given in mm. (b) 

Hydraulic and chemical, and (c) mechanical, boundary conditions. 

Table 3.5.1. Composition of the solutions used in the tests presented by Navarro et al. (2017b). 

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

10  6.47 3.53 2 Brackish-saline water 

35  16.75 18.25 2 Saline water 

 

The bentonite samples were monitored during the tests using an automated National Instruments 

camera obtaining images of the vertical displacement of the top of the samples. These images 

were digitised using a correlation technique previously calibrated in NI Vision Builder for 
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Automated Inspection software. To clearly visualise the swelling, avoiding the formation of a 

“gel” layer at the interface between water and soil, a sintered frit was placed on the bentonite 

sample top. Furthermore, at the end of each test, the water content w (following the standard 

ASTM D2216-10, 2010) and b (ASTM D7263-09(2018)e1, 2018) were determined in several 

locations of the sample. The water content was very high at the sample top, up to 500-1000%. 

Handling slices was so difficult that it was impossible to determine b. So, these values were 

estimated from the water content assuming that the soil was fully saturated. However, in the top 

area, even the water content values must be considered with caution. 

The experimental results obtained by Dvinskikh and Furó (2009) were also analysed. Cylindrical 

samples with a diameter of 8 mm and a height of 3 mm were tested, which were initially 

compacted to b of 1.8 g/cm3 with a 23% water content. The initial water content of the clay was 

achieved exposing it to an atmosphere with a relative humidity of 95% until equilibrium. Like in 

the previously described swelling tests, after compaction, the samples were tightly fitted at the 

bottom of a transparent quartz tube, adding water into the tube over the sample. With different 

dimensions, the schematic configuration defined in Fig. 3.5.2a also applies to this test.  

From Dvinskikh et al. (2009) can be deduced that the natural MX-80 bentonite used corresponds 

to WyR1 bentonite from Karnland et al. (2006), similar to that used in the tests from Navarro et 

al. (2017b). This makes it reasonable to use the same material parameters. In the test, the total 

free swelling heave and the spatial distribution of the clay volume fraction C (volume of solid 

per total volume of soil) were measured at different times using magnetic resonance imaging. 

 

3.5.4 Theory: Free swelling conceptual model 

Before describing the model of dm2, the other terms of the conceptual model should be defined. 

A very simplified geochemical system is assumed to characterise the salinity evolution. Together 

with the clay minerals and water, only the ions calcium Ca2+, sodium Na+ and chloride Cl− are 

considered in the medium. Ions can be in the macrostructure and in the microstructure (anionic 

exclusion is not imposed), and the Donnan equilibrium approach (see Helfferich, 1962, for 

instance) is adopted to define their macro-micro distribution. The approach is summarised in 

Appendix B (Section 3.5.8). 

Flow and transport are modelled using an advective-diffusive model. Constant temperature and 

gas pressure are assumed. The generalisation of Darcy’s law is applied to define water advection 

with respect to the movement of the solid skeleton, and Fick’s law is adopted to model vapour 
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diffusion, disregarding the effect of mechanical dispersion. The same is applied to describe 

transport. The field equations, state functions and parameters used in the flow and transport model 

are described in detail by Asensio et al. (2018) and Navarro et al. (2017b, 2019), while its main 

trends are described in Appendix C (Section 3.5.9). Table 3.5.2 summarises the parameters used. 

Regarding the mechanical behaviour, the model lies within the framework of the BExM (Alonso 

et al., 1999). Then, dM is computed with the BBM (Alonso et al., 1990) (see Appendix D, Section 

3.5.10) using the parameters in Table 3.5.3. Nevertheless, in the monotonic swelling paths 

analysed in this paper, when the total void ratio e (=em+eM, being eM the macrostructural void 

ratio: volume of macrostructural void space per volume of minerals) becomes greater than 3 

(working value adopted taking into account the change in compressibility identified by Marcial 

et al., 2002, when testing an MX-80 bentonite), a modification is introduced. A linear relationship 

between log p (net mean stress, defined as the mean stress minus the gas pressure) and log eM is 

assumed (analogous to the natural compression law proposed by Butterfield, 1979), adopting a 

proportionality constant so that the continuity for the slopes is guaranteed (like Guimarães et al., 

2013). 

 

Fig. 3.5.3. State surface that defines the microstructural volumetric constitutive model. 

The value of em is obtained with the state surface plotted in Fig. 3.5.3 (Delage et al., 2006; Dueck 

and Nilsson, 2010; Jacinto et al., 2009; Kahr et al., 1990; Likos and Wayllace, 2010; Pintado et 

al., 2013b; Sane et al., 2013; Seiphoori et al., 2014; Wadsö et al., 2004), in which the 

microstructure was assumed to be saturated (e.g., Yong, 1999). The variable  is the 

thermodynamic swelling pressure (equivalent to the thermodynamic osmotic pressure of Lewis, 
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1952), which defines the affinity of water for the solid components. To illustrate the meaning and 

computation of , it is useful to analyse the definition of the chemical potential of microstructural 

water, m. Consistently with Karnland et al. (2005), m can be computed as: 

m VO mS mNCC   = + +         (3.5.2) 

where VO is the chemical potential of free pure water, and mNCC defines the increase in 

chemical potential due to the ions (cations and anions) in the microstructure in excess of the cation 

exchange capacity; that is, the effect of the extra salinity or non-charge-compensating ions on the 

chemical potential of the microstructural water. Therefore, mS is the chemical potential set by 

the clay structure (clay minerals and exchangeable cations; subscript “S”). For saturated and low 

salinity conditions, Navarro and Alonso (2001b) proposed to apply a generalisation of the 

classical expression of Low and Anderson (1958) for this potential: 

( )mS

w

WMM
p 


= −         (3.5.3) 

where w and WMM are, respectively, the liquid water density and water molecular mass. Thus, 

for the above conditions,  is the pressure to which a clay in equilibrium with free pure water 

(m=VO and mNCC=0: the only ions in the microstructure are charge compensating cations) 

must be confined for it to be under the volumetric arrangement linked to a em value. However, 

saturated and non-saline conditions do not apply to the general case. In saline conditions, the 

chemical potential of macrostructural water M can be calculated as (Karnland et al., 2005): 

( )M VO M MO

w

WMM
s s 


= − +       (3.5.4) 

where sM is the macrostructural suction (identified with the capillary suction, sM=PG–PL, where 

PG and PL are the gas and the liquid pressure, respectively) and sMO is the osmotic suction of the 

macrostructure. If equilibrium m=M is applied, from Eqs. (3.5.2), (3.5.3) and (3.5.4) it is 

deduced that: 

( ) ( )mNCCMOM sssp −++=        (3.5.5) 

where smNCC is the magnitude equivalent to mNCC expressed as a suction 

(smNCC=w mNCC/WMM ). If the approach proposed by Garrels and Christ (1965) to determine 

the activity of water is accepted, in the simplified geochemical model adopted in this work, sMO 

and smNCC can be calculated as: 
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( )w
MO Cl,M Na,M Ca,MLn 1 0.017s R T c c c

WMM


 = − − + +     (3.5.6) 

and: 

( )w
mNCC Cl,m Na,m-NCC Ca,m-NCCLn 1 0.017s R T c c c

WMM


  = − − + +    (3.5.7) 

where cCl,M, cNa,M and cCa,M are the molalities of chloride, sodium and calcium in the 

macrostructural solution, cCl,m is the molality of chloride in the microstructure, cNa,m-NCC and cCa,m-

NCC are the microstructural non-charge-compensating molal concentration of sodium and calcium, 

respectively, and R is the universal gas constant. For a given temperature T, Eqs. (3.5.5-3.5.7) 

allow the computation of  as a function of p, sM and ci,j (i=Cl, Na, Ca, and j=M, m, m-NCC).  

The terms p+sM (=BHM) and sMO−smNCC (=BS) in Eq. (3.5.5) can be understood as “boundary 

pressures” (subscript “B”) on the microstructure, the former of hydromechanical (subscript 

“HM”) and the second of saline (subscript “S”) nature. Macroscopic equilibrium is reached when 

the pressure  exerted by the microstructure is equal to the boundary or confinement pressure B 

(=BHM+BS). Navarro et al. (2018) proposed adopting  as microstructural effective stress, and 

confirmed its capacity to summarise the effect of mean stress, suction and salinity in the 

volumetric behaviour of the microstructure with a single state variable.  

 

Fig. 3.5.4 .Mechanical analogue of the interaction between macrostructure and microstructure. 

 

 

Macro 


B
 

micro 
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Fig. 3.5.5. State surface em− and eMm2 model. 

Both  and B are tools to explain the interaction between macrostructure and microstructure by 

means of the mechanical analogue shown in schematic form in Fig. 3.5.4, and their use provides 

useful conceptual tools to understand the process of breaking up of the aggregates and generation 

of macrostructural void space that is modelled with the free swelling strain dm2. This increase 

of eM due to free swelling processes (identified as “eMm2” to differentiate it from the increase of 

eM due to other processes) occurs only when em is high. That is, when  and the confinement B 

are low. The model proposed assumes that, for eMm2 to occur, B must be less than a reference 

value B REF, which is the first material parameter of the model, see Fig. 3.5.5. Under these 

conditions, if, as in the classic soil consolidation theory, the loss of packing eMm2 is assumed to 

be directly proportional to the ratio between the loss of confinement, −dB, and the existing 

confinement level, B, in a monotonic swelling path the following applies: 

( ) B
Mm2 π

B

d
d e





 = −         (3.5.8) 

where compressibility  (dimensionless), analogous to the parameters Mp and Ms in Table 3.5.3, 

is the second model parameter. This equation, core of the proposed model, can reproduce the 

decrease of swelling capacity caused by an increase of salinity. Under a given net stress, when an 

unsaturated bentonite contacts a saline solution, the higher the salinity, the higher the increase in 

BS that the solution will cause on the bentonite. Then, although the decrease of sM caused by 

wetting produces a net decrease of B, which triggers swelling (see Fig. 3.5.4), the decrease will 

be lower for higher salinities of the wetting aqueous solution. Consequently, higher salinities 

produce lower increases in eM and a lower total swelling strain. This is illustrated in the conceptual 

B,0 B REF

B,1 B,2Ln

Ln

eMm2 em

1



eMm2,1

eMm2,2
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test presented in Fig. 3.5.6a. An unsaturated and unloaded soil has a macroscopic suction sM,0 in 

an initial situation of equilibrium, being the salinity negligible. Two unconfined saturation 

experiments are considered, using solutions with an osmotic suction of sMO,1 and sMO,2, 

respectively (sMO,1>sMO,2). In the final equilibrium, when sM=0,  will be equal, in each case, to 

B,1 and B,2, being eMm2,2 higher than eMm2,1, Fig. 3.5.5. 

  

Fig. 3.5.6. (a) Conceptual unconfined saturation test of two unconfined bentonite samples under different salinity 

conditions; the behaviour of an inner point is qualitatively described. (b) Difference between the behaviour of a point 

A in the inner part of the sample, and a point B near its outer surface. 

In free boundaries where confinement can be considered negligible, an additional process occurs 

that plays a key role. If the swelling and aggregate break-up progress, the value of em will be close 

to its maximum and nearly stationary, and the mass exchange between structural levels caused by 

the difference between  and B in Fig. 3.5.4 will hardly occur. In this situation, the initial double 

porosity configuration with a macrostructure enveloping the microstructure will become a slurry 

formed fundamentally by an only structural level, in which confinement is given by the saturated 

effective stress, equal to the boundary pressure BHM. For this reason, the coalescence of the 

macrostructure and the microstructure is proposed to be modelled with a transition of the 

confinement pressure from B to BHM. Then, as qualitatively illustrated in Fig. 3.5.6b (which 

outlines the evolution of B in a saturation process as in Fig. 3.5.6a, considering a point A located 

in the inner part of the sample and a point B near its outer surface), by lowering the denominator 
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of Eq. (3.5.8), swelling will be faster, and this phenomenon will be more important the higher the 

salinity (further reduction of the denominator from B to BHM). This relevant increase in the 

swelling velocity, observed experimentally by authors as Alawaji (1999) and Navarro et al. 

(2017b), will only be activated in free boundaries, where BHM (=p+sM) may become negligible. 

If free boundaries are the domain zone where hydration occurs first, the velocity increase only 

occurs at the beginning of the swelling process.  

It is worth noting that, as authors as Guimarães et al. (2013) did, the effect of salinity on the 

deformability of the system is introduced through the microstructure, taking into account the 

changes in em caused by the variation of , and the activation of eMm2 due to the reduction of B. 

This approach is consistent with Terzaghi's (1956) statement on locating the effect of osmotic 

forces in clay aggregates, as highlighted by Musso et al. (2013). 

To conclude this section, it will be stated that, even if some authors have observed that the density 

of microstructural water m may be greater than that of free water w (Jacinto et al., 2012), m=w 

is assumed for modelling purposes (Tournassat and Appelo, 2011) in Eq. (3.5.3), and 

consequently in Eq. (3.5.5) and Eq. (3.5.7), as well as in the analyses presented in the next Section. 

To conduct these analyses, the model synthesised by Eq. (3.5.8) was implemented in the 

calculation program described by Navarro et al. (2019), which incorporates the formulation 

summarised in Appendices B, C and D (Sections 3.5.8-3.5.10), developed using the 

implementation platform Comsol Multiphysics (COMSOL, 2017). This numerical solver for the 

resolution of partial differential equations is based on the application of the finite element method 

using a Galerkin formulation with Lagrange multipliers. It offers pre-programmed calculation 

modules. However, its "Multiphysics" capacity allows the selection of state variables, the 

introduction of the state functions to be used, and the definition of the differential equations to be 

solved. Thus, the implemented numerical model is adapted exactly to the mathematical model 

that formalises the desired conceptual model. The platform incorporates symbolic algebra utilities 

that use symbolic differentiation techniques that improve the numerical performance of the 

implemented numerical models. However, these utilities pose problems when, as in elastoplastic 

models or nonlinear elasticity, the definition of state functions such as stresses is implicit. In these 

cases, the derivatives cannot be obtained. To solve this question, Navarro et al. (2014a) proposed 

the application of a mixed formulation, considering the stresses and the hardening parameters 

state variables of the problem. An efficient and versatile tool was thus obtained, which was 

applied to perform the simulations described in the following section. 
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3.5.5 Results and discussion 

To simulate the tests presented by Navarro et al. (2017b), see Fig. 3.5.2a, the boundary conditions 

in Figs. 3.5.2b and 3.5.2c were adopted. The initial values of suction and degree of saturation of 

the macrostructure were, respectively, 22640 kPa and 7.1%. In addition, the parameters of Tables 

3.5.2 and 3.5.3 have been assumed, all taken from the literature or identified in tests independent 

of those analysed in this work. Therefore, the only material parameters to be determined are B REF 

and , that is, the parameters of the new law proposed to define eMm2. Only the swelling results 

for DI water were used to identify them, obtaining the values B REF=1 MPa and =1.05. When 

using them, the fits in Fig. 3.5.7 were obtained. The good fit obtained by simulating the DI water 

test, while noteworthy, was expected to occur, as the results of this test have been the objective 

function for identifying B REF and . However, when using these parameters to simulate the tests 

with 10 and 35 g/L as a validation exercise, Fig. 3.5.8, the fits are of the same quality. This 

provides non-negligible confidence in the parameters identified. 

Figs. 3.5.7 and 3.5.8 confirm that, as noted by Alawaji (1999), the initial speed of the swelling 

process increases with salinity. However, consistent with the reduction in swelling pressure 

observed by Karnland et al. (2005), Pusch (1980) and Warkentin and Schofield (1962), the higher 

the salinity, the lower the final swelling value obtained in the results, as indicated in the previous 

Section. These behaviours are adequately reproduced by the model. 

 

 

Fig. 3.5.7. Fit after parameter identification of the swelling test carried out with DI water in Navarro et al. (2017b). 
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Fig. 3.5.8. Modelling and experimental vertical free swelling results for the tests in Navarro et al. (2017b). Saline 

solutions: (a) 10 g/L, (b) 35 g/L. 

   

Fig. 3.5.9. Modelling and experimental results for the water content profiles at the end of the tests in Navarro et al. 

(2017b) (a) DI water, (b) 10 g/L, and (c) 35 g/L. 

   

Fig. 3.5.10. Modelling and experimental results for the bulk density profiles at the end of the tests in Navarro et al. 

(2017b) (a) DI water, (b) 10 g/L, and (c) 35 g/L. 
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Although the results in Fig. 3.5.8 are very satisfactory, the most remarkable results are those 

represented in Figs. 3.5.9 and 3.5.10. They represent the water content and bulk density b 

profiles, respectively, at the end of the tests. Unlike Fig. 3.5.8, where the total heave of the sample 

integrates, and consequently smooths, the effect of the local swelling strains along the entire 

specimen, Figs. 3.5.9 and 3.5.10 represent behaviours distributed along the specimen. The 

simulation of these behaviours is therefore a very demanding qualification test for a model based 

on merely two parameters (identified using only the total swelling of the test carried out with DI 

water). 

   

   

   

Fig. 3.5.11. Modelled time evolution of (a) sM, (b) eM−eMm2 and (c) em during vertical free swelling tests. First row 

results obtained with DI water, second row 10 g/L, third row 35 g/L. For the sake of comparison, the height is kept at 

its initial value. 
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Fig. 3.5.11 shows the time evolution of sM, eM−eMm2 (variation of eM without taking eMm2 into 

consideration) and em along the sample obtained with the model. As hydration advances, sM is 

reduced and eM−eMm2 grows. This is also the case for em, since sM largely controls the value of  

and, consequently, of em. But the growth is smooth, because the hydration front is not sharp, and 

the great variation experienced in the water content near the sample top is not shown (Fig. 3.5.9). 

Without introducing a behaviour such as that synthesised by eMm2, it is also possible to reproduce 

the overall swelling of the samples (Figs. 3.5.7 and 3.5.8) by, for example, increasing the value 

of the macrostructural elastic compressibility for changes in suction, Ms (Table 3.5.3 and 

Appendix D, Section 3.5.10). However, smooth distributions of water content and void ratio 

would be obtained, not reproducing the experimental profile of Figs. 3.5.9 and 3.5.10. 

 

Fig. 3.5.12. Modelled time evolution of eMm2 during vertical free swelling tests. Results obtained with (a) DI water, 

(b) 10 g/L, (c) 35 g/L. For the sake of comparison, the height is kept at its initial value. 
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On the contrary, the introduction of eMm2 makes it possible to reproduce this behaviour. As 

illustrated in Fig. 3.5.12, eMm2 behaves less smoothly, since it only develops when  is lower 

than REF (=1 MPa) and grows significantly near the sample top where B=BHM (Fig. 3.5.6b). 

This difference in behaviour leads to obtaining the fits illustrated in Figs. 3.5.9 and 3.5.10. 

Besides, the model allows to reproduce the effect of salinity consistently. With DI water the 

swelling is greater: it penetrates deeper into the soil, and the increase in em is larger, Fig. 3.5.11. 

However, the higher the salinity, the faster and more intense destructuration (eMm2) on the 

surface, which is illustrated in Fig. 3.5.12. 

To further illustrate the scope of the model, the test of Dvinskikh and Furó (2009) defined in 

Section 3.5.3 was also simulated. This test provides a significant volume of information 

distributed throughout the sample over time. Therefore, its simulation is an outstanding 

qualification exercise. As in the previous models, the parameters in Tables 3.5.2 and 3.5.3 are 

used. The initial value of sM was 11119 kPa, being the macrostructural degree of saturation equal 

to 39.8%. Applying the boundary conditions in Figs. 3.5.2b and 3.5.2c, the swelling prediction 

labelled as “=1.05” in Fig. 3.5.13 is obtained. The experimental behaviour trend is satisfactorily 

reproduced, but the fit is not accurate. Nevertheless, using =1.5, while keeping the rest of 

parameter values (including B REF=1 MPa), the fit becomes very satisfactory. 

 

Fig. 3.5.13. Modelling and experimental vertical free swelling results for the test with DI water by Dvinskikh and Furó 

(2009) using two different values for the parameter  in the modelling. 
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Fig. 3.5.14. Liu et al. (2011), modelling and experimental results for the spatial distribution of the clay volume fraction 

at different times in the test by Dvinskikh and Furó (2009) using =1.5 in the modelling. (a) From 30 min to 1 d, (b) 

From 2 d to 32 d. 
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0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10 15 20

C
la

y
 v

o
lu

m
e 

fr
ac

ti
o
n

Sample height (mm)

30 min EXP

30 min MOD

30 min Liu et

al.

2 h EXP

2 h MOD

2 h Liu et al.

6 h EXP

6 h MOD

6 h Liu et al.

1 d EXP

1 d MOD

1 d Liu et al.

a)

(2011)

(2011)

(2011)

(2011)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 10 20 30 40 50

C
la

y
 v

o
lu

m
e 

fr
ac

ti
o
n

Sample height (mm)

2 d EXP

2 d MOD

2 d Liu et

al.

16 d EXP

16 d MOD

16 d Liu et

al.

32 d EXP

32 d MOD

32 d Liu et

al.

b)

(2011)

(2011)

(2011)



3.5. Numerical model of free swelling processes in compacted MX-80 bentonites 

 
91 

 

included in a more general model to be operational, being therefore part of a numerical model for 

bentonite clay barriers able to simulate the behaviour of bentonites in a wide range of stress, 

temperature, water content and salinity. In this work, the numerical model described at the end of 

Section 3.5.4 was used. With it, after incorporating Eq. (3.5.8), and using only two material 

parameters, results as illustrated in Figs. 3.5.7-3.5.10, and 3.5.13-3.5.14 were obtained, with 

distributed void ratio values up to 50, C0.02, where the concept of soil might be questioned. 

Finally, note that the results in Figs. 3.5.13 and 3.5.14 are particularly encouraging because the 

parameters of Tables 3.5.2 and 3.5.3 were not specifically identified for the bentonite tested by 

Dvinskikh and Furó (2009). 

 

3.5.6 Conclusions 

A formulation to describe the strains caused in the macrostructure of a compacted bentonite by 

the destructuration of its microstructure under low confinement conditions has been proposed. 

Although the formulation, Eq. (3.5.8), has only two material parameters (B REF and ), it obtains 

very satisfactory results in the simulation of MX-80 bentonite behaviour under monotonic 

swelling paths. The scope of the fits obtained is remarkable. First, because very demanding 

qualification tests were simulated, in which the distribution of strains and water content was 

successfully reproduced along processes of large swelling. Second, because this was done using 

micro- and macrostructural parameters identified in independent tests, using only a swelling test 

carried out with DI water to identify the two parameters of Eq. (3.5.8). However, the parameters 

identified made it possible to simulate swelling processes under variable salinity conditions.  

The formulation is based on variables used in the numerical models of the thermo-hydro-chemo-

mechanical behaviour of bentonite clay barriers. Therefore, it can be implemented in such 

programs without excessive difficulty, making it an interesting tool for the study of bentonite free 

swelling. 

 

3.5.7 Appendix A. List of symbols 

ci,M Molality of the ion “i” in the macrostructural solution 

cCl,m Molality of chloride in the microstructure 

ci,m-NCC Microstructural non-charge-compensating molal concentration of the ion “i” 

d Increase of total strain 
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dM Increase of macrostructural strain 

dMm Increase of strain associated with the rearrangement of the macrostructure as a 

consequence of dm 

dm1 dMm caused by the macrostructural packing when the microstructural void ratio 

changes 

dm2 Increase of free swelling dMm produced in the macrostructure by the 

destructuration of the microstructure at low or moderate confinement conditions 

dm Increase of microstructural strain 

e Total void ratio 

eM Macrostructural void ratio 

em Microstructural void ratio 

PG  Gas pressure 

PL  Macrostructural liquid pressure 

p Net mean stress 

R Universal gas constant 

sM Macrostructural capillary suction 

sMO Macrostructural osmotic suction 

T Absolute temperature 

WMM Water molecular mass 

w Water content 

eMm2 Increase of eM due to free swelling processes 

ΔsmNCC Increase in microstructural suction due to non-charge-compensating ions in the 

microstructure in excess of the cation exchange capacity 

mNCC Increase in chemical potential due to non-charge-compensating ions in the 

microstructure in excess of the cation exchange capacity 

b Bulk density 

d Dry density 

m Density of the microstructural water 

mineral Minerals density 

w Liquid water density 

Ms Elastic compressibility for changes in suction 

Mp Elastic compressibility for changes in net mean stress 

 Compressibility that defines eMm2 for changes of B 

M Chemical potential of macrostructural water 

m Chemical potential of microstructural water 

mS Chemical potential set by the clay structure 

VO Chemical potential of free pure water  

 Thermodynamic swelling pressure 

B Boundary pressure on the microstructure 

B REF Reference value of B 

BHM Hydromechanical boundary pressure on the microstructure 

BS Saline boundary pressure on the microstructure 

C Clay volume fraction 
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3.5.8 Appendix B. Donnan equilibrium approach 

To determine the distribution of ions between macro- and microstructure, chemical equilibrium 

is assumed. Therefore, if the electrochemical potential i,k of the ion “i” (Cl−, Na+, and Ca2+ in the 

simplified geochemical system assumed) in the structural level “k” (m, micro-, or M, 

macrostructure) is defined as: 

i,k Oi i,k i k  Ln   R T a z F = + +        (3.5.9) 

then: 

D

i,M i,m

  
 exp

 

iz F
a a

R T

 
=  

 
       (3.5.10) 

where Oi is a reference electrochemical potential, ai,k is the activity, zi is the ionic charge and F 

is the Faraday constant. k defines the electric potential of the ions, and D is the Donnan 

potential, defined as D=m−M. If the activity coefficients are assumed to be close to 1, a 

Donnan electrochemical equilibrium model like that proposed by Tournassat and Appelo (2011) 

is obtained: 

i,mD

i,M i,m

  
 exp

 i

i

z

Cz F
C C

R T B

 
= = 

 
      (3.5.11) 

where Ci,M and Ci,m are the molar concentrations of the ions in both structural levels. To obtain 

the partition coefficient B the equations that determine the electroneutrality of both structural 

levels must be introduced: 

Na,M Ca,M Cl,M2 0C C C+ − =        (3.5.12) 

Na,m Ca,m Cl,m s2 0C C C q+ − − =       (3.5.13) 

where the surface charge qs (molc/L) is defined as: 

mineral

s

m

 CEC
q

e


=         (3.5.14) 

being CEC the cation exchange capacity. In the formulation adopted (Navarro et al., 2017b), CCa,M 

and CCl,m are the state variables of the electrochemical problem. Therefore, from Eqs. (3.5.11) to 

(3.5.14): 
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( ) 2

Ca,M Cl,m Ca,M Cl,m s2  2  0C C B C B C q− + + + + =     (3.5.15) 

functional equation to be solved to determine B. After B, CCa,m and CCl,M are obtained from CCa,M 

and CCl,m, respectively. Finally, CNa,M and CNa,m can be computed from Eqs. (3.5.12) and (3.5.13) 

(electroneutrality). 

 

3.5.9 Appendix C. Flow and transport model 

The macrostructural water mass flow lM is given by the solid skeleton velocity vector v (time 

derivative of the displacement u), the liquid water specific discharge qM and the vapour diffusion 

j: 

M M w Mm = + +l v q j         (3.5.16) 

where mM is the volumetric density of the macrostructural water mass, obtained from the densities 

of macrostructural water liquid mL and vapour mV as: 

M M M M

M L V W V

(1 )

1 1

e Sr e Sr
m m m

e e
 

−
= + = +

+ +
    (3.5.17) 

where SrM is the macrostructural degree of saturation. Its definition has been based on the 

approach proposed by Navarro et al. (2017b), in which SrM is defined by means of a classic van 

Genuchten (1980) model, differentiating the water in the macrostructure and the microstructural 

water content. However, in the current work, a modified formulation is used, which incorporates 

the framework proposed by Gallipoli et al. (2015) to take into account the variation of the 

macrostructure retention capacity when the porosity changes: 

( )
( )M

M M1 (  )     ;     
m

n
e

Sr s



 


−

= + =      (3.5.18) 

As in Gallipoli et al. (2015), it is assumed that n=( m)-1. Table 3.5.3 shows the values of , m 

and , material parameters of the model. The density of water vapour v is computed using the 

psychrometric law (Edlefsen and Anderson, 1943). The liquid water specific discharge is defined 

as (Pollock, 1986): 

I r
M L w

w

 ( + )
k k

P g z


= −  q       (3.5.19) 
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where w defines the liquid dynamic viscosity, g is the gravitational acceleration, z is the vertical 

coordinate upwards oriented, and the symbol “” expresses the gradient differential operator. The 

model proposed by Gens et al. (2011) is used to obtain the intrinsic permeability kI: 

( )( )I o M oexpk k b  = −        (3.5.20) 

where M (=eM/(1+e)) is the macrostructure porosity, and the material parameters ko, b and o are 

defined in Table 3.5.3. To determine the relative permeability kr a potential model with an 

exponent equal to 3 is adopted (Gens et al., 2011).  

The vapour molecular diffusion is computed as: 

( )M M V V (1 )Sr D  = − − j       (3.5.21) 

where the binary diffusion coefficient of water vapour in gas is calculated as (Pollock, 1986): 

2.3

3

atm

V 5.9 10D
T

P

−=          (3.5.22) 

where the atmospheric pressure Patm should be introduced in kPa to obtain DV in m2/s. As Olivella 

and Gens (2000) did when modelling a double porosity soil, the tortuosity to vapour flow  is 

tentatively assumed equal to 1. 

The total mass flow of species “i” (i=Ca2+ and Cl−, species chosen to characterise the salinity 

condition: Na+ is obtained from the electroneutrality; see Appendix B, Section 3.5.8) is computed 

as:  

i i i,M M i,M i,M i,m i,mm C D C D C= + −  − l v q      (3.5.23) 

where the volumetric density of calcium and chloride are defined as: 

i,M M M i,m m

i
1

C Sr e C e
m

e

+
=

+
       (3.5.24) 

where, as in Appendix B (Section 3.5.8), Ci,M and Ci,m are, respectively, the molar concentrations 

of the ions in both structural levels. The formulation by Bourg et al. (2006) is adopted to determine 

the molecular diffusion coefficients Di,k (k=M or m, macro- or microstructure). The values used 

by Cussler (1997) are taken to define the self-diffusion coefficients DOCa and DOCl. 
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Table 3.5.2. Flow and transport parameters. 

Parameter Value  

 1.073  

 (MPa) 0.226  

m 1  

n 0.932  

b 9.91 (a)  

o 0.047 (a)  

ko (m2) 2.34·10−21 (a)  

G 4 (b)  

 0.3 (b)  

DOCa (m2/s) 7.79·10−10 (c)  

DOCl (m2/s) 2.03·10−9 (c)  
a From Navarro et al. (2017b). b From Bourg et al. (2006). c From Cussler (1997). 

 

3.5.10 Appendix D. BBM and BExM formulations applied 

As indicated in the Introduction, dM introduces the deformations induced by the macrostructure 

as a result of stress or suction changes: 

e e p

M Ms Mσ MLCd d d d= + +ε ε ε ε        (3.5.25) 

In the swelling processes analysed it has been assumed that the strains caused by suction changes, 

de
Ms, are fundamentally elastic (hence the superscript "e"). It has also been assumed that they are 

isotropic, calculating their volumetric component, dV,Ms, as: 

M

V,Ms

Ms

ds
d

K
 =          (3.5.26) 

where the macrostructural bulk modulus for changes in suction is computed as: 

( ) M atm

Ms

Ms

1 ( )e s P
K



+ +
=        (3.5.27) 

Ms being the elastic compressibility parameter for changes in suction, see Table 3.5.3. To define 

the elastic strain induced by changes in the stress state, de
M, the following expression is used: 
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e e Mp

Mσ

1 0

 
10

3

dpK
d d

dq
G

 
  =  =    
 

  

ε C σ      (3.5.28) 

where Ce is the macrostructural compliance matrix, KMp is the macrostructural bulk modulus for 

changes in mean stress, and G is the shear modulus. In Eq. (3.5.28) p and q are, respectively, the 

values of the mean stress and the von Mises stress associated with net stress , defined as 

=−PG m, where  is the total stress vector and m is the vector form of the Kronecker 

delta. In the model,  and sM have been adopted as significant stresses of the macrostructure. The 

macrostructural bulk modulus KMp is calculated as: 

( )
Mp

Mp

1 e p
K



+
=         (3.5.29) 

where Mp is the elastic compressibility parameter for changes in mean stress, Table 3.5.3. The 

shear module is obtained through the Poisson's ratio  (Table 3.5.3) as: 

( )

( )
Mp

3 1 2

2 1
G K





−
=

+
        (3.5.30) 

A single plastic mechanism, dp
MLC, is considered, which is mobilised when the ellipsoidal yield 

surface LC (Alonso et al., 1990) is reached (Fs=0 in Fig. 3.5.15): 

( )( )2 2

s S O 0F q M p p p p= − + − =       (3.5.31) 

where the increase in cohesion with suction pS is calculated as: 

S Mp k s=          (3.5.32) 

and the net mean yield stress at the current suction pO is computed as: 

Mp

M Mp

(0)

( )
O

O C

C

* sp
p p

p

 

 

−

− 
=  

 
       (3.5.33) 

The material parameter k, the reference stress pC and the slope of the critical state line M are 

defined in Table 3.5.3. The slope of the virgin compression curve is computed as a function of 

the macrostructural suction as:  

( ) ( )M M( ) (0) 1 exps r r s  = + − −        (3.5.34) 
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where (0), r and  are material parameters (Table 3.5.3). A non-associated model is adopted to 

define the flow rule, in which the yield vector n indicated in Fig. 3.5.15 is used to define dp
MLC 

as: 

p

MLCd d= n         (3.5.35) 

where d is the plastic multiplier given by the consistency equation: 

*

e *s s O

V,Mm1p

M V,M

e Ts s O

p

O V,M

*

*

F F p
d d

s
d

F F p

p








  
  +

  
=

   
 −      

D
σ

D m n
σ



     (3.5.36) 

where “T” indicates the transpose operator, De is the macrostructural elastic matrix, (equal to the 

inverse matrix of Ce), and d* is defined as: 

( )* e

Ms Mm md d d d d= − + +ε ε ε ε ε       (3.5.37) 

As noted, the micro-macro coupling term is defined as dMm=dMm1+dMm2. This second term has 

been obtained from eMm2 according to the formulation given in Section 3.5.4: 

( )Mm2

V,Mm2
1

d e
d

e



= −

+
       (3.5.38) 

where dV,Mm2 is the volumetric component of dMm2. To calculate dMm1, the formulation 

proposed by Sánchez et al. (2005) has been used, calculating its volumetric component dV,Mm1 

from the volumetric component of dm, dV,m, as 

V,Mm1 1 V,m d f d =         (3.5.39) 

As a first approximation, the definition of the interaction function f1 shown in Fig. 3.5.16, adapted 

from Navarro et al. (2014a), has been adopted. In turn, analogous to Eq. (3.5.38), dV,m has been 

calculated as: 

m

V,m
1

de
d

e
 = −

+
        (3.5.40) 

where dem has been obtained from the state surface of Fig. 3.5.3.  

The macrostructural hardening law is defined as (Alonso et al., 1990): 
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( )

( )
O p

O V,M

Mp

1 *
*

0

e p
dp d

 

+
=

−
       (3.5.41) 

Finally, to improve the computational performance of the model, the drift correction proposed by 

De la Morena et al. (2017a), and the smooth elastic-plastic transition of De la Morena et al. 

(2017b) have been introduced. 

Table 3.5.3. Macrostructure mechanical parameters. Data from Navarro et al. (2017b). 

Parameter Value  

k 0.1  

Mp 0.1  

Ms 0.05  

 0.35  

pC (kPa) 10  

(0) 0.15  

r 0.8  

 (kPa-1) 2.0·10-5  

M 1.07  

pO* (kPa) 1800  

 

 

Fig. 3.5.15. Representation of the BBM yield surface in the p-q-sM space. 
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Fig. 3.5.16. (a) Definition of the interaction function f1, adapted from Navarro et al. (2014a). (b) Definition of the 

magnitude pR. 
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4 Results: Hydraulic model 

4.1 Introduction 

In this Section, the papers focus mainly on the development of the Hydraulic model. As seen in 

Section 3, this part of the model is intrinsically linked to the chemo-Mechanical formulation 

developed earlier and its coupling is fundamental when solving boundary value problems in 

bentonites such as the free swelling and swelling pressure tests taken as examples in that Section. 

However, in this Section 4 the hydraulic formulation is explained in detail. As in the previous 

Section, the first paper included (Section 4.2) is a presentation of the bases of the model. This 

model also incorporates the concept of double porosity, thus differentiating the water content 

found within the bentonite aggregates (microstructural water) and that found occupying the space 

between the aggregates (macrostructural water). Furthermore, both types of water have a 

functional difference: microstructural water is that which is adsorbed to the clay aggregates and 

it is assumed that it cannot circulate under hydraulic gradients, while macrostructural water is 

susceptible to flow under such hydraulic gradients.  

To be able to distinguish between both, it is known that when the bentonite is under high suctions, 

the water present inside is mainly occupying the pores of the microstructure. Therefore, 

information from different water retention curves was used. First, the suction limit at which all 

the water content present in the sample can be considered microstructural was determined. In the 

first instance, according to the experimental results of Or and Tuller (1999), Romero et al. (2011) 

and Jacinto et al. (2009), this value was taken as 20 MPa. Assuming that the microstructure is 

completely saturated, there is a direct relationship between the water content and the void ratio of 

the microstructure. Thus, a model that allows the prediction of the microstructural water content 

and void ratio from the data of suctions greater than 20 MPa in water retention curves was 

obtained, which is of great importance for the Mechanical model. As shown in Section 3, a correct 

characterisation of the volumetric deformability of the microstructure is fundamental for the 

modelling of the macrostructural behaviour due to the coupling between the two functional levels.  

The proposed model is divided in two parts. First, for suctions higher than 40 MPa, hydration is 

associated with crystalline swelling. A van Genuchten (1980) model is used to characterise this 

first part of the water retention curve. At 40 MPa, osmotic swelling processes are assumed to 

appear, in addition to the crystalline swelling developed previously. This swelling is modelled by 

a logarithmic law, similar to that used by Dueck and Börgesson (2007). Once the model for the 
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microstructural water content was defined, it was used to estimate the microstructural water 

content for suctions less than 20 MPa by extrapolating that model. When the microstructural water 

is determined, the rest of the total water content is located in the macrostructure. Using again a 

van Genuchten model to characterise the macrostructural water, the proposed double porosity 

model would be completely defined. 

To illustrate the usefulness of this model, a free swelling test with deionised water on an MX-80 

bentonite was simulated, given the relevance of the water flow in a swelling test. The mechanical 

formulation adopted in the simulation of this test corresponds to that developed in Section 3, 

assuming that the salinity of the system is negligible. The correlation of the experimental and 

numerical results is very satisfactory. 

Once this base model was proposed, a series of extensions to the model were provided. First, in 

Section 4.3 a new microstructural model is developed that takes into account the proportion of 

calcium and sodium as exchangeable cations in bentonite, as well as the cation exchange capacity. 

In this way, the model can be used for mostly sodium and/or calcium MX-80 bentonites. The 

model was developed in the same way as in Section 4.2, differentiating between the crystalline 

and osmotic part of the swelling of the microstructure. However, in this case, fits for both sodium-

exchanged and calcium-exchanged MX-80 bentonites were made, normalising the results of the 

water retention tests by the value of the cation exchange capacity of each bentonite. Thus, 

reference curves were obtained for both sodium-exchanged and calcium-exchanged MX-80 

bentonites. To obtain the curve for any natural MX-80 bentonite, a linear interpolation between 

the two models of the Eq. (4.3.7) was proposed, where the prevalence of the proportion of sodium 

over calcium in the behaviour of the bentonite is taken into account. This model was compared 

with data from different natural MX-80 bentonite water retention curves, in which the main 

exchangeable cations were sodium and calcium. These curves were adequately characterised by 

the model, so that the applicability of the original model presented in Section 4.2 is extended. 

In Section 4.4, an extension and improvement of the macrostructural water content model is 

proposed, taking account of the effect of the void ratio on the air-entry pressure. This model, 

besides being adapted for an MX-80 bentonite as done in all papers in the Thesis until now, was 

also applied to FEBEX bentonite and Boom clay. This shows that the model can be adapted to 

different types of bentonites, which is reinforced in Section 6.6. To perform this extension of the 

model, water retention curves were considered for constant volume conditions, under free 

swelling conditions and constant vertical load with control of the strain experienced by the 

bentonite during hydration. As in the previous cases, the microstructural water content model 

must first be determined. For this purpose, since two new bentonites were studied, the suction at 
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which the water content can be assumed to be microstructural was estimated from the 

experimental data of retention curves. This suction coincides with that in which all retention 

curves, regardless of their initial dry density and confined state, converge into a single curve. 

Thus, it was determined that for MX-80 bentonite the limit suction is 20 MPa, for FEBEX 

bentonite it is 10 MPa and for Boom clay it is 2 MPa. The microstructural model was then fitted 

in a similar way as in Sections 4.2 and 4.3, thus obtaining the macrostructural water content for 

each retention curve studied. With these experimental data, a model was proposed based on that 

presented by Gallipoli et al. (2003, 2015) and Gallipoli (2012), in which air-entry pressure 

changes as a function of the macrostructural void ratio. The models thus obtained were compared 

with models considering a single porosity system. The results show that the consideration of the 

double porosity of the bentonites improves the quality of the fit, even in the prediction of 

independent retention curves to those used in the model calibration.  

With all this, a versatile Hydraulic model was achieved, capable of reproducing the behaviour of 

double porosity bentonites, including the effect of exchangeable cations on the microstructure and 

the effect of the void ratio on the macrostructural retention curve. In addition, its adaptability to 

other types of bentonites different from the MX-80 is highlighted. 
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4.2.1 Abstract 

The current research proposes a method for obtaining the intra-aggregate (microstructural) and 

inter-aggregate (macrostructural) water content of MX-80 bentonite using data from water 

retention curves. Data associated with high suction were used to define the microstructural water 

content model. By extrapolating this model to low suction, microstructural and macrostructural 

water contents were separated to obtain a macrostructural water content model. Micro- and 

macrostructural water content models have been used to simulate an isotropic swelling test, thus 

illustrating the advisability of using a double and differentiated macro/micro description of the 

water content to characterise the hydro-mechanical behaviour of MX-80 bentonite. 

 

Keywords: Bentonite; Double porosity; Water content; Disaggregate model; Microstructure 
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4.2.2 Introduction 

According to experimental observations by various authors who have studied the fabric of 

compacted expansive clays, the pore-size distribution function of these materials generally 

displays a distinct bimodal character (see Delage et al., 1996, 2006; Lloret et al., 2003; Romero 

et al., 1999, 2011 and references therein). As established by Alonso et al. (1999); Gens and Alonso 

(1992); Guimarães et al. (2013); Musso et al. (2013) and Sánchez et al. (2005), among others, it 

is advisable to use double porosity models when simulating the thermo-hydro-chemo-mechanical 

behaviour of these materials. In these works, two structural levels are considered: the 

macrostructural level, which is composed of global arrangements of clay aggregates with pores 

between them (Sánchez et al., 2005), and the microstructural level, which corresponds to the intra-

aggregate porosity. Gerke and van Genuchten (1993a, 1993b) proposed a similar model to analyse 

the flow of water and solutes in a structured soil. 

In principle, the water located within the pores between aggregates (macrostructural water) might 

have a chemical potential that differs from that of the water stored inside the aggregates 

(microstructural water). In such a case, a diffusion-type process of mass exchange (Guimarães et 

al., 2013) will occur that might not be instantaneous and could play an important role in the time-

dependent deformation of soils (see Alonso et al., 1991; Gens et al., 2011; Ghafouri and Lewis, 

1996; Wilson and Aifantis, 1982). These transient processes also occur when water retention 

curves (WRCs) are characterised (Dueck, 2008). However, the water content is usually measured 

after the transient processes are finished and equilibrium in suction is reached (Delage, 2002). 

Still, even under equilibrium conditions, it is advisable to differentiate between the 

microstructural and macrostructural water content when simulating bentonite behaviour (Alonso 

et al., 2011; Gens et al., 2011). In this way, it is possible to determine the macrostructural void 

ratio and degree of saturation. The macrostructural void ratio constrains the macrostructural 

intrinsic permeability, and the macrostructural degree of saturation is required to obtain the 

macrostructural relative permeability. Relative and intrinsic permeabilities define the 

macrostructural advective flow, which is instrumental for correctly formulating the water mass 

balance. Thus, it is worthwhile to define differentiated hydraulic models of the microstructural 

and macrostructural water content. 

The following sections discuss a procedure to obtain these models from WRCs. First, 

experimental data obtained for high suction values (greater than 20 MPa) are used to model the 

microstructural water content and void ratio. Second, this microstructural model is extrapolated 

for suctions of less than 20 MPa to differentiate the microstructural and macrostructural water 
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content. The results obtained in this manner are used to define the macrostructural water content 

model. Finally, the parameters deduced from the application of the model to the WRCs results 

were used to simulate an isotropic swelling test illustrating the scope and limitations of the 

proposed models. 

 

4.2.3 Materials, methods and experimental data 

The WRCs of different batches of MX-80 bentonite were analysed in this work. First, a Volclay 

MX-80 material whose physical properties correspond to those obtained by Kumpulainen and 

Kiviranta (2010) (see Table 4.2.1) was tested in B+Tech's laboratory. The isothermal (25 °C) 

paths in compacted samples under constant volume shown in Table 4.2.2 were used to determine 

the WRCs in an adapted oedometric cell. The vapour equilibrium technique was used to control 

suction during the tests. In this technique, control of the relative humidity (RH) of the air 

surrounding the specimen allows imposition of a total suction (s) because both magnitudes are 

related by the equation (Edlefsen and Anderson, 1943): 

w

w

  
Ln( )

R T
s RH

M


=         (4.2.1) 

where R is the universal gas constant, T is the absolute temperature, w is the water density and 

Mw is the molar mass of water. Relative humidity is usually applied by varying the salinity of an 

aqueous solution (see, among others, Delage et al., 2008; Dueck, 2004; Pintado et al., 2009; 

Yahia-Aïssa, 1999).With this procedure, it is possible to obtain suction values of up to 1000 MPa 

(Pintado et al., 2009). 

Samples of 35 mm in diameter and approximately 16 mm high with different initial dry densities 

(from some 1400 kg/m3 to almost 1700 kg/m3) and water content values (between 4.6% and 6.2% 

hygroscopic water content under laboratory conditions) were tested (see Table 4.2.2). The total 

suction sf was imposed in only one step by pumping relative-humidity-controlled air through an 

upper porous stone. The bottom porous stone was a no-flow boundary. The sample was assumed 

to reach a total suction that was close to the imposed suction when the swelling pressure reading 

(measured with a load cell installed on top of the sample) became stable. Moreover, the steady-

state conditions were verified by measuring the RH at the top and bottom of the sample using a 

capacitive hygrometer. A special piston and bottom plate were used to secure the hygrometer 

probes. After equilibrium was reached, the samples were extracted from the cell and the water 

content wf (Table 4.2.2) was determined using the ASTM standard test method D2216-10 (ASTM, 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
108 

 

2010). The values of sf were measured using a chilled-mirror dew point psychrometer (Gee et al., 

1992; Leong et al., 2003). The obtained results are presented in Fig. 4.2.1. 

Table 4.2.1. Main properties of the MX-80 bentonite batches studied in this work. Data from Kumpulainen and 

Kiviranta (2010). 

 Volclay MX-80 Wym 

Smectite 76.3 81.4 

Illite 1.8 0.8 

Calcite 0.7 0.2 

Cristobalite 0.6 0.2 

Gypsum 1.2 0.9 

Hematite 0.4 0.4 

Plagioclase 2.3 3.5 

Pyrite 0.8 0.6 

Quartz 4.8 3.0 

CEC (eq/kg) 0.89 0.86 

Na+/K+/Ca2+/Mg2+ (eq/kg) 0.60/0.02/0.19/0.07 0.74/0.02/0.18/0.07 

Grain density (g/cm3) 2.78 2.78 
 

Table 4.2.2. Tests conducted by B+Tech (Pintado et al., 2013b). Symbols wo and so define, respectively, the initial 

values of water content and total suction, d is the dry density, and wf is the water content at equilibrium with the final 

total suction sf. 

Test ID wo (%) so (MPa) d (kg/m3) wf (%) sf (MPa) 

091218a 6.2 204.1 

1576 3.0 288.1 

1682 3.3 287.9 

1522 10.6 89.4 

1530 16.0 54.2 

1529 15.0 60.9 

1544 24.9 13.3 

100111b 4.6 263.0 

1622 3.1 267.5 

1587 3.6 254.7 

1543 9.5 95.9 

1510 12.7 71.1 

1539 13.3 68.6 

1472 16.9 44.9 

100208a 5.1 204.8 

1655 4.2 270.2 

1661 6.7 177.0 

1461 9.6 101.8 

1446 15.7 56.9 

1559 11.2 79.1 

1576 20.8 25.5 

100222a 5.5 231.9 

1589 8.6 99.7 

1638 11.1 80.4 

1578 13.2 71.7 

1539 15.1 56.6 

1580 18.0 40.4 

1603 19.6 28.1 
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In addition, the results from Dueck and Nilsson (2010) plotted in Fig. 4.2.2 were also analysed. 

The properties of the material used (“Wym”) are listed in Table 4.2.1 (values adopted from 

Karnland et al., 2006). These tests were conducted at 20 °C under free swelling conditions. In all 

cases, the vapour equilibrium technique was used to impose the total suction. Fig. 4.2.2 also 

includes results from Wadsö et al. (2004) and Kahr et al. (1990) that were obtained in tests similar 

to those conducted by Dueck and Nilsson (2010). The total suction (s) values shown in Fig. 4.2.2 

were obtained using Eq. (4.2.1). 

 

Fig. 4.2.1. Results obtained by B+Tech by applying the wetting paths described in Table 4.2.2 to the MX-80 

characterised in Table 4.2.1. 

 

Fig. 4.2.2. Results obtained by Dueck and Nilsson (2010) (SB_0_20 and 1_0_20 tests), Wadsö et al. (2004) and Kahr 

et al. (1990). 
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Finally, with respect to experimental work, an isotropic swelling test was performed in the 

laboratory at the University of Castilla-La Mancha. A cylindrical sample of the same MX-80 

bentonite employed in the tests in Fig. 4.2.1 was uniaxially compacted. The sample that had a 

diameter of 50 mm and an initial height of 25 mm. It had an initial bulk density of 2.03 g/cm3 and 

an initial water content of 20%. Using these values, and assuming the grain density of Table 4.2.1, 

the initial dry density d, total void ratio e (total volume of voids per volume of mineral) and 

degree of saturation Sr were computed, as indicated in Table 4.2.3. 

Table 4.2.3. Initial conditions of the MX-80 sample used in the isotropic swelling test. 

w (%) 20 

n (g/cm3) 2.03 

d (g/cm3) 1.692 

e 0.646 

Sr 0.868 

 

The test run for 65 days under isothermal conditions (22 °C). The sample was subjected to a 

constant cell pressure of 1.1 MPa in a triaxial apparatus with no contact between the top of the 

sample and the cell piston. Therefore, the test was performed under spherical stress conditions. A 

porous stone in contact with atmospheric conditions was placed on top of the sample. Free 

hydration with de-ionised water at atmospheric pressure was allowed at the bottom of the sample. 

 

Fig. 4.2.3. Vertical swelling results of the isotropic swelling test carried out at the University of Castilla-La Mancha. 
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water injection pressure. No local strain transducers were used. The volume change data from the 

volume gauge in the cell controller were used to compute the volumetric strain V. The cell 

deformation and the lab temperature variation were taken into consideration to identify the 

volumetric strain trend of the soil. To this end, a detrending approach usually used when non-

stationary time series are analysed was applied to filter V from the raw data (Salas et al., 1980). 

Although uniaxially compacted samples tend to swell more in the axial direction, as the sample 

was held under isotropic conditions, the axial strain Z was assumed to be V/3. The vertical 

swelling values plotted in Fig. 4.2.3 were derived using this procedure. 

 

4.2.4 Model development 

To separate the microstructural water content values from the total water content values shown in 

Figs. 4.2.1 and 4.2.2, the total soil water content was assumed as the sum of the water that partially 

fills the inter-aggregate voids (“macrostructural” water) and the water stored inside the intra-

aggregate porosity (“microstructural” water) (see Alonso et al., 2011; Casini et al., 2012; and 

Della Vecchia et al., 2013; among others). According to Or and Tuller (1999) and Tuller and Or 

(2005), it was accepted that capillary contributions from the water held in the macropores 

dominated in the wetter range of the WRC. In addition, the adsorptive contributions were 

considered dominant in the dryer range of the curve, with the soil water content primarily 

occurring in the micropores. The results obtained by Or and Tuller (1999) indicate that the 

capillary contributions become negligible for a wide range of soil textures for suction values 

greater than 10 MPa. Romero et al. (2011) identified the suction corresponding to empty 

macropores and fully saturated micropores as 25 MPa for FEBEX bentonite (for a complete 

description of this material, see ENRESA, 2000). Jacinto et al. (2009) found that, for MX-80 

bentonite, the dry density influences the water retention capacity for suction less than 

approximately 30 MPa, which would be the lower limit for a region dominated by adsorptive 

storage mechanisms (Romero et al., 2011). In the current work, it has been assumed that the water 

content values from Figs. 4.2.1 and 4.2.2 are fundamentally associated with intra-aggregate water 

for suction values higher than 20 MPa. 

Starting from a notably dry condition, the initial stages of hydration are associated with crystalline 

swelling. Several authors have contributed valuable descriptions of this process (Barshad, 1955; 

Kahr et al., 1990; Laird, 1996; Pusch, 1983; and Salles et al., 2009), which is characterised in Fig. 

4.2.4, adapted from Cases et al. (1992). Two possible functional structures were considered for 
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the description of this behaviour. First, the application of the potential law proposed by Tuller and 

Or (2005) was analysed: 

3
mC Wm

m

 
6

A
w S

s



=        (4.2.2) 

where wmC is the crystalline microstructural water content in percentage, A is the modulus of the 

Hamaker constant (6·10−20 J; Tuller and Or, 2005), sm is the microstructural suction, S is the clay 

specific surface area (in units of m2/kg) and the microstructural water density Wm is expressed in 

kg/m3. Several works have shown that the density of adsorbed water is greater than that of free 

water W (see, e.g., the review in Hueckel, 1992). More recently, Jacinto et al. (2012) analysed 

the influence of water density on the water retention properties of expansive clays. According to 

their work, the density of adsorbed water in MX-80 bentonite at a suction of 100 MPa is close to 

1.17 g/cm3. However, if instead of that density, the density of free water (W=1 g/cm3) is taken in 

the calculations, the volume of microstructural water could then be overestimated by 17%. For 

this reason, it is advisable to study the sensitivity of the models to the value of Wm. The evolution 

of water density with suction proposed by Jacinto et al. (2012) can be used for this purpose. In 

such an exercise, it was verified that the error derived from assuming Wm equals W does not 

substantially affect the outcome of the calculations in the current work, and differences of less 

than 15% were obtained. Therefore, the free and adsorbed water densities were assumed to be 

equal for modelling purposes (as in Tournassat and Appelo, 2011). 

 

Fig. 4.2.4. Retention curve (wetting path) of a Wyoming bentonite, adapted from Cases et al. (1992). 
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De-ionised water was used to prepare the samples of the tests in Figs. 4.2.1 and 4.2.2 (Dueck and 

Nilsson, 2010; Pintado et al., 2013b), and the samples were subsequently hydrated by adding pure 

water from vapour condensation. This fact does not imply that osmotic suction can be disregarded. 

The original osmotic suction given by the chemical composition of the material independently of 

the salinity of the water added does not necessarily have to be zero. Although this original value 

can be reduced when de-ionised water is added, in many of the analysed cases the samples did 

not reach a high degree of saturation, and no significant dilution took part. Therefore, the original 

osmotic suction remained almost constant. However, in bentonite clays the structural component 

(in the sense of Low, 1987) of suction is so high that the osmotic component can be neglected. 

Hence, the microstructural suction (given in Pa units in Eq. (4.2.2)) at equilibrium with the 

macrostructural water can be calculated as (Navarro et al., 2013): 

Mm sps +=          (4.2.3) 

where sM is the macrostructural matric suction (sM = PG−PL, where PG is the gas pressure and PL 

is the pressure of macrostructural liquid) and p is the net mean stress (p=pTOT−PG, where pTOT is 

the mean stress).  

In addition to the potential law of Tuller and Or (2005), the application of a van Genuchten (1980) 

type curve (VG) was also considered to model wmC. This curve was proposed by Durner (1994) 

to describe the retention characteristics of soils with heterogeneous pore systems and was adopted 

by Gerke and van Genuchten (1993a) for dual-porosity soils and Della Vecchia et al. (2015) for 

compacted clays. Similarly, a VG model was employed to describe the microstructural degree of 

saturation in an analysis of clay soils by Alonso et al. (2011) and in a study of compacted silts by 

Casini et al. (2012). 

Cases et al. (1992) indicated that crystalline swelling is practically complete when the suction 

reaches approximately 44 MPa (RH of 72% at 20 °C). For lower suctions, the hydration dynamics 

change, and the processes known as “osmotic swelling” (or “double layer swelling”; Laird, 1996) 

become more relevant. To model the increase in microstructural water caused by this new wetting 

trend, the logarithmic law “ΔwmO”, which is similar to that used by Dueck and Börgesson (2007), 

was adopted: 

m ATM

mO

mO ATM

 Ln
s P

w B
s P

 +
 = −  

+ 
      (4.2.4) 
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where B is a material parameter and smO is the microstructural suction at which osmotic swelling 

begins to play a significant role (a value of 40 MPa has been assumed). Thus, the microstructural 

water content was calculated as follows: 

mOmCm www +=         (4.2.5) 

If one assumes that the increase in microstructural void space from the dry state is equal to the 

increase in microstructural water, then the following relationship holds: 

m S m e G w=          (4.2.6) 

where GS =S/W is the specific gravity of the soil particles, S is the density of mineral particles 

(see Table 4.2.1) and em is the microstructural void ratio (volume of voids in the microstructure 

per volume of clay mineral). Therefore, the definition of the microstructural water content directly 

implies the definition of a model of microstructural porosity and vice versa. Eq. (4.2.5) can be 

written as follows in terms of the microstructural void ratio: 

mOmCm eee +=         (4.2.7) 

The VG model and Eqs. (4.2.2) and (4.2.4) can also be written using em. In particular, if the latter 

equation is written as a function of em, the following equation is obtained for sm less than 40 MPa:  

m ATM

mO m

mO ATM

 Ln
s P

e
s P


 +

 = −  
+ 

      (4.2.8) 

This expression, where m is a microstructural stiffness parameter, was utilised by Alonso and 

Navarro (2005); Alonso et al. (2011); Gens et al. (2011) and Sánchez et al. (2005) to define the 

volumetric behaviour of the microstructure. 

Once the model for the microstructural water content was defined, it was used to estimate wm for 

suctions less than 20 MPa. The obtained values allowed to derive the macrostructural water 

content (wM) by subtracting the estimated wm values from the experimental water content (w) 

values: wM=w−wm (see Della Vecchia et al., 2013, for example). The wM values obtained in this 

manner were used to define a model of the macrostructural retention law. A VG model was also 

applied, and s was used as a state variable.  

A double porosity model (Alonso et al., 1999; Gens and Alonso, 1992; Guimarães et al., 2013; 

Sánchez et al., 2005) was adopted to simulate the swelling test in Fig. 4.2.3. In the simulation, 

equilibrium between macrostructural and microstructural water was not assumed: the water 
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potentials in the two structural levels might be different, which leads to an exchange of water 

between them (Gens et al., 2011). Therefore, a mass exchange term cm between the two levels 

was included when analysing the mass balance of both micro- and macrostructural water. Hence, 

the macrostructural water mass balance was formulated as (Navarro et al., 2008): 

( )M

M M m 0
m

m c
t


+   + =


q        (4.2.9) 

where mM=(W SrM eM)/(1+e) is the mass of macrostructural water per unit volume, SrM is the 

macrostructural degree of saturation, eM is the macrostructural void ratio, qM is the 

macrostructural water seepage, ∂/∂t is the time derivative and ∇· is the divergence operator. 

Although other authors have proposed first-order water transfer models (Gerke and van 

Genuchten, 1993a, 1993b; Musso et al., 2013), a non-linear formulation was adopted to define cm 

(Navarro et al., 2013): 

( )( )m M

m M

W m

  

C

c p s
H s p s

s

 +
= − + 

 
     (4.2.10) 

where the parameter H defines the transfer coefficient at the end of the mass exchange process 

(when sm=sM+p) and parameter C describes the mass transfer change as sm approaches sM. 

Consistent with the results obtained by Navarro et al. (2013) after analysing an MX-80 bentonite 

test by Montes-H et al. (2003b), the values H=1.5·10−8 (kPa·s)−1 and C=0.4 were assumed. 

The macrostructural water seepage qM vector was calculated as follows: 

( )
rM iM

M L W

W

 
    

k k
P g z


= −  + q       (4.2.11) 

where krM is the relative permeability, kiM is the isotropic intrinsic permeability, W is the dynamic 

viscosity of water, g is the gravity constant and z is the vertical coordinate. The Brooks and Corey 

(1964) and Burdine (1953) formulation with an exponent value equal to 3 (Börgesson and 

Hernelind, 1999; Gens et al., 2011) was used to model the relative permeability as a function of 

the macrostructural degree of saturation: 

( )3

MMr Srk =         (4.2.12) 

An intrinsic permeability expressed as a function of the macrostructural porosity M=eM/(1+e) 

was adopted (Gens et al., 2011): 
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( )( )iM MO M MO expk k b  = −       (4.2.13) 

where b is a material parameter and MO is a reference macrostructural porosity for which the 

intrinsic permeability is kMO. Using the data from Karnland et al. (2006), the parameters 

kMO=9.94·10−21 m2, b=9.18 and MO=0.053 were identified.  

The microstructural water mass balance equation was formulated as follows: 

0
t

m
m =−




c

m
         (4.2.14) 

where mm=(W em)/(1+e) is the mass of microstructural water per unit volume. Similar to the 

immobile water of van Genutchen and Wierenga (1976), the microstructural water was considered 

linked to the soil skeleton. 

The above formulation was implemented in the multiphysics partial differential equations solver 

COMSOL Multiphysics (COMSOL AB, 2011) to simulate the isotropic swelling test. The 

numerical strategies described by Navarro et al. (2014a) were applied. The solution of Eqs. (4.2.9) 

and (4.2.14) allows calculation of the state variables PL and em. 

 

4.2.5 Determination of model parameters from WRCS results 

To analyse the validity of Eq. (4.2.2), the product wm  sm
1/3 is represented in Fig. 4.2.5a, as obtained 

with data from the tests of Fig. 4.2.2. Only data from suctions greater than 40 MPa (w = wm
 = wmC) 

were used. As shown, the relationship is not constant. According to Eq. (4.2.2) and as highlighted 

by Cases et al. (1992) and Salles et al. (2009), among others, this result appears to indicate that 

the clay specific surface area is not constant throughout the hydration process. Therefore, the data 

for sm and wm that were used in Fig. 4.2.5a are compared in Fig. 4.2.5b with the model of wm that 

results from introducing into Eq. (4.2.2) the variation of S obtained by Salles et al. (2009) in their 

hydration analysis of a Na-montmorillonite (see Fig. 4.2.5c). The fit is not satisfactory. 

Indeed, there is no reason to expect that the variation of S from the analysis of Na-montmorillonite 

in Salles et al. (2009) should exactly reproduce the variations of specific surface area in the MX-

80 bentonite studied in this work. If all of the values of wm and sm from the tests of Fig. 4.2.2 are 

used, the value of S linked to each wm-sm point can be found through Eq. (4.2.2), obtaining the 

results in Fig. 4.2.5c. The identified law is different from that obtained by Salles et al. (2009). For 
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suction values less than 40 MPa, the specific surface area begins to show a greater dispersion, 

which appears to confirm that a change in the hydration trend is produced near this value. 

   

Fig. 4.2.5. (a) Relation between the ratio wm·(sm
1/3) and wm obtained from the data associated with suctions larger than 

40 MPa. (b) Comparison between the experimental values of wm and values of wmC (obtained by using Eq. (4.2.2) and 

the variation of S presented by Salles et al., 2009). (c) Comparison between the experimental values of S obtained from 

Eq. (4.2.2) and the variation of S by Salles et al. (2009). Data from Fig. 4.2.2 are used. 

If reliable information on the evolution of S is not available beforehand, then application of Eq. 

(4.2.2) to obtain wmC is not a simple task. Therefore, use of the VG model was considered because 

its sigmoidal shape can approximate the characteristic curve shown in Fig. 4.2.4. According to 

Eq. (4.2.6), the VG model was formulated in terms of the microstructural void ratio as follows: 

( )( )
m

m

mCMAX

mC

m m1  
l

n

e
e

s

=

+

       (4.2.15) 

where emCMAX is the microstructural void ratio associated with the crystalline swelling at 

saturation, and m and lm are fitting parameters. The relationship nm=1/(1−lm) (van Genuchten, 

1980) was assumed to be valid. Using experimental values from Fig. 4.2.2 associated with 

suctions greater than 40 MPa, values of em (identified with emC) were derived with Eq. (4.2.6), 

and a least-squares method was applied to obtain the parameters of Eq. (4.2.15) included in Table 

4.2.4. Using these parameters, the fitting represented in Fig. 4.2.6 was obtained, which 

satisfactorily reproduces the aimed suction range (sm>40 MPa). 

As illustrated in Fig. 4.2.7, the same is not true when tests 3_10_20 and 5_64_10, also performed 

by Dueck and Nilsson (2010) under free swelling conditions using the vapour equilibrium 

technique, are modelled (“emC” curve). These tests are different from the 1_0_20 test because their 

initial bentonite water content was greater than zero (10% in 3_10_20 and 64% in 5_64_10). An 

offset occurs between the model and the experimental values as if an “additional” microstructural 
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void ratio (or microstructural water content) were present, which is not accounted for in Eq. 

(4.2.15). Thus, as observed in Fig. 4.2.4, a residual water content of 1.8% is identified for the Na-

montmorillonite analysed by Cases et al. (1992) under dry conditions. According to Eq. (4.2.6), 

this result implies a microstructural void ratio emR of 0.048. If this value is introduced into the law 

for emC as follows: 

( )( )
m

m

mCMAX

mC mR

m m1  
l

n

e
e e

s

= +

+

      (4.2.16) 

the fit to the experimental data improves (Fig. 4.2.7, “emC+emR(=0.048)” curve). This 

improvement is even more noticeable if an identification problem is solved for the value of emR 

that provides a better fitting to the experimental data (Fig. 4.2.7, “emC+emR_opt” curve). An 

“optimal” value for emR of 0.093 was obtained (Table 4.2.4). Again, only experimental data from 

Fig. 4.2.2 associated with suctions greater than 40 MPa were used to solve the identification 

problem. 

 

Fig. 4.2.6. Fit of emC values obtained with Eq. (4.2.15) to the experimental data from Fig. 4.2.2. 

Taking emR=0, the em data from the tests in Fig. 4.2.2 were used once again to identify the optimal 

value of the microstructural stiffness parameter m. However, in this case, experimental values 

corresponding to the range between 20 MPa and 40 MPa were used, and the satisfactory fit shown 

in Fig. 4.2.8 was obtained for m=0.04 (Table 4.2.4). However, the quality of this fit has a limited 

scope because it is a consequence of the solution to several parameter identification problems. 
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Fig. 4.2.7. Fit of the sm-em values obtained with Eq. (4.2.16) to the experimental data from Fig. 4.2.2. 

 

Fig. 4.2.8. Fit of the sm-em values obtained with Eqs. (4.2.7), (4.2.8) and (4.2.15) to the experimental data from Fig. 

4.2.2. 

 

Table 4.2.4. Parameters identified to characterise the microstructural void ratio using the data of Fig. 4.2.2. 
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emCMAX 0.480 

αm (MPa-1) 0.016 
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Conversely, the fit presented in Fig. 4.2.9 is more remarkable. In this figure, the model of em 

obtained from the parameters presented in Table 4.2.4 is compared with the experimental results 

of Fig. 4.2.1. Because the parameters are based on the data of Fig. 4.2.2, they are independent of 

the experimental results of Fig. 4.2.1. For this reason, the obtained fit is especially valuable and 

supports the microstructural model defined by the parameters of Table 4.2.4 and Eqs. (4.2.7), 

(4.2.8) and (4.2.16). Acceptance of this model for both the free swelling tests in Fig. 4.2.2 and the 

constant volume tests in Fig. 4.2.1 implies assumption of a one-to-one relationship between sm 

and em independent of the applied macroscopic strain constraints, as certain authors have observed 

(see, among others, Jacinto et al., 2012; Romero et al., 2011; Villar, 2007). 

 

Fig. 4.2.9. Model (Eqs. (4.2.7,) (4.2.8) and (4.2.16) and Table 4.2.4) and experimental sm-em values from the tests of 

Fig. 4.2.1. 

When sm approaches zero, the modelled em moves gradually towards the value of 0.8 (Fig. 4.2.9). 

This value is slightly lower than 0.9, the value identified by Pusch et al. (1990) and Bourg et al. 

(2006) for Na-bentonites and also by Romero et al. (2011) for an MX-80 bentonite. Nevertheless, 

this value is within the range that would result from assuming that the adsorbed water has an 

equivalent thickness of two or three water monolayers (see, among others, Sposito and Prost, 

1982, and Cases et al., 1992) in a situation of destructuration of bentonite aggregates into nearly 

individual sheets (Neretnieks et al., 2009). In this case, em can be estimated with the ratio t/tS. If 

the sheet thickness tS is given a value of 1 nm, and the thickness of each water layer t is taken as 

0.3 nm, the obtained microstructural void ratio values are between 0.6 and 0.9. For this reason, it 

was admitted as a working hypothesis that the extrapolation of the model of em defined by Eqs. 

(4.2.7), (4.2.8) and (4.2.16) and the parameters in Table 4.2.4 is valid for estimation of em for 

suctions less than 20 MPa. 
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After estimating em, wm was computed, and the macrostructural water content wM was derived by 

subtracting wm from the total water content experimental values. In addition, using the values of 

the final dry density d shown in Table 4.2.2, the values of the total void ratio e were obtained, 

and using the estimated value of em, the value of the macrostructural void ratio eM (volume of 

voids in the macrostructure per volume of mineral, e=eM+em) was deducted. In this manner, the 

wetting experimental values of the macrostructural degree of saturation SrM presented in Fig. 

4.2.10 (“SrM test data”) were calculated. The same figure shows the values of the “total” degree 

of saturation Sr, which were obtained from wand d by assigning a unique characteristic curve to 

the soil without differentiating between the macrostructural and microstructural water. As 

expected, if there is no distinction between wM and wm, the Sr values are greater than SrM. The 

experimental results of Villar (2007) on the main wetting path are also included in Fig. 4.2.10 for 

comparison purposes. 

 

Fig. 4.2.10. Test and model values of Sr and SrM from the tests shown in Fig. 4.2.1 (the dry densities shown in Table 

4.2.2 were used). Data from Villar (2007) are also included. 

A VG model was fitted for both SrM and Sr, according to the following laws: 

M

M

1

1

M

M

1

l

ls
Sr

P

−

−
 

  = +   
  

 

       (4.2.17) 

1

1

1

l

ls
Sr

P

−

−
 

  = +    
 

        (4.2.18) 

0

10

20

30

40

50

60

70

80

90

100

1 10 100

S
r

an
d

 S
r M

Suction (MPa)

Sr data

Sr fit

SrM test

SrM fit

Villar, 2007



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
122 

 

where PM is the macrostructural air-entry pressure value. Parameters PM, lM, P and l were 

identified using a least-squares fitting procedure and the values indicated in Table 4.2.5 were 

obtained. The relationships nM=1/(1−lM) and n=1/(1−l) (van Genuchten, 1980) were assumed. The 

air-entry pressure values associated with SrM were found to be approximately 9 MPa, a value 

considerably closer to those indicated for the macrostructure by other researchers, e.g., 0.5 MPa 

by Villar (2002) and 4.15 MPa by Alonso et al. (2011), than the values of 24-26 MPa identified 

for the parameter P of Sr (Table 4.2.5). 

Table 4.2.5. Parameters identified to characterise SrM and Sr. 

PM (MPa) 8.70 

lM 0.73 

P (MPa) 26.58 

l 0.43 

 

 

4.2.6 Application of the model to a swelling test 

Given the relevance of the water flow in a swelling test, the analysis of a test of this type is a good 

method for illustrating the sensitivity of a water flow model to the use of differentiated definitions 

of water content. Nonetheless, the results of such an exercise depend not only on the adopted flux 

model but also on the stress-strain relationship applied. This influence is reduced by analysing an 

isotropic swelling test under constant mean stress, as that described in Section 4.2.3 (Fig. 4.2.3). 

In this case, after adopting the model for em defined by Eqs. (4.2.7), (4.2.8) and (4.2.16) and the 

parameters shown in Table 4.2.4, the deformation behaviour of the MX-80 in this type of isotropic 

test is determined by the model selected to define eM. In this work, the same formulation as in the 

Barcelona Basic Model (Alonso et al., 1990), which is widely accepted for the simulation of the 

mechanical behaviour of bentonites (see, for instance, Gens et al., 2011; Guimarães et al., 2013; 

Lloret et al., 2003; Navarro et al., 2014b; Sánchez et al., 2005), was used for modelling. The 

mechanical parameters of Table 4.2.6 were applied. With the exception of the initial net mean 

yield stress pO
*, these parameters were obtained by fitting independent oedometric swelling tests 

performed by Sane et al. (2013) using the same MX-80 bentonite as that of the tests in Fig. 4.2.1. 

The value of pO
*, 1800 kPa, was estimated from the pressure applied during the uniaxial 

compaction of the sample, 8059 kPa, using the proposal of Alonso et al. (2011). 
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Table 4.2.6. Parameters of the Barcelona Basic Model for the MX-80 analysed in this work. 

Parameter Value 

K 0.1 

io 0.1 

i (1/kPa) 0 

So 0.05 

Sp 0 

SS (1/kPa) 0 

pREF (kPa) 10 

 0.35 

pC (kPa) 10 

(0) 0.15 

r 0.8 

 (1/kPa) 2.0·10-5 

pO
* (kPa) 1800 

M 1.07 

 

In the numerical simulations, the gas pressure was assumed constant and equal to the atmospheric 

pressure (0.1 MPa) throughout the sample. As done for the microstructural suction (see Section 

3.2.4), the osmotic component of the macrostructural suction was not taken into account, and s=sM 

was assumed. See Sedighi and Thomas (2014) and references therein, for examples in which 

osmotic suction is taken into account. The lateral and upper surfaces were supposed to be 

impervious to water, and the liquid pressure at the base surface was taken as equal to atmospheric 

pressure. With respect to the mechanical boundary conditions, a roller was applied to the sample 

base surface, and a normal pressure of 1.1 MPa was applied to the remaining boundaries, 

assuming isotropic strains. 

Three different approaches were implemented in the partial differential equations solver defined 

in Section 4.2.4 to analyse the sensitivity of the flow model to the proposed water content models. 

In the first approach, which was adopted as a reference (“REF”), sM was obtained with PL, and 

SrM was calculated using Eq. (4.2.17) and the parameters of Table 4.2.5. Moreover, Eqs. (4.2.7), 

(4.2.8) and (4.2.16) and the parameters of Table 4.2.4 allowed determination of sm from em. In 

this analysis, the descriptions of the macrostructural and microstructural water content were 

considered separately, thus constituting a differentiated analysis. The modelled vertical swelling 

values in Fig. 4.2.11 and SrM values in Fig. 4.2.12a were obtained. Even if available experimental 

water content values were desirable for a better validation of the model, the fit of the vertical 

swelling values illustrated in Fig. 4.2.11 provides confidence for the first approach implemented 

(“REF”) as well as for the decision of adopting it as a reference. In addition, this satisfactory fit 

seems to confirm the validity of assuming an isotropic swelling behaviour (last paragraph of 
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Section 4.2.4). Montes-H et al., 2006, describe a 21 MPa compaction pressure as “moderate”, and 

thus it seems reasonable to use the same adjective to describe the 8059 kPa applied in this case, 

especially if compared to the compaction pressures of 50-100 MPa applied to MX-80 bentonites 

in other cases (see, among others, Börgesson and Hernelind, 2014; Johannesson, 2014; 

Johannesson and Börgesson, 1998). The compaction pressure applied was probably moderate 

enough to limit the anisotropy of the sample, not being large enough to invalidate the isotropic 

swelling hypothesis. Nevertheless, this hypothesis might not be valid for cases with a higher 

compaction pressure. 

 

Fig. 4.2.11. Experimental (Fig. 4.2.3) and model vertical swelling results associated with different calculation 

approaches. Results from the approaches REF and AP2 overlap. 

The “AP1” approach used the same mechanical model of the microstructure as that used in REF 

(Eqs. (4.2.7), (4.2.8) and (4.2.16) together with the parameters of Table 4.2.4). However, instead 

of using Eq. (4.2.17) to compute SrM, its value was calculated from sM using Eq. (4.2.18) 

(“mistakenly” identifying SrM with Sr). Such calculations are performed when the contribution of 

the microstructural water content is ignored in the experimental determination of the soil 

characteristic curve. As a result, it is implicitly assumed that the entire soil water content derives 

from macrostructural water. Using this retention curve, the macrostructural water content is 

overestimated. To reduce this effect such that the water mass can be balanced, suction values 

greater than the real values are introduced in the calculations. Hence, using Eq. (4.2.17) in REF, 

a macrostructural initial suction of 25499 kPa was estimated for the initial conditions shown in 

Table 4.2.3, whereas the initial suction estimated using the AP1 approach and Eq. (4.2.18) was 

44303 kPa. Because the initial suction is overestimated, a much larger final swelling was obtained 

(see Fig. 4.2.11). To obtain a “correct” swelling (equal to that of REF) from the simulation, an 
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elastic stiffness for changes in suction (parameter So in Table 4.2.6) of 0.01 should be adopted, 

which is significantly smaller than the reference value (0.05, Table 4.2.6). Such corrections could 

lead to important calculation errors in subsequent simulations with other geometries and 

boundary/initial conditions. In addition, even in the case under analysis, and although the final 

swelling is fitted with So=0.01, the swelling evolution is not satisfactorily reproduced (Fig. 

4.2.11). 

 

Fig. 4.2.12. (a) Comparison of the macrostructural degree of saturation values obtained with the approaches REF and 

AP2. (b) Relative difference of the macrostructural degree of saturation values obtained with the approaches REF and 

AP2. 
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These errors can be reduced by considering that SrM and Sr are related by the following 

expression: 

( ) ( )M m mR m mR

M

M

 Sr e e e e e
Sr

e

+ − − −
=      (4.2.19) 

The third and last approach considered in this work, known as “AP2,” was conducted in this 

manner by assuming that only Eq. (4.2.18) was determined experimentally. However, a 

differentiated procedure was adopted because the contribution of wm in Sr was considered. The 

Sr was calculated using sM and Eq. (4.2.18), and SrM was subsequently deduced using Eq. (4.2.19). 

According to the data from Table 4.2.3, an initial suction value of 24127 kPa was estimated, 

which is similar to the value obtained in REF (25499 kPa). Therefore, the final swelling obtained 

with AP2 matches the swelling obtained with REF, which is shown in Fig. 4.2.11. Furthermore, 

the modelled evolutions of the swelling strains are practically identical and obtain overlapping 

curves (Fig. 4.2.11). 

 

Fig. 4.2.13. REF approach: difference between sm and p+sM. 

However, differences in the macrostructural degree of saturation are observed (Fig. 4.2.12a). In 

Fig. 4.2.12b, these differences are shown to be less than 20% and reach a maximum value at the 

base of the sample during the initial portion of the test; when the macrostructural suction gradients 

are greater, the advective flux of the macrostructural water is larger, and the time variation of sM 

is faster. According to Eq. (4.2.3), sm is equal to p+sM in the equilibrium; then, the sample 

experiences a situation farthest from the equilibrium between macrostructural and microstructural 

water at the base of the sample and at the beginning of the test, as illustrated in Fig. 4.2.13. 
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However, the imbalance is practically negligible. It is thus valid to use Eq. (4.2.18), which was 

obtained under equilibrium conditions. 

Situations further from equilibrium are produced if the transfer coefficient H increases from 

1.5·10−8 (kPa·s)−1 to 1.5·10−11 (kPa·s)−1, the value identified by Alonso and Navarro (2005) in an 

analysis of the secondary compression of various clays. In this case, the difference between sm 

and p+sM increases considerably at the base of the sample at the beginning of the test. Nonetheless, 

even in this case, the differences in the swelling strain between the REF and AP2 approaches are 

always less than 10% (Fig. 4.2.14) 

 

Fig. 4.2.14. Evolution of the differences between the swelling strains obtained with the approaches REF and AP2 for 

different values of the transfer coefficient H. 

 

4.2.7 Conclusions 

The aim of this work is to define a method for obtaining differentiated hydraulic models of the 

intra-aggregate (microstructural) and inter-aggregate (macrostructural) water content of MX-80 

bentonite using data from water retention curves (WRCs). An additive (crystalline+osmotic 

swelling) approach is adopted to model the microstructural void ratio (Eq. (4.2.7)), obtaining 

noteworthy fittings for suctions greater than 20 MPa. For lower suction values, the additive model 

is extrapolated to estimate the microstructural water content. This way, the macrostructural water 

content is identified by subtracting the estimated microstructural water from the total water 

content experimental data. The WRCs obtained in this manner (Fig. 4.2.10) could be noticeably 

different from the total water content curves. If this difference is neglected and the macrostructural 
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water content is modelled using retention curves corresponding to the total water content, 

excessively large values are obtained for the macrostructural suction. Therefore, to fit the swelling 

strains obtained experimentally, the soil stiffness for the changes in suction must be excessively 

reduced, which can lead to significant errors in the subsequent predictions of the bentonite 

behaviour. 

To avoid these errors, it is advisable to separate the macrostructural water content from the total 

water content using Eq. (4.2.17). Nevertheless, it is also possible to use Eqs. (4.2.18) and (4.2.19) 

to differentiate the macrostructural degree of saturation. Eq. (4.2.18) is obtained under 

equilibrium conditions between macrostructural and microstructural water. Therefore, the validity 

of the latter procedure is constrained by the fulfilment of the equilibrium condition. For the 

analysed material, equilibrium is met, and therefore the two differentiated approaches (separate 

macro- and micro-water contents, either using Eq. (4.2.17) or using Eqs. (4.2.18) and (4.2.19) 

together) produce comparable results (Figs. 4.2.11, 4.2.12a and b). 

These results are valid for the MX-80 bentonite analysed, but generalisation to other types of clay 

is by no means obvious. Note that only wetting paths have been analysed, and the dependence of 

the macrostructural water retention properties on the void ratio has not been considered (see Della 

Vecchia et al., 2015, and references therein). In addition, even if the results have shown a reduced 

sensitivity to the difference in density between free and adsorbed water in the cases analysed in 

the current work, the same might not apply in other cases (particularly for Ca-bentonites and for 

constant volume experiments). However, despite these limitations, this analysis illustrates the 

advisability of using differentiated approaches based on a double porosity retention model to 

characterise the behaviour of MX-80 bentonites. 

 

4.2.8 Appendix A. List of symbols 

A  Modulus of the Hamaker constant 

B Material parameter of the ΔwmO model 

b Material parameter 

C Parameter that describes the mass transfer change as sm approaches sM 

cm Mass exchange term between macrostructural and microstructural water 

e Total void ratio 

eM Macrostructural void ratio 

em Microstructural void ratio 

emC Microstructural void ratio associated with crystalline swelling 

emCMAX Microstructural void ratio associated with the crystalline swelling at saturation 

emR Additional microstructural void ratio 
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GS Specific gravity of the soil particles 

g Gravity constant 

H Parameter that defines the transfer coefficient at the end of the mass exchange 

process 

K Increase in cohesion with suction 

kiM Isotropic intrinsic permeability 

kMO Intrinsic permeability when the macrostructural porosity is MO 

krM Relative permeability 

l Fitting parameter of Sr 

lM Fitting parameter of SrM 

lm Fitting parameter of emC 

M Slope of the critical state line 

Mw Molar mass of water 

mM Mass of macrostructural water per unit volume 

mm Mass of microstructural water per unit volume 

n Fitting parameter of Sr 

nm Fitting parameter of emC 

P Total air-entry pressure value 

PATM  Atmospheric pressure 

PG Gas pressure 

PL Pressure of macrostructural liquid 

PM Macrostructural air-entry pressure value 

p Net mean stress 

pC  Reference stress 

pO
* Initial net mean yield stress 

pREF  Material parameter used to define S 

pTOT Mean stress 

qM Macrostructural water seepage 

R Universal gas constant 

RH Relative humidity 

r Material parameter used to define the macrostructural soil compressibility 

S Clay specific surface area 

SmO  Microstructural suction at which osmotic swelling begins to play a significant role 

Sr Total degree of saturation 

SrM Macrostructural degree of saturation 

s Total suction 

sf Final total suction 

sM  Macrostructural matric suction 

sm  Microstructural suction 

so Initial value of total suction 

T Absolute temperature 

t Approximate thickness of an adsorbed water layer 

ts Approximate thickness of a montmorillonite sheet 

w  Total water content 

wf Water content at equilibrium with the final total suction sf 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
130 

 

wM Macrostructural water content  

wm Microstructural water content  

wmC  Crystalline microstructural water content  

wo Initial value of water content 

z Vertical coordinate 

i  Material parameter used to define  

m  Fitting parameter of emC 

Sp Material parameter used to define S 

SS  Material parameter used to define S 

  Material parameter used to define the macrostructural soil compressibility 

emO Increase in microstructural void ratio caused by osmotic swelling 

wmO Increase in microstructural water content caused by osmotic swelling 

v Volumetric strain 

z Axial (vertical) strain 

io Material parameter used to define the elastic stiffness for changes in net mean stress 

() 

m Microstructural stiffness parameter 

So Material parameter used to define the elastic stiffness for changes in suction (S) 

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

W Dynamic viscosity of water 

 Poisson’s ratio 

d  Dry density 

n  Bulk density 

s Density of mineral particles 

W Free water density 

Wm  Microstructural water density 

M Macrostructural porosity  

MO Reference macrostructural porosity  

t Time derivative 

· Divergence operator 

 Gradient operator 
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4.3.1 Abstract 

This paper proposes a model to define the water content present in the intra-aggregate space 

(microstructure) of MX-80 bentonites with different sodium and calcium contents. Data from a 

broad number of water retention curves was considered, both from sodium-exchanged and 

calcium-exchanged MX-80 bentonites, as well as from natural samples. Models both for Na-

exchanged and Ca-exchanged samples were first fitted. Then, a general model for natural 

bentonites was proposed based on the sodium and calcium content as exchangeable cations in the 

bentonite. The model was compared against a number of water retention data, achieving good 

fits. Given the one-to-one relationship between microstructural water content and void ratio, the 

model also allows characterising the microstructural deformability of the soil, which is an 

essential issue when using a double porosity approach to model the MX-80 bentonite behaviour. 

 

Keywords: Bentonite; Double porosity; Microstructure; Water content; Void ratio. 
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4.3.2 Introduction 

Currently, bentonites are being considered as an important component of the engineered barrier 

system to be disposed in deep geological repositories of spent nuclear fuel. Their highly expansive 

behaviour and low hydraulic conductivity will allow the sealing and isolation of the system. To 

simulate the performance of these barriers it is necessary to have stress-strain constitutive models 

capable of reproducing the bentonite behaviour. Given the bimodal distribution of the porosity of 

the compacted bentonite (Delage et al., 1996, 2006; Romero et al., 1999; Romero et al., 2011; 

among others), it is common to consider a double porosity approach to model the bentonite 

barriers (e.g., Alonso et al., 1999, 2011; Guimarães et al., 2013; Musso et al., 2013; Sánchez et 

al., 2005). In these models, two structural levels are considered: the macrostructure, which is 

associated with the inter-aggregate space, and the microstructure, defined as the intra-aggregate 

porespace. 

When using a double porosity model, it is necessary to characterise the stress-strain behaviour of 

the macrostructure, the volumetric deformability of the microstructure and the coupling between 

the restructuration of both structural levels (Navarro et al., 2017b). The Barcelona Basic Model 

(BBM; Alonso et al., 1990) is usually used as macrostructural constitutive model (e.g., Mokni, 

2016; Zhao et al., 2016). Based on the work of Gens and Alonso (1992), the model was extended 

to double porosity soils, being identified as Barcelona Expansive Model (BExM; Alonso et al., 

1999; Gens and Alonso, 1992). The BExM can be understood as a framework in which different 

formulations can be implemented to model the coupling between macro- and microstructural 

strains and the microstructural volumetric behaviour (see, for example, Gens et al., 2011; 

Guimarães et al., 2013; Sánchez et al., 2005). In this sense, it is interesting to consider the proposal 

of Navarro et al. (2015) to characterise the variation of the microstructural void ratio em (volume 

of voids in the microstructure per volume of solid). In their work, Navarro et al. (2015) assumed 

that for high suctions the water content is fundamentally microstructural. According to Mercury 

Intrusion Porosimetry (MIP) results, Romero et al. (1999) stated that, for Boom clay, a pore size 

of ca 130-180 nm can be accepted as the value that separates the inter-aggregate and the intra-

aggregate porespaces. Applying the Laplace Equation to determine the value of suction (a strategy 

also used in Wang et al., 2016; Zhang et al., 2018b, among others), this pore size corresponds to 

2 MPa of suction. Romero et al. (2011) identified a suction value of 25 MPa in which the 

macropores were empty and the micropores were completely saturated for FEBEX bentonite. Or 

and Tuller (1999) indicated that capillary contributions become negligible for suctions>10 MPa 

for a wide range of soil textures. Jacinto et al. (2009) found that, in MX-80 bentonites, the dry 

density influences the water retention capacity for suctions<30 MPa, which would correspond to 
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the lower limit of a region dominated by adsorptive storage mechanisms (Romero et al., 2011). 

Moreover, Villar (2007) found that this limit value corresponds to 10 MPa for an MX-80 

bentonite, noting that for suctions above this value water is predominantly found in micropores. 

This limit value is also supported by the work of Zhang et al. (2018a), which analyses the 

evolution of this limit according to the degree of saturation in different clays. For an MX-80 

bentonite, the transitional suction between the two structural levels is found to be approximately 

10 MPa for dry conditions (s>10 MPa). According to these results, 10 MPa is the reference suction 

adopted in the present paper above which the water content can be assumed completely 

microstructural. In this sense, it should be noted that, although a rigorous way to distinguish 

between macro- and microstructures might be based on pore size experimental measurements (as 

it is done for example in Lloret et al., 2003; Romero et al., 1999; Zhang et al., 2018a), a functional 

strategy is adopted in the macroscopic approach of the present work, in which the macrostructural 

water is that able to flow under hydrodynamic gradients, while the microstructural water is 

adsorbed to the solid particles and does not flow under these gradients. Assuming that the 

microstructure is saturated (Yong, 1999), em can be calculated as em=GS wm, where GS is the 

specific gravity of the soil particles, and wm is the microstructural water content, which can be 

considered equal to the total water content for the suctions considered. In this way, em can be 

characterised from water content data. 

In order to define the value of em (or wm) for medium or low suctions (in this work, <10 MPa), it 

is necessary to use the data obtained in high suction to define a model that can be extrapolated. 

Therefore, it is important to understand how the microstructure is hydrated. When hydration of 

the microstructure occurs during bentonite swelling processes, two phenomena can be 

distinguished (Cases et al., 1992): crystalline swelling, caused by adsorption of water in the 

interlayer space, and double layer swelling (Laird, 1996). The nature of exchangeable cations in 

clay mineral is significantly important in these processes, as the hydration sequence occurs in a 

different way depending on the presence and quantity of different types of cations (Cases et al., 

1992; Likos and Wayllace, 2010; Salles et al., 2009). Therefore, the type of exchangeable cations 

must be considered when modelling the hydration of the microstructure. 

The model proposed in this paper takes that into account. First, based on suction data >10 MPa 

of water retention curves, the material parameters associated with sodium-exchanged and 

calcium-exchanged samples were identified. Then, a general model for natural bentonites was 

proposed based on the amount of exchangeable sodium and calcium cations of the bentonite. 

Finally, the results obtained were compared with experimental data of water retention curves of 

several natural MX-80 bentonites to illustrate the scope of the proposed model. 
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4.3.3 Materials and methods 

Data from several water retention tests on MX-80 bentonites were used in the present study. Both 

sodium- and calcium-exchanged and natural MX-80 bentonites were analysed, whose main 

properties are shown in Table 4.3.1. As indicated by Montes-H et al. (2003a), to obtain the cation 

saturation of the sodium and calcium-exchanged bentonites used in that study, a process similar 

to that followed by Rytwo et al. (1996) was carried out. Therefore, it was considered that such 

treatment changes the cation exchange capacity (CEC) of the natural sample in the same way as 

in the case referred to in Rytwo et al. (1996). For the purified samples used in Salles et al. (2009), 

the values of Cases et al. (1992) and Cases et al. (1997) were considered for the sodium-exchanged 

and calcium-exchanged montmorillonites, respectively. On the other hand, Dueck (2008) and 

Dueck and Nilsson (2010) indicate that they tested natural bentonites similar to that characterised 

by Karnland et al. (2006). Therefore, XNa and XCa (i.e., the percentage of the concentration in eq/kg 

of the exchangeable cations Na+ and Ca2+, respectively, with respect to the sum of the 

concentration of all exchangeable cations present in the bentonite), and the CEC identified in 

Karnland et al. (2006) were considered. To calculate the properties of the natural sample used in 

Montes-H et al. (2003a), the data from Karnland et al. (2006) and Kraehenbuehl et al. (1987) were 

taken into account. For the test carried out by Wadsö et al. (2004), as suggested in that study, the 

same data from Kraehenbuehl et al. (1987) was used. 

Table 4.3.1. Properties of the natural and sodium- and calcium-exchanged MX-80 bentonites used in the water retention 

tests. X, amount of the exchangeable cation (Na+, Ca2+); CEC, cation exchange capacity. 

Type Reference 
Amount of 

smectite (%) 
XNa (%) XCa (%) 

CEC 

(eq/kg) 

Sodium Bérend et al. (1995) 99 97.6 2 0.996 

Sodium Cases et al. (1992) 97.2 100 0 0.95 

Sodium Montes-H et al. (2003a) 79.2 100 0 0.83 

Sodium Salles et al. (2009) 100 100 0 0.95 

Calcium Cases et al. (1997) 99 0 98.7 1.029 

Calcium Montes-H et al. (2003a) 79.2 0 100 0.83 

Calcium Salles et al. (2009) 100 0 100 1.029 

Natural Dueck (2008) 82.5 83 9 0.8 

Natural Dueck and Nilsson (2010) 82.5 83 9 0.8 

Natural Kraehenbuehl et al. (1987) 75 86 10 0.76 

Natural Likos and Wayllace (2010) 75 59 36 0.66 

Natural Montes-H et al. (2003a) 79.2 85 10 0.78 

Natural Wadsö et al. (2004) 75 86 10 0.76 
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The vapour equilibrium technique (Pintado et al., 2009) was used to control suction during the 

tests, in which a constant room temperature (about 25 °C) was maintained. In this paper, only the 

wetting curves were taken into account. De-ionised water was used to prepare the specimens. The 

results of the tests are shown in Fig. 4.3.1a. 

  

Fig. 4.3.1. (a) Data of the water retention tests of the natural and sodium- and calcium-exchanged MX-80 bentonites 

considered. (b) Relationship between the microstructural suction and the microstructural void ratio obtained from the 

water retention tests of the sodium- and calcium-exchanged MX-80 bentonites. 
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4.3.4.1 Exchanged bentonites 

In a double porosity system like the one considered in this paper, as noted in the Introduction, the 

total water content of bentonites can be divided into the water present in the inter-aggregate voids 

(macrostructural water) and the water that is located in the intra-aggregate porosity 

(microstructural water). According to Villar (2007), for suctions higher than 10 MPa, the capillary 

contributions are negligible and the water content in the bentonite can be considered primarily 

adsorbed in the micropores. Therefore, as it was previously indicated, data of suctions higher than 
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10 MPa were used in this study. To calculate the total suction, s, from the experimental values of 

relative humidity, RH, the expression from Edlefsen and Anderson (1943) was used: 

w  
Ln( )

R T
s RH

WMM


= −        (4.3.1) 

where R is the universal gas constant, T is the absolute temperature, w is the water density, and 

WMM is the molar mass of water. The different values used correspond to equilibrium values. 

Therefore, the suction s determined in Eq. (4.3.1) defines the total suction of both the macro- and 

microstructures, which can be thought as equivalent to their potentials (Yong, 1999). In the 

microstructure, a differentiation can be made between structural potential and the potential 

associated with the existence of non-charge-compensating ions (Navarro et al., 2018). Since the 

vapour equilibrium technique is used, and samples were compacted by using deionised water, the 

total microstructural suction obtained in Eq. (4.3.1) corresponds to the structural microstructural 

suction, smS, (see Navarro et al., 2017b), correspondence used in this paper from this point. 

To determine the specific gravity of the soil particles, a density of the solid equal to 2780 kg/m3 

for the bentonites considered was assumed, taking into account the data from Karnland et al. 

(2006). Therefore, assuming that the microstructure is saturated (as noted in Section 4.3.2) and 

the density of the microstructural water is equal to the density of free water (as proposed in 

Tournassat and Appelo, 2011), the microstructural void ratio can be computed from the Fig. 

4.3.1b was obtained from Fig. 4.3.1a, which represents the data of the sodium- and calcium-

exchanged bentonites. 

For very dry conditions (RH<72% according with Cases et al., 1992, and RH<70% according to 

Woodruff and Revil, 2011), the bentonite hydration is associated with crystalline swelling. In this 

paper, the limit of RH=70% (approximately s=50 MPa, applying Eq. (4.3.1) and assuming a 

temperature of 25 °C) was considered. To describe the crystalline swelling, the adapted van 

Genuchten model proposed by Navarro et al. (2015) was used: 

, ,

mCMAX,i

mC,i

m,i m,i(1 ( ) )m i m in l

e
e

s
=

+
       (4.3.2) 

where i refers to the exchangeable cation (Na or Ca in this study), emCMAX is the microstructural 

void ratio associated with the crystalline swelling at saturation, and m and lm are material 

parameters. The relation nm=1/(1-lm) (van Genuchten, 1980) was assumed. At this range of 

suction, the hydration is associated with the sequential adsorption of water molecules layers 

around the bentonite surface (Cases et al., 1992; Laird, 1996; Likos and Wayllace, 2010; among 
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others). The amount of adsorbed water depends on the mineralogy (Newman, 1983; Rinnert et 

al., 2005; Stepkowska et al., 2004) and the type of exchangeable cation (Cases et al., 1992; Likos 

and Wayllace, 2010; Salles et al., 2009). The proposal of Woodruff and Revil (2011) was used, 

such that the cation exchange capacity (CEC) was considered to scale the sorption isotherms of 

the different Na-exchanged and Ca-exchanged clays taken into account in this paper, obtaining a 

single water retention curve for each type of bentonite. Therefore, the normalised microstructural 

void ratio due to crystalline swelling, ēmC,i, can be written as: 

, ,

mCMAX,i

i
mC,i

m,i m,i(1 ( ) )m i m in l

e

CEC
e

s
=

+
       (4.3.3) 

Using the experimental data from the water retention curves in Fig. 4.3.1b and the characteristics 

defined in Table 4.3.1 related to Na-exchanged and Ca-exchanged bentonites, the results shown 

in Fig. 4.3.2 were obtained. This figure shows the mean fit of the experimental data, as well as 

the maximum and minimum envelopes, which reflect the variation in the experimental data and, 

thus, the accuracy level that can be expected from the model. The parameters identified for these 

curves are presented in Table 4.3.2. 

Table 4.3.2. Mean, maximum and minimum parameters identified to characterise the microstructural void ratio. 

Parameter Na-exchanged Ca-exchanged 

Mean   

emCMAX 0.406 0.552 

m (MPa-1) 0.0111 0.0066 

lm 0.671 0.646 

nm 3.042 2.823 

m 0.241 0.110 

Maximum   

emCMAX 0.464 0.607 

m (MPa-1) 0.0110 0.0069 

lm 0.659 0.630 

nm 2.931 2.703 

m 0.259 0.121 

Minimum   

emCMAX 0.375 0.457 

m (MPa-1) 0.0117 0.0067 

lm 0.673 0.692 

nm 3.059 3.246 

m 0.217 0.107 
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Fig. 4.3.2. Mean, maximum and minimum fits of �̅�mC,i values obtained with Eq. (4.3.3) to the experimental data of (a) 

Na-exchanged and (b) Ca-exchanged bentonites. 

As can be seen in Fig. 4.3.2, the crystalline swellings of both types of bentonites are different. 

This difference is better illustrated in Fig. 4.3.3a, which compares the identified mean trends of 

emC. When suctions are very high, Ca-exchanged bentonites experience higher swelling than Na-

exchanged bentonites. For such suctions, the hydration process occurs by the intercalation of 

several (zero, one, two or more) layers of water molecules between clay layers. Bérend et al. 

(1995) and Cases et al. (1997) studied the probability of finding zero, one or two water layers in 

the interlamellar space as a function of the water relative pressure during an adsorption process. 

According to these studies, the hydration process is not homogeneous and for the same relative 

humidity (or suction), there is a certain probability of finding different states of hydration. 

Calculating the average number of water layers from the probability distributions extracted from 

Bérend et al. (1995) and Cases et al. (1997), the curves shown in Fig. 4.3.3b were obtained for 

both types of bentonites, showing the analogy between the trends defined in Fig. 4.3.3a and b. 

Fig. 4.3.3b illustrates that, in the Ca-exchanged bentonite, the entry of water into the interlamellar 

space begins at suctions higher than in the Na-exchanged bentonite. In addition, adsorption of 

water molecules occurs more rapidly, reaching earlier the state in which there is an average of 

one layer of water (about 200 MPa for Ca-exchanged against 60 MPa for Na-exchanged) and of 

two layers (about 45 MPa for Ca-exchanged against <20 MPa for Na-exchanged). Since in the 

Ca-exchanged bentonite the hydration state for a certain suction is higher than in the Na-

exchanged bentonite for all suctions (greater number of layers of water molecules), the 

microstructural void ratio is also higher for the suctions considered at this initial stage of swelling. 
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Fig. 4.3.3. (a) Mean model of emC obtained for Na-exchanged and Ca-exchanged MX-80 bentonites. (b) Mean number 

of water layers present in the interlayer clay space during hydration for Na-exchanged (Bérend et al., 1995) and Ca-

exchanged (Cases et al., 1997) MX-80 bentonites. 

For lower suctions (50 MPa>s>10 MPa), the double layer swelling process becomes more 

relevant. To model the increment of microstructural void ratio due to this new wetting trend, a 

logarithmic law similar to that used by Dueck and Börgesson (2007) was considered: 

mS ATM

mDL,i m,i

mDL ATM

Ln
s P

e
s P


 +

 = −  
+ 

      (4.3.4) 

where m,i is a microstructural stiffness parameter of each type of bentonite (Na- or Ca-

exchanged), smDL is the microstructural suction at which double layer swelling begins to play a 

significant role (the value of 50 MPa was assumed), and PATM is the atmospheric pressure. If the 

same normalisation as for crystalline swelling, using the CEC, is applied, Eq. (4.3.4) becomes: 

m,i mS ATM
mDL,i

i mDL ATM

Ln
s P

e
CEC s P

  +
 = −  

+ 
      (4.3.5) 

By fitting again for the suction range considered (50 MPa>s>10 MPa) for both types of bentonites, 

the parameters of the mean curve and the maximum and minimum envelopes shown in Table 

4.3.2 were identified. 

The total microstructural void ratio can be calculated by adding both components: 

m,i mC,i mDL,ie e e= +          (4.3.6) 
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Fig. 4.3.4 shows the results obtained applying the model for Na- and Ca-exchanged bentonites, 

including the maximum and minimum envelopes. As can be seen, the trend of higher crystalline 

swelling observed in the Ca-exchanged bentonite (Fig. 4.3.3) is modified when the double layer 

swelling starts (Fig. 4.3.4c). Then, the swelling experienced by Na-exchanged bentonite is 

significantly higher, reaching a microstructural void ratio of almost 0.9 for a suction of 10 MPa, 

while for Ca-exchanged bentonite swelling is limited to a microstructural void ratio of about 0.7. 

Although for both types of bentonites the dispersion is not negligible, it is considerably lower 

than that obtained when working without normalised void ratio values (Fig. 4.3.1b). 

 

Fig. 4.3.4. Mean, maximum and minimum fits of �̅�m,i values obtained with Eqs. (4.3.3), (4.3.5) and (4.3.6) to the 

experimental data of (a) Na-exchanged and (b) Ca-exchanged MX-80 bentonites. (c) Comparison of the mean models 

of �̅�m,i obtained for Na-exchanged and Ca-exchanged MX-80 bentonites. 
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4.3.4.2 Natural bentonites 

To define a model for natural bentonites with different amounts of sodium and calcium as 

exchangeable cations, as a first approximation, this paper proposes a linear interpolation between 

the two models obtained before: 

m,Na Na m,Ca Ca

m

Na Ca

( ) e X a e X CEC
e

X a X

+
=

+
      (4.3.7) 

where XNa and XCa are the amount of the exchangeable cations Na+ and Ca2+, respectively, and a 

is the weight attributed to the amount of sodium over the amount of calcium. It should be taken 

into account that, according to Birgersson et al. (2009), in an MX-80 bentonite the transition from 

sodium-type to calcium-type behaviours in swelling processes occurs when the Ca/Na ratio is 

about 80/20. Therefore, this implies that the sodium content has a greater relevance in the swelling 

behaviour of bentonite. Thus, this paper proposes a value of a=80/20=4, in such a way that when 

the sodium content is 20% and the calcium content is 80%, the weight of both types of bentonites 

in the behaviour of the natural one is the same. On the other hand, given that sodium and calcium 

are the main exchangeable cations in these bentonites, the presence of other types of cations was 

disregarded. 

 

4.3.5 Application of the model 

To analyse the validity of the general model proposed in Eq. (4.3.7), the results calculated using 

this expression and the experimental data from the water retention tests shown in Fig. 4.3.1 that 

were carried out with natural bentonites were compared. The results obtained are shown in Fig. 

4.3.5. For the tests carried out by Dueck (2008) and Dueck and Nilsson (2010) shown in Fig. 

4.3.5a and b, the values of em predicted are mostly within the band of maximum and minimum 

results obtained with the model. Taking into account that the XNa, XCa and CEC data were not 

specifically measured for the bentonite tested, but were taken from mean values of similar 

bentonites, the fits can be considered acceptable. A similar situation occurs for the natural 

bentonite test by Montes-H et al. (2003a) shown in Fig. 4.3.5c, in which the experimental results 

are slightly below the modelled results. 
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Fig. 4.3.5. Comparison of model results with experimental data of water retention curves of the natural MX-80 

bentonites tested by (a) Dueck (2008), (b) Dueck and Nilsson (2010), (c) Montes-H et al. (2003), (d) Likos and 

Wayllace (2010), (e) Kraehenbuehl et al. (1987) and (f) Wadsö et al. (2004). 

In the tests carried out by Likos and Wayllace (2010), Kraehenbuehl et al. (1987) and Wadsö et 

al. (2004) shown in Fig. 4.3.5d, e and f, in which the studied bentonites are well characterised, 

the em results obtained with the proposed model are very satisfactory, where possible noise in the 

predictions due to using estimated rather than measured bentonite characteristics was avoided. 
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The bentonite used by Likos and Wayllace (2010) has the highest percentage of calcium of all 

those studied in this paper (see Table 4.3.1). As can be seen, using the value of the parameter a=4 

(presented in Section 4.3.4) in Eq. (4.3.7), a good fit of the model to the experimental results is 

achieved. If, instead of using this value, an identification exercise of this parameter is made to 

achieve the optimum fit of the model to this data, a value of a=8.4 is obtained (curve identified 

as “mean fitted model” in Fig. 4.3.5d). This value would mean that the change in behaviour from 

sodium to calcium bentonite occurs when the Ca/Na ratio is 89/11, similar to that suggested by 

Birgersson et al. (2009) (80/20), which is the value considered in this paper. This value is also in 

agreement with the studies of Neretnieks et al. (2009), Hedström et al. (2011) and Birgersson et 

al. (2011), according to which bentonite behaves much like a sodium-type when there is 

somewhat >10% sodium in ion exchange positions. 

 

4.3.6 Conclusions 

The objective of this paper is to define a model to characterise the void ratio of the intra-aggregate 

porespace of MX-80 bentonites with different sodium and calcium contents. To this end, high 

suction data from different water content curves of sodium-exchanged and calcium-exchanged 

MX-80 bentonites were used. The model proposed in Eq. (4.3.6) allowed to obtain very good fits 

when modelling Na- or Ca-exchanged bentonites. Therefore, a weighted interpolation approach, 

Eq. (4.3.7), is proposed to model the microstructural void ratio of natural bentonites. This model 

is applicable for any type of MX-80 bentonite, knowing the cation exchange capacity and the 

amount of sodium and calcium as exchangeable cations. In addition, the model proposes a range 

of plausible variations of the microstructural void ratio measurement (maximum and minimum), 

information that can be of great interest to evaluate the sensitivity of the predictions obtained 

when using it. Although the model can be improved (for example, by further analysing the 

transition between mainly sodic and mainly calcic bentonites, or by adding the effect of other 

exchangeable cations), the comparison of the results obtained for different types of natural MX-

80 bentonites with several experimental data provides confidence in the model. Therefore, the 

model is a tool of interest to characterise the volumetric deformability of the microstructure of 

MX-80 bentonites. 
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4.4.1 Abstract 

This paper proposes a model that predicts the water retention behaviour of compacted clays with 

bimodal pore size distributions during changes of both suction and void ratio. The proposed 

framework differentiates between the water present inside the saturated pores of the clay 

aggregates (the microstructure) and the water present inside the pores between clay aggregates 

(the macrostructure). Data from a number of wetting tests on three different active clays, MX-80 

bentonite, FEBEX bentonite and Boom clay, were used to formulate, calibrate and validate the 

proposed model. The microstructural water content was measured from free swelling tests over 

the high suction range while data from both free swelling and confined wetting tests at different 

dry densities were employed to define the suction threshold below which hydration of the 

macrostructure becomes relevant. The approach allowed to separate the macrostructural and 

microstructural water contents and to define the respective retention laws, resulting in more 

accurate predictions of degree of saturation compared to single porosity models. 

 

Keywords: Active clays; Double porosity; Degree of saturation; Void ratio; Water retention 

curve. 
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4.4.2 Introduction 

Compacted active clays are often used for the construction of engineered barrier systems in 

underground nuclear waste repositories where they are subjected to strong thermo-hydro-

mechanical-chemical actions. The characterisation of the water retention behaviour of these 

materials is particularly important as they are exposed to both wetting from the saturated host 

rock and drying from the hot nuclear waste (Pintado and Rautioaho, 2013). The water retention 

behaviour of compacted clays is also relevant to other applications including, for example, the 

prediction of settlements under superficial foundations, the study of groundwater flow and the 

design of agricultural irrigation systems (Brooks and Corey, 1964; Nowamooz et al., 2009; Torres 

et al., 1998).  

Early retention models have proposed a relationship between degree of saturation and suction, 

disregarding the effect of porosity on the soil water content (e.g. Brooks and Corey, 1964; 

Fredlund and Xing, 1994; van Genuchten, 1980). Nevertheless, experiments published in the 

literature (e.g. Romero, 1999; Romero et al., 2011; Seiphoori et al., 2014; Villar, 2007) have 

shown that a change of pore size can significantly influence the retention behaviour of the soil. 

Recent models have therefore introduced a dependency of degree of saturation on both suction 

and void ratio without, however, taking into account the distinct structural levels of double 

porosity clays (Gallipoli, 2012; Gallipoli et al., 2003, 2015; Khalili et al., 2008; Mašín, 2010; 

Nuth and Laloui, 2008a; Salager et al., 2010; Sun et al., 2008; Tarantino, 2009). A number of 

studies (e.g. Delage et al., 1996, 2006; Romero et al., 1999; 2011) have identified two distinct 

porosity structures in compacted clays, namely a microstructural porosity corresponding to the 

intra-aggregate voids (in this work, the “aggregate” definition is adopted from Gens and Alonso, 

1992) and a macrostructural porosity corresponding to the inter-aggregate voids. Indeed, a double 

porosity approach has been adopted by different authors to model the engineering behaviour of 

compacted bentonites (e.g., Alonso et al., 1999, 2011; Guimarães et al., 2013; Musso et al., 2013; 

Navarro et al., 2015, 2017b; Sánchez et al., 2005). 

However, only few studies have analysed the effect of the distinct porosity structures on the soil-

water retention behaviour (Della Vecchia et al., 2015; Dieudonne et al., 2016). Navarro et al. 

(2015) recently proposed a retention model that differentiates between microstructural and 

macrostructural water contents but does not account for the effect of void ratio on the variation 

of degree of saturation. Dieudonne et al. (2017) proposed a model in which both structural levels 

and the change on the air-entry value with void ratio are considered, obtaining good results for 

FEBEX and MX-80 bentonites. In this context, the present paper proposes a similar, but different 
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strategy of that of Dieudonne et al. (2017) to describe the variation of degree of saturation in 

double porosity clays during changes of both suction and void ratio. This is achieved by separately 

calculating the microstructural and macrostructural water contents of the soil, as proposed by 

Navarro et al. (2015, 2017b), while taking into account the effect of the macrostructural void ratio 

on degree of saturation, as proposed by Gallipoli et al. (2003, 2015). In contrast with Dieudonne 

et al. (2017), the water adsorbed at the surface of the aggregate is taken into account and the intra-

aggregate pores are considered saturated. Therefore, the microstructural strain model is directly 

related with the evolution of the microstructural water content, and additional parameters are not 

necessary to describe the microstructural water retention model.  

The model proposed in the present paper has been validated against a number of experimental 

data from free swelling, constant load and confined (constant volume) wetting tests on three 

different active clays, MX-80 bentonite, FEBEX bentonite and Boom clay, published in the 

literature. The main characteristics of the above three materials and the relevant experimental 

procedures are summarised in the first part of the paper. Then, a description of the proposed 

retention model is presented. Comparison between simulations and experiments shows that the 

incorporation of volumetric deformation inside a double porosity framework considerably 

improves the prediction of degree of saturation compared to single porosity models.  

 

4.4.3 Materials and methods 

Table 4.4.1 illustrates the main properties of MX-80 bentonite, FEBEX bentonite and Boom clay, 

considered in the present study. Retention tests on compacted samples of these three materials 

have been performed by a number of authors as listed in Tables 4.4.2, 4.4.3 and 4.4.4. In these 

tests, the samples were compacted with de-ionised water and subsequently subjected to 

monotonic wetting under free swelling, constant load or confined (constant volume) conditions. 

The vapour equilibrium technique, consisting in the imposition of known levels of relative 

humidity to the sample, was generally employed to control suctions higher than 2-3 MPa (e.g. 

Romero, 1999). Instead, multiple experimental techniques (e.g. membrane cells, pressure plates 

and axis translation) were employed to control suctions below 2-3 MPa.  
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Table 4.4.1. Properties of MX-80 bentonite (Kiviranta and Kumpulainen, 2011), FEBEX bentonite (ENRESA, 2000) 

and Boom clay (Romero, 1999; Romero et al., 1999; Sanjuan et al., 1994). 

Chemical composition (weight %) MX-80 FEBEX Boom clay 

SiO2 59.82 58.71 57.58 

Al2O3 21.27 17.99 12.93 

Fe2O3 3.62 3.13 7.57 

Na2O 2.86 1.31 0.12 

MgO 2.77 4.21 2.40 

CaO 1.49 1.83 2.22 

K2O 0.55 1.04 1.96 

FeO 0.49 - - 

TiO2 0.15 0.23 0.88 

MnO - 0.04 0.01 

P2O5 - 0.02 0.18 

Mineralogical composition (weight %)   

Smectite 87.6 92 10-20 

Plagioclase 4.2 2 <5 

Quartz 4.1 2 15-25 

K-feldspar 1.8 - <5 

Rutile 0.9 - - 

Calcite 0.6 - <5 

Pyrite 0.6 - <5 

Illite 0.1 - 20-30 

Kaolinite - - 20-30 

Cristobalite - 2 - 

Other properties   

CEC (eq/kg) 0.84 1.02 0.3 

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

0.25/0.08 

0.25/0.02/

0.42/0.32 

0.087/0.023/0.

038/0.037 

Mineral density (kg/m3) 2780 2700 2700 

Liquid limit 510 102 56 

Plastic limit 50 53 29 

Specific surface (m2/g) 632 725 53 

 

Fig. 4.4.1 shows the changes in water content recorded during free swelling and constant load 

wetting tests on MX-80 bentonite, FEBEX bentonite and Boom clay (Tables 4.4.2 and 4.4.3). In 

these tests, volumetric strains were recorded throughout wetting, which allowed the measurement 

of void ratio in addition to water content. This is important for the calibration and validation of 

the proposed model, which relates the variation of degree of saturation to changes of both suction 

and void ratio. Fig. 4.4.2 shows instead the changes in water content recorded during confined 

(constant volume) wetting tests on MX-80 bentonite, FEBEX bentonite and Boom clay (Table 

4.4.4). In these tests, wetting occurred at constant void ratio as the deformation of the specimen 

was prevented.  
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Table 4.4.2. Free swelling tests on MX-80 bentonite, FEBEX bentonite and Boom clay. 

Reference Initial dry densities (kg/m3) 

MX-80 bentonite 

Dieudonne et al. (2016) 2040 

Likos and Lu (2006) 1570 

Likos and Wayllace (2010) 1220, 1320, 1480 

Saiyouri et al. (2004) 1750 

FEBEX bentonite  

Lloret and Villar (2007) 1670, 1760 

Lloret et al. (2003) 1670 

Pintado (2002) 1580, 1690 

Villar (2002) 1670 (2 tests), 1710, 1720, 1750 1760, 1810 

Villar (2004) 1650 

Boom clay  

Romero (1999) 1440, 1540, 1600, 1680, 1770, 1860, 1920 

Romero et al. (2011) 1400 (2 tests) 

Salager et al. (2011) 1750 
 

 

Fig. 4.4.1. Free swelling and constant load wetting tests on (a) MX-80 bentonite, (b) FEBEX bentonite and (c) Boom 

clay. 
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Table 4.4.3. Constant load wetting tests on Boom clay. 

Reference Initial dry densities (kg/m3) Vertical load (MPa) 

Romero (1999)  1670 0.026 (2 tests), 0.085 (4 tests), 0.3, 0.55 

 1370 0.085, 0.3, 0.6 (5 tests) 

 

 

Table 4.4.4. Confined (constant volume) wetting tests on MX-80 bentonite, FEBEX bentonite and Boom clay. 

Reference Dry densities (kg/m3) 

MX-80 bentonite 

Delage et al. (2006)  1700 

Jacinto (2010) 1600 

Jacinto et al. (2009) 1600, 1750 

Kuusela-Lahtinen et al. (2016)  1600, 1700 

Man and Martino (2009)  1500, 1600, 1700, 1800 

Pintado et al. (2013b)  1500, 1600, 1610, 1700 

Seiphoori et al. (2014)  1530, 1685, 1830 

Tang and Cui (2010)  1650, 1700, 1820 

Villar (2004)  1430-1730 

Villar (2007) 1600 

FEBEX bentonite 

Jacinto et al. (2012) 1600, 1650 

Lloret and Villar (2007)  1600, 1650, 1700 

Lloret et al. (2003)  1600, 1650, 1700 

Pintado (2002)  1590, 1650, 1710 

Vaunat and Gens (2005)  1590 

Villar (2002)  1580, 1590 

Villar (2004)  1600, 1650, 1700 

Villar (2007)  1500, 1600, 1700 

Villar et al. (2008)  1550, 1600, 1650, 1700 

Boom clay 

Della Vecchia et al. (2013)  1400, 1660 

Della Vecchia et al. (2015)  1740 

Hu et al. (2013)  1400, 1500, 1600, 1700 

Romero (1999) 1370, 1670 

Romero et al. (1999) 1370, 1670 

Romero et al. (2011)  1400, 1640 
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Fig. 4.4.2. Confined (constant volume) wetting tests on (a) MX-80 bentonite, (b) FEBEX bentonite and (c) Boom clay. 
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this suction level, the microstructural water content is assumed to coincide with the total water 

content of the soil (Romero et al., 2011; Villar, 2007). Moreover, if clay aggregates are considered 

saturated (see, for example, Alonso et al., 1999; Delage et al., 2006; Yong, 1999), the 

microstructural void ratio em (microstructural pore volume per mineral volume) can be calculated 

over this suction range as: 

m S  e G w=          (4.4.1) 

where w is the total water content of the soil and GS is the specific gravity of the soil particles 

defined as: 

min
S

w

G



=          (4.4.2) 

where min is the density of the soil minerals (Table 4.4.1). Some authors have pointed out that 

the density of adsorbed water is greater than the density of free water (Jacinto et al., 2012). 

Nevertheless, in the interest of simplicity, Eq. (4.4.2) assumes a constant water density equal to 

the density of free water w as in Tournassat and Appelo (2011). 

During tests, the total suction s is determined from the imposed values of relative humidity RH 

using the psychrometric law (Edlefsen and Anderson, 1943):  

w  
Ln( )

R T
s RH

WMM


= −        (4.4.3) 

where R is the universal gas constant, T is the absolute temperature and WMM is the molar mass 

of water. De-ionised water was used during all experiments in the present study and the osmotic 

component of suction is therefore assumed to be negligible. This means that the total suction 

coincides with the suction sM acting in the soil macrostructure, which is identified with the 

capillary suction: the difference between the pore gas pressure PG and the pore liquid pressure PL. 

Therefore, the chemical potential of macrostructural water can be expressed as (Karnland et al., 

2005): 

M VO M

w

( )
WMM

T s 


= −        (4.4.4) 

where VO(T) is the chemical potential of pure free water at temperature T. Similarly, under low 

salinity conditions, the chemical potential of microstructural water can be calculated as (Navarro 

et al., 2017b): 
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( )m VO

w

( )
WMM

T p  


= + −       (4.4.5) 

where p is the mean net stress (defined as the difference between the external isotropic pressure 

pTOT and the pore gas pressure PG) and  is the thermodynamic swelling pressure (Low and 

Anderson, 1958). Under equilibrium conditions, the chemical potentials of microstructural and 

macrostructural water are equal. So that, from Eqs. (4.4.4) and (4.4.5),  can defined as: 

Mp s = +          (4.4.6) 

Navarro et al. (2018) exposed that  controls the change of microstructural void ratio em, and 

therefore,  can also be defined as the “microstructural effective stress”.  

Crystalline hydration is the main physical mechanism governing the change of the microstructural 

void ratio under relatively dry conditions, i.e. when RH<72% according to Cases et al. (1992) or 

RH<70% according to Woodruff and Revil (2011). In particular, the following equation is 

adopted to describe the crystalline variation of the microstructural void ratio emC due to changes 

of the microstructural effective stress  (De la Morena et al., 2018; Navarro et al., 2015): 

m m

mCMAX
mC

m (1 ( ) )
n m

e
e

 
=

+
        (4.4.7) 

where emCMAX is the maximum void ratio ascribed to crystalline swelling when = while m, mm 

and nm are material parameters. The parameter nm is calculated in this study by assuming the 

relationship nm=1/(1-mm).  

As the relative humidity increases, the double layer processes become increasingly important and 

contribute to the change of the microstructural void ratio. The increment of microstructural void 

ratio associated to double layer effects emDL is here calculated adopting the logarithmic law 

(Dueck and Börgesson, 2007; Navarro et al., 2015): 

ATM

mDL m

DL ATM

Ln
P

e
P






 +
 = −  

+ 
      (4.4.8) 

where m is the microstructural stiffness, PATM is the atmospheric pressure and DL is the 

microstructural effective stress threshold below which double layer effects become relevant. 

Consistent with experimental evidence, this work assumes that double layer effects contribute to 

changes of the microstructural void ratio only above a relative humidity of 70%, which 

corresponds to a suction of 50 MPa at a temperature of 25 ºC according to Eq. (4.4.3). Based on 
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this assumption, a microstructural effective stress threshold DL=50 MPa has been chosen in the 

following simulations. Adopting a smooth transition between 45 and 55 MPa, the microstructural 

void ratio is calculated as the sum of the two terms above: 

m mC mDLe e e= +          (4.4.9) 

The above model is calibrated and validated in the following sections against experimental data 

over the suction range where the microstructural void ratio is obtained from the measured values 

of the total water content according to Eq. (4.4.1), sMlim. The model is then extrapolated to lower 

suction levels for calculating the microstructural void ratio over the full range of soil saturation 

condition (Navarro et al., 2015). 

When the macrostructural suction is smaller than sMlim, water starts to flood the macrospores. An 

additional retention equation linking the macrostructural degree of saturation SrM to sM and void 

ratio eM (macrostructural pore value per mineral volume) is adopted: 

M
s,M M

s,M1

M
M M

M

1  

m
m

e
Sr s





−

  
 = +  
   

       (4.4.10) 

where s,M,  and mM are material parameters. In Eq. (4.4.10), the value of eM is obtained as the 

difference between the experimental void ratio e and the previously calculated value of em: 

M me e e= −          (4.4.11) 

Eq. (4.4.10) is an adaptation of the single porosity retention law proposed by Gallipoli et al. (2003, 

2015) and Gallipoli (2012), which for a single porosity retention model (SPRM) links the degree 

of saturation SrSPRM to suction s and total void ratio e as: 

s
s1

SPRM 1  

m
m

e
Sr s





−

  
 = +  
   

       (4.4.12) 

where s,  and m are material parameters. 

Finally, the double porosity retention model (DPRM) combines the above microstructural and 

macrostructural models to calculate the overall degree of saturation SrDPRM of the soil according 

to the following equation: 

M m

DPRM

 ( )mSr e e e
Sr

e

− +
=        (4.4.13) 
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where em and SrM are the calculated values of microstructural void ratio and macrostructural 

degree of saturation, respectively, while e is the total void ratio. 

 

4.4.5 Model calibration 

This section presents the calibration of the proposed retention model against wetting tests on MX-

80 bentonite, FEBEX bentonite and Boom clay. The limiting value of macrostructural suction 

sMlim, which marks the onset of macrostructural flooding, was first determined from free swelling 

and confined wetting tests at different dry densities. To this end, the experimental values of water 

ratio ew against the corresponding values of macrostructural suction sM during different tests at 

distinct dry densities has been plotted. These curves should overlap when sM is greater than sMlim 

since, in this case, all pore water exists inside the soil microstructure, whose retention behaviour 

depends only on the microstructural effective stress. The same curves should, however, start to 

diverge when sM becomes smaller than sMlim as water starts to flood the soil macrostructure, whose 

retention behaviour depends also on dry density due to the link between the macrostructural 

degree of saturation SrM and void ratio eM, see Eq. (4.4.10). 

Fig. 4.4.3a shows the experimental values of water ratio ew plotted against the macrostructural 

suction sM during free swelling and confined wetting tests at different dry densities on the three 

materials considered in the present study. Inspection of Fig. 4.4.3a indicates that, given the large 

scatter of data, it is not easy to identify the point where the experimental curves start to diverge. 

For that reason, the mean curve of each experiment was calculated using a centred moving 

average method (Na, 2017), see Fig. 4.4.3b. A statistical analysis of the data in Fig. 4.4.3b 

suggests that the mean curves start to diverge when their water ratio differ more than 5%, which 

leads to an estimation of sMlim equal to 20 MPa, 10 MPa and 2 MPa for MX-80 bentonite, FEBEX 

bentonite and Boom clay, respectively. The values of sMlim are consistent with those obtained in 

previous studies of the same materials. For example, Romero et al. (1999) performed Mercury 

Intrusion Porosimetry (MIP) tests on Boom clay concluding that a suction of 2 MPa marks the 

onset of water flooding in the inter-aggregate pores. Similarly, Or and Tuller (1999) indicated that 

the amount of free capillary water becomes negligible at suctions greater than 10 MPa for different 

soils. In another work on MX-80 bentonites, Jacinto et al. (2009) found that dry density influences 

the retention behaviour only for suctions smaller than 30 MPa, which corresponds to the lower 

limit of the suction range dominated by adsorptive storage mechanisms (Romero et al., 2011). In 

a similar work on MX-80 bentonite, Villar (2007) found instead that water occupies the soil 

micropores for suctions larger than 10 MPa. The results by Jacinto et al. (2009) and Villar (2007) 

indicate that, for MX-80 bentonites, the suction threshold marking flooding of macropores can 
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vary between 10 MPa and 30 MPa, which is consistent with the value of 20 MPa found in the 

present study.  

 

Fig. 4.4.3. (a) Experimental data from free swelling and confined wetting tests at different dry densities. (b) Average 

curves of free swelling and confined wetting tests at different dry densities. 
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The limits obtained from Fig. 4.4.3 can be transformed in terms of microstructural effective stress 

by means of Eq. (4.4.6). For free swelling tests, since the confinement is null during the tests, the 

mean net stress p can be assumed to be almost zero. Therefore, without salinity effects, the value 

of the macrostructural suction sMlim is equal to the microstructural effective stress lim. For 

confined tests, the swelling pressure developed for the high suctions can be considered low, and 

therefore negligible compared with sM. In this way, it can be assumed that lim≈sMlim in the three 

active clays studied. The values of lim are reported in Table 4.4.5. It should be noted that, as 

expected, the value of lim depends on the clay nature and, in particular, on the clay mineralogy 

(Newman, 1983; Rinnert et al., 2005; Stepkowska et al., 2004) but also on the type of 

exchangeable cations (Cases et al., 1992; Likos and Wayllace, 2010; Salles et al., 2009).  

 

Fig. 4.4.4. Fitting of microstructural model to data for (a) MX-80 bentonite, (b) FEBEX bentonite and (c) Boom clay. 

The dashed lines represent the corresponding values of lim. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.1 1 10 100 1000

e m

 (MPa)

Dieudonne et al. (2016) Likos and Lu (2006)

Likos and Wayllace (2010) Saiyouri et al. (2004)

Model

a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.1 1 10 100 1000

e m

 (MPa)

Lloret and Villar (2007) Lloret et al. (2003)

Pintado (2002) Villar (2002)

Villar (2004) Model

b)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.1 1 10 100 1000

e m

 (MPa)

Romero (1999) Romero et al. (2011)

Salager et al. (2011) Model

c)



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
158 

 

Table 4.4.5. Values of lim for the three clays considered in the present study. 

Clay lim (MPa) 

MX-80 bentonite 20 

FEBEX bentonite 10 

Boom clay 2 
 

Table 4.4.6. Parameter values of microstructural model for MX-80 bentonite, FEBEX bentonite and Boom clay. 

Clay emCMAX m (kPa-1) mm nm m 

MX-80 bentonite 0.427 1.45E-05 0.610 2.571 0.0396 

FEBEX bentonite 0.505 1.13E-05 0.458 1.853 0.0668 

Boom clay 0.198 1.51E-04 0.255 1.342 0.0637 

 

Once the value of lim was determined, the microstructural model defined by Eqs. (4.4.7) and 

(4.4.8) was calibrated against the results from free swelling tests limited to the range where  is 

greater than lim. As noted, in these tests  coincides with sM. Therefore, the free swelling tests in 

Table 4.4.2 were used to fit the material parameters of the em model, using the least square method. 

The obtained results are shown in Table 4.4.6, which are shown in Fig. 4.4.4 for the three active 

clays studied. As expected, inspection of Fig. 4.4.4 indicates that, when the microstructural 

effective stress  is smaller than lim, the actual water content is higher than the value predicted 

by the microstructural model due to the presence of macrostructural water.  

Next, the parameter values of the macrostructural retention model were determined by fitting Eq. 

(4.4.10) to data from: a) free swelling tests by Dieudonne et al. (2016), Likos and Lu (2006), 

Likos and Wayllace (2010) and Saiyouri et al. (2004) for MX-80 bentonite, b) free swelling tests 

by Villar (2002) for FEBEX bentonite and c) free swelling tests by Salager et al. (2011) and 

constant load test (at constant vertical loads of 0.026, 0.55 and 0.6 MPa) by Romero (1999) for 

Boom clay. Confined tests were not considered in this stage since the experimental values of the 

net mean stress developed during the tests were not available, and  cannot be calculated. In each 

test, the value of em was calculated by the microstructural model using the parameter values in 

Table 4.4.6. Moreover, Eqs. (4.4.11) and (4.4.13) were employed to determine the experimental 

values of the macrostructural void ratio eM and degree of saturation SrM, respectively. To simplify 

graphical representation of the data, Eq. (4.4.10) is rewritten in the following form (Gallipoli et 

al., 2015): 

M
s,M M

M

M

M

1

m
m

s
Sr





−

  
 = +  
   

        (4.4.14) 
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where �̅�M is the scaled macroscopic suction defined as: 

1/ sM

M M Ms s e


=          (4.4.15) 

In this way, the three-dimensional fit of Eq. (4.4.10) in the (SrM-sM-eM) space is recast as a two-

dimensional fit of Eq. (4.4.14) in the (SrM-�̅�M) plane, see Fig. 4.4.5a.  

For comparison, the single porosity retention model of Eq. (4.4.12) was also calibrated against 

the same experimental data, Fig. 4.4.5b. Also in this case, the calibration is presented as a two-

dimensional fit in the (SrSPRM-�̅�) plane where �̅� is the scaled suction defined according to Gallipoli 

et al. (2015) as: 

s1/
 s s e


=          (4.4.16) 

where e is obtained from the experimental data. The resulting parameter values are listed in Table 

4.4.7 for both the macroscopic retention model and the single porosity retention model, which 

were obtained also applying the least squared method. To better visualise the results obtained, the 

comparison of both models with experimental data is also shown in the conventional Sr-s space 

in Fig. 4.4.6. For Boom clay, since multiple tests were carried out with the same vertical load and 

initial dry density, only one test for each condition is represented to clarify the representation. 

Table 4.4.7. Parameter values of the macroscopic retention model and single porosity retention model for MX-80 

bentonite, FEBEX bentonite and Boom clay. 

Parameter MX-80 bentonite FEBEX bentonite Boom clay 

s,M 0.904 0.381 0.906 

M (MPa) 0.278 0.018 0.057 

mM 1.000 0.021 0.996 

s 0.308 0.148 0.718 

 (MPa) 1.066 1.186 1.903 

m 0.321 0.010 1.000 
 

The accuracies of the double and single porosity retention models were initially compared by 

calculating the root mean squared errors (RMSE) of the respective predictions of degree of 

saturation in the previous calibration tests. For MX-80 bentonite, the RMSE of the double porosity 

retention model was 2 times lower than that of the single porosity retention model, i.e. 0.024 

against 0.047. For FEBEX bentonite, the double porosity retention model yielded a RMSE of 

0.015 while the single porosity retention model produced a RMSE of 0.024, i.e. a gain in accuracy 

of 1.6 times in the former case. Finally, for Boom clay, the RMSE was 0.019 for the double 

porosity retention model against 0.072 for the single porosity retention model, corresponding to 

a gain of accuracy of 3.7 times in the former case. This is graphically shown in Fig. 4.4.7. 
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Fig. 4.4.5. (a) Fitting of macrostructural retention model to experimental data of MX-80 bentonite, FEBEX bentonite 

and Boom clay. (b) Fitting of single porosity retention model to experimental data of MX-80 bentonite, FEBEX 

bentonite and Boom clay. 
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Fig. 4.4.6. Fitting of (a) double porosity model and (b) single porosity model to experimental data of MX-80 bentonite, 

FEBEX bentonite (tests from Villar, 2002) and Boom clay in the Sr-s space. 
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Fig. 4.4.7. Experimental versus predicted values of degree of saturation for (a) the proposed double porosity retention 

model and (b) the original single porosity retention model (calibration data). 
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4.4.6 Model validation 

Although the results in the previous section are satisfactory, they do not demonstrate the improved 

predictive capabilities of the double porosity model as they are based on the same experimental 

data employed during calibration of parameter values. For this reason, a validation exercise was 

carried out where additional data not used during calibration were employed for FEBEX bentonite 

and Boom clay. In particular, this additional validation used the free swelling tests on FEBEX 

bentonite by Lloret and Villar (2007), Lloret et al. (2003), Pintado (2002) and Villar (2004) and 

the constant load wetting tests (with vertical loads of 0.085 and 0.3 MPa) on Boom clay by 

Romero (1999). Fig. 4.4.8 compares the predicted variation of degree of saturation versus scaled 

suction for both the double and single porosity models against the corresponding experimental 

data. Fig. 4.4.9 also provides the same results obtained with both models in the Sr-s space. Only 

one test for each vertical load is represented again for Boom clay.  

 

Fig. 4.4.8. Validation of (a) macrostructural retention model and (b) single porosity retention model against data of 

FEBEX bentonite and Boom clay. 
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Fig. 4.4.9. Validation of (a) double porosity retention model and (b) single porosity retention model against 

experimental data of MX-80 bentonite, FEBEX bentonite and Boom clay in the Sr-s space. 
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the corresponding experimental values. Fig. 4.4.10 illustrates that the double porosity predictions 

lie significantly closer to the 1:1 line compared to single porosity predictions for both FEBEX 

bentonite and Boom clay. This is confirmed by the higher R2 values.  

 

Fig. 4.4.10. Experimental versus predicted values of degree of saturation for (a) the proposed double porosity model 

and (b) the original single porosity model. 
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can exist inside the macrostructure and c) a formulation describing the variation of the degree of 

saturation inside the macrostructure. The retention behaviour of the macrostructure was modelled 

by adapting the formulation proposed by Gallipoli et al. (2003, 2015) and Gallipoli (2012), which 

relates the degree of saturation to changes of both suction and void ratio in single porosity soils. 

A review of the existing scientific literature was conducted to collect a considerable amount of 

data from wetting tests on compacted MX-80 bentonite, FEBEX bentonite and Boom clay under 

free swelling, constant load and confined conditions. The collected data were used to formulate, 

calibrate and validate the proposed double porosity retention model. Part of the experimental data 

was used to calibrate the model parameters while the rest of the data was employed for validating 

the calibrated model. Simulations by both the proposed double porosity retention model and the 

original single porosity retention model were compared confirming that the explicit consideration 

of different retention mechanisms at distinct structural scales significantly improves the accuracy 

of predictions. Parameters for three active clays (MX-80 bentonite, FEBEX bentonite and Boom 

clay) usually analysed and used for engineering proposes are provided. 

The proposed double porosity retention model therefore improves the prediction of degree of 

saturation inside moderately and highly expansive compacted clays subjected to changes of 

suction and void ratio. This improvement of predictions is achieved by considering the retention 

mechanisms of both the soil macropores and micropores while accounting for the effect of 

macropores volume on degree of saturation. Although the number of parameters (eight) is higher 

in the proposed double porosity retention model (since micro- and macrostructural behaviours are 

characterised), it provides a means of characterising the volumetric deformation of the soil 

microstructure, which may help in the simulation of the stress-strain behaviour of active clays 

(Alonso et al., 1999). Therefore, the model not only allows to reproduce the total degree of 

saturation of an active clay, as shown in this paper, but also is a very useful tool to incorporate in 

existing numerical developments based on a double porosity approach. 
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5 Results: Numerical implementation 

5.1 Introduction 

In this Section, the main parts of the implementation of the model proposed in Sections 3 and 4 

in the Comsol Multiphysics platform are presented. Since this issue is transversal in all the papers 

in the Thesis, this introduction presents a compilation of the main characteristics of this 

implementation, which is developed in more detail in Navarro et al. (2019), a work performed by 

the research group and which is not included in this Thesis. 

An advantage of using a Multiphysics Partial Derivative Equation Solver is that the user can focus 

on the definition of constitutive formulation and the governing balance equations, and the 

software takes automatic control of assembling the system of equations and solving it. In addition, 

it is possible to decide which equations are or not considered, adapting the solution of the problem 

to the desired model. In that case, the state variables are kept constant throughout the calculation 

process. The problem can also be made more complex by adding new physical processes, such as 

including the thermal part in the model. On the other hand, Comsol Multiphysics is able to apply 

automatic symbolic differentiation techniques to obtain the derivatives needed to define the 

iteration matrix, which improves the computational convergence rate. However, the use of a 

symbolic iteration matrix may cause problems when the formulation includes a state function that 

is defined implicitly, since the chain rule cannot be applied, and therefore the program cannot 

define the derivatives involving that state function, and the calculation process cannot be started. 

This occurs in the model in the elastoplastic formulation. Navarro et al. (2014a) proposed the use 

of a mixed method to avoid this problem, introducing the stresses and plastic variables as new 

state variables, which was also applied in this Thesis. 

As described in the previous Sections, the model is defined by a number of state variables that 

define the soil conditions: the vector of the soil skeleton displacements, u; the microstructural 

void ratio, em; the macrostructural liquid pressure, PL; the gas pressure, PG; the molar calcium 

concentration in the macrostructure, CCaM; and the molar chloride concentration in the 

microstructure, CClm. To compute them, the mechanical equilibrium equation is associated to the 

first one and their respective balance equations for the others. These balance equations follow the 

same structure: 
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*
* *

m
r

t


+  =


l         (5.1.1) 

where the expression “ ( ) /t” defines the partial time derivative; “·( )” is the divergence 

operator; m* is the volumetric density of the magnitude balanced; l* is the vector that defines the 

flow associated with each balance equation; and r* represents a mass source term. Table 5.1.1 

shows the expressions of m* and l* for the balance equations considered in this Thesis. The term 

r* is null except when balancing macrostructural water mass, where rW=−W cm (cm is the 

macrostructural water volume moving to the microstructure per soil unit volume, and W is the 

water density), and microstructural water mass, where rm= W cm. 

Table 5.1.1. Volumetric density and flow terms associated with the balance equations. 
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In Table 5.1.1, eM is the macrostructural void ratio; SrM is the macrostructural degree of saturation; 

e is the total void ratio; V is the water vapour density; A is the air density; H is the Henry’s 

constant; qML is macrostructural liquid water specific discharge; qG is the advective gas flow; iV 

is the molecular diffusion of vapour; iA is the molecular diffusion of air; Di* is the molecular 

diffusion coefficients (i= Ca or Cl), both in the macrostructure (*=M) and the microstructure 

(*=m); and “( )” is the gradient operator. 
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The term l* is a mass flow per unit surface area per time. These flows are given by the solid 

skeleton velocity vector v (time derivative of u), and the field equations in Table 5.1.2. 

Table 5.1.2. Field equations used to calculate flows l* in Table 5.1.1. 

Magnitude Equation 

qML 
ML ML

ML L W

ML

 ( + g )
k

P z





= −  q  

qG 
G G

G G

G

 
k

P



= − q  

iV 
V

V V M M G V

G

 (1 )Sr D


  


 
= − −  

 
i  

iA 
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In Table 5.1.2, kML is the macrostructural liquid intrinsic permeability; ML is the macrostructural 

liquid relative permeability; ML is the macrostructural liquid dynamic viscosity; g is the 

gravitational acceleration; z is the vertical coordinate upward oriented; kG is the gas intrinsic 

permeability; G is the gas relative permeability; G is the gas dynamic viscosity; V is the soil 

tortuosity to vapour flow; M is the macrostructural porosity; G is the gas density; DV is the binary 

diffusion coefficient of water vapor in gas. 

On the other hand, the mechanical balance is computed by applying the Principle of Virtual 

Works, which is the weak form of the mechanical equilibrium equation: 

g z −  =σ 0         (5.1.2) 

where  is the total stress vector (the engineering or Voigt notation is used for both stress and 

strain tensors); and  is the bulk soil density. 

This group of equations defines a nonlinear system of coupled partial differential equations that 

must be solved by applying numerical techniques. To implement the conceptual model, the first 

thing to do is to create a library that includes all the variables with a defined functional dependence 

and related to the balance equations. This would include the field equations, the state functions 

and the variables linked with those functions. After this task, a mechanical library must be 

developed, which includes the functions necessary to define the increase of the net stress and the 
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saturated preconsolidation. The computation of these increments depends on the value of both 

variables. As stated above, to avoid problems with the automatic symbolic differentiation, it can 

be assumed that the net stress  and the saturated preconsolidation pO* are also state variables. 

To this end, two new equations must be defined, which are proposed to be computed with ordinary 

differential equations. Next, the value of  obtained must meet a consistency criterion, so that 

the total stress computed must be statically admissible. This, in combination with the estimation 

of the total strain obtained from u, must meet the Principle of Virtual Works in a weighted way. 

After that, the Partial Differential Equations must be introduced. In the Comsol Multiphysics 

platform used in this Thesis, the general structure of a Partial Differential Equation is given by 

the following expression: 

*
* * *

U
F f

t


+  =


l         (5.1.3) 

where U* is the state variable for the analysed physical process, l* is defined in Eq. (5.1.1), and 

F* and f* are two functions to be defined. To adapt Eq. (5.1.1) to this structure, the chain rule is 

applied to obtain the time derivative of m* as a function of the time derivatives of the state 

variables. To finish the development process of the numerical model, a library with the physical 

parameters used in the equations must be created, and the value of the material parameters 

relevant for each analysis must be defined and collected in a material parameters library. 

In addition to all this, two modifications were proposed in this Thesis that allowed to improve the 

efficiency of the calculation. In Section 5.2, a method for reducing the error in the calculation of 

the stresses when simulating stress paths applying explicit stress integration schemes in Cam-

Clay models with an associated flow rule is presented. Although for simplicity it was applied to 

a Modified Cam-Clay, the proposal can also be adapted for the Barcelona Basic Model used in 

this Thesis. The proposed procedure consists on defining the value of the preconsolidation in such 

a way that the drift is zero in each calculation step. This error, as explained in the paper, comes 

from the use as yield direction of a vector that is associated with a surface to which the estimated 

stress state does not belong. It is therefore proposed that, instead of using a traditional hardening 

law, the hardening parameter can be directly obtained from the expression of the yield surface, as 

seen in Eq. (5.2.11). To verify the validity of this proposal, different paths of both hardening and 

softening were studied. For these paths, the efficiency of a calculation scheme that uses the 

hardening law and another one that implements the proposed strategy were tested. The errors in 

the normal vectors were found to be lower with the new strategy, especially the difference in their 

orientation. Thus, the results obtained show that the process is efficient, particularly for softening 

processes.  
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Section 5.3 proposes a procedure to simulate a smooth transition from elastic to elastic-plastic 

behaviour in Cam-Clay models, which was also implemented in the Barcelona Basic Model in 

this Thesis. In this procedure, an external constitutive surface for full yield is assumed, and an 

internal one that allows the definition of the position in which plastic strains start to appear before 

the external yield surface is reached. In addition to an improvement in calculation efficiency due 

to the smoothing of the transition from elastic to elastic-plastic behaviour, the comparison of the 

model results with different clays and laboratory tests, such as isotropic compression tests, 

conventional drained triaxial tests, and an undrained triaxial compression test, shows that the 

transitional zone that is observed in the experimental data can be reproduced with the proposed 

model, thus demonstrating its validity. 

Therefore, in this Section the development of the numerical model in which the conceptual model 

described in the previous sections was implemented is briefly described. Likewise, the proposal 

of some improvements in the calculation efficiency presented in the papers included in this 

Section, allowed to improve the code and to reduce the convergence times. 
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5.2.1 Abstract 

A simple procedure is proposed to reduce the error in the calculation of the stresses when 

simulating stress paths applying explicit stress integration schemes in Cam-Clay models with an 

associated flow rule. The procedure consists of defining the value of the preconsolidation stress 

(the hardening parameter of a Cam-Clay model) so that the drift of the yield surface is zero at 

each calculation step. The results demonstrate the efficiency of the proposed procedure, especially 

along softening paths. The method can easily be implemented in existing explicit integration 

modules, which facilitates its practical application. 

 

Keywords: Stress-strain explicit integration; Associated plasticity; Drift correction; Cam-Clay 

models; Preconsolidation. 
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5.2.2 Introduction 

Cam-Clay models (CCms) are the most commonly used Soil Mechanics models to characterise 

the mechanical behaviour of clay soils (Borja and Lee, 1990). Although they have some 

limitations (Gens and Potts, 1988), they can reproduce the main features of the stress-strain 

behaviours of several clays using a relatively simple formulation. However, as with other 

elastoplastic models, their integration in the calculation process is not straightforward; there is a 

numerical initial value problem in which the increments in the stress and hardening parameters 

are calculated for a given strain increment (Gens and Potts, 1988). Currently, there is significant 

knowledge about solving this problem, using either implicit methods (e.g., the seminal work of 

Borja and Lee, 1990) or explicit methods (on which this paper focuses). Among the many relevant 

contributions in the field of explicit integration methods, those by Gens and Potts (1988), Sheng 

et al. (2000), Sloan (1987), Sloan et al. (2001) and Zhao et al. (2005) can be highlighted. Other 

contributions have focused on the integration of models that extend CCms to unsaturated soils, 

such as the Barcelona Basic Model (Alonso et al., 1990). Several studies, including Sołowski and 

Gallipoli (2006, 2010a, 2010b), Sołowski and Sloan (2012), and Vaunat et al. (2000), use explicit 

integration schemes. 

When an explicit algorithm is adopted, the stress state does not necessarily lie on the yield surface 

(Cattaneo et al., 2014). This deviation is directly related to the magnitude of the error in the 

computed stress and is almost independent of the adopted integration scheme (Gens and Potts, 

1988). Therefore, provided that the integration is performed accurately, the amount of deviation 

(or “drift”) is small, and any remedial action is optional (Sloan, 1987). However, the drift tends 

to be cumulative, which leads to non-negligible errors (Gens and Potts, 1988). Hence, it is sensible 

to introduce a correction to restore the final stress state and the preconsolidation stress (the 

hardening parameter in CCms) to the yield surface (Sloan et al., 2001). This process is known as 

“drift correction” or “return mapping”. Potts and Gens (1985) analysed several methods and 

proposed a procedure for projecting back stresses that considers the changes of elastic and plastic 

strains and hardening parameters associated with the changes in the stress state derived from the 

back projection. This procedure was used by Gens and Potts (1988), while Sloan et al. (2001), 

Sołowski and Gallipoli (2010), Zhao et al. (2005), and others, used similar techniques. 

However, regardless of the return mapping method, some drift always remains, which, in 

associated plasticity, introduces an error into the prediction of the yield direction that is more 

important in softening paths. This paper analyses the origin of this error, proposes a simple 

procedure to reduce it, and performs an inspection exercise to demonstrate its efficiency. 
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5.2.3 Theory: error in predicting the yield direction 

This paper uses a modified Cam-Clay model (MCCm) as a reference model, and therefore 

saturated conditions are adopted. For simplicity, axisymmetric conditions are assumed, and the 

effective mean stress, p (the classic apostrophe is omitted), and the Von Mises deviatoric stress, 

q (=1-3, which is the difference between the two principal stresses), are used to define the stress 

state. The yield surface, F, is given by the equation: 

( )
2

O2
 

q
F p p p

M
= − −        (5.2.1) 

where M is the slope of the critical state line, and the preconsolidation stress pO (maximum 

effective mean stress possible within the elastic regime) is the hardening parameter of the model. 

 

Fig. 5.2.1. Conditions after one step of the explicit integration of a CCm in the p-q/M space. CSL denotes the Critical 

State Line. Points “T” y “E” define, respectively, the true and the estimated stress states. 

Fig. 5.2.1 shows the situation after solving a computational step. An error, e is present in the 

definition of the stress state because the estimated stress state, ֺE=(pE, qE), is generally not exactly 

equal to the true stress state, =(pT, qT) (which, in this reasoning, is assumed to be known). In 

addition, the estimate of the hardening parameter is not exact. Therefore, there is a plastic 

parameter error, epO, which is defined as the difference between pOE and the true value, pOT (which 

is also assumed to be known). Accordingly, the error, eF, that is generated when calculating the 

value of the yield function, F, is: 

FOEEE ),,( epqpF =         (5.2.2) 

q/M

p
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Moreover, the definition of the normal vector to the yield surface also involves an error, because 

nE is not equal to nT (Fig. 5.2.1). This is an important issue. In associated plasticity models, the 

flow rule (that is, the definition of the plastic strain vector dp) uses the normal vector to the yield 

surface, n: 

p  d d=ε n          (5.2.3) 

where d is the plastic multiplier computed from the consistency condition (see Malvern, 1969, 

for instance). Thus, compliance with the normality constraint implies compliance with the Kuhn-

Tucker condition (Simo, 1988) and, therefore, the thermodynamic consistency of the algorithm 

that is used for the calculation. For a better analysis of the structure of nE, it is advisable to work 

with the dimensionless stresses P and Q, which are defined as: 

O O

;
 

p q
P Q

p M p
= =        (5.2.4) 

In the P-Q space, a MCCm’s ellipse plots as a semicircle with a radius of 0.5 (see Fig. 5.2.2). 

Therefore, if polar coordinates R,   (Fig. 5.2.2) are introduced: 

( ) 1 cos ;  sinP R Q R = + =       (5.2.5) 

then, the yield surface is defined as: 

5.0=R          (5.2.6) 

The error e causes E to be located at the point E (see Fig. 5.2.2), which is outside the yield 

surface, with RE=0.5+RE>0.5, and nE is expressed as: 

E E OE I E OE

E

cos cos

2  2  sin sin

F

p
R p R p

F
M M

q

 

 

 
         = = = +
    
     

n n    (5.2.7) 

The “image point” I is defined in Fig. 5.2.2, nI being the normal vector to the yield surface at I, 

and RE is the distance between E and the point I in P-Q space. For the same value of e, the 

sensitivity of the integration process to RE depends on the evolution of the value of pO. 

Considering that: 

( ) 222 5.0 QPR +−=        (5.2.8) 

the following holds: 
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Therefore: 
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+−=        (5.2.10) 

Along hardening paths, pO>0 holds. Consequently, R decreases. However, along softening 

paths, pO<0, and therefore R is positive, which increases the error in the estimation of the 

normal vector to the yield surface. 

 

Fig. 5.2.2. Conditions after one step of the explicit integration of a CCm in the dimensionless P-Q space 

 

5.2.4 Calculation strategy 

To avoid the error induced by R, which is the error derived from the use as yield direction of a 

vector that is associated with a surface to which the estimated stress state does not belong, the use 

of nR, which is the vector associated with the surface defined by pR (Fig. 5.2.1), is proposed. 

Instead of integrating the hardening law, the hardening parameter can be directly obtained using 

the expression: 

2

E

OE E 2

E 
R

q
p p p

M p
= = +        (5.2.11) 

With this procedure, R is always equal to 0.5, since the yield surface contains the stress state 

obtained after the integration of the constitutive equation. Consequently, R is null and is not 

involved in the definition of the normal. Therefore, the increasing distortion in the estimation of 

the yield direction that is introduced along softening paths disappears. 
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This procedure is computationally inexpensive because the cost in terms of CPU time is 

associated with the integration of the stresses (for which the hardening law is indeed used), but 

the hardening parameter, whose integration would also contribute to the computational cost, is 

calculated directly (Eq. (5.2.11)). From a programming point of view, implementing this 

procedure in a pre-existing explicit integration module is very simple. Regardless of whether a 

return mapping algorithm is used, the value of pOE can be obtained from pR by applying Eq. 

(5.2.11) in each step or sub-step of the calculation. 

 

5.2.5 Results and discussion 

To assess the scope of the proposed strategy, an inspection exercise was performed by numerically 

simulating the hardening path T1 and the softening path T2 (see Fig. 5.2.3). Along both paths, the 

strain rate is constant, and oedometric conditions (no radial deformation) are assumed. For T1, 

starting from a spherical condition with an effective mean stress that is equal to pO/2, a progressive 

positive vertical deformation (compression) is applied. For T2, starting from the same initial 

position, the applied vertical deformation is negative (extension). The tested soil is assumed to be 

Weald clay with the parameters in Table 5.2.1 (adapted from Schofield and Wroth, 1968). 

 

Fig. 5.2.3. Paths of constant strain rate that were followed in the cases analysed. 

Three numerical methods are used for each strain path. All three methods are based on an explicit 

Euler method, applied to compute both stresses and hardening parameters. The first, NM0, is used 

as a reference, and for this reason the complete problem is integrated using an intensive sub-

stepping. The N steps that are initially planned for the calculation are divided into smaller equal 

sub-steps, and the process is repeated until the solution is considered to be accurate, which is 

when a new solution based on twice the number of sub-steps differs from the preceding solution 

only at the sixth significant digit (similar to the strategy used by Sołowski and Gallipoli, 2010). 

In the second technique, NM1, the Euler method is also used to integrate the complete problem, 

but sub-steps are not introduced: only N calculation steps are considered. The third integration 
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technique, NM2, is similar to NM1, but the procedure described in the preceding section is applied 

to obtain the hardening parameter, with pOE equal to pR during each step of the calculation. In 

order to choose the number N of calculation steps, an analysis of the behaviour of these numerical 

methods depending on N was performed. It was checked that, for N=1000 steps, in addition to 

obtaining limited errors (a normalised root-mean-square error, NRMSE in Eq. (5.2.2), lower than 

1%) for both NM1 and NM2, the results are similar, and the comparison between these numerical 

methods remains unchanged. Therefore, this number of calculation steps has been chosen for the 

comparative study presented below. 

Table 5.2.1. Parameters used to characterise the behaviour of Weald clay assumed in the models (adapted from 

Schofield and Wroth, 1968). 

Parameter Symbol Value 

Slope of the critical state line in the p-q effective stress space (-) M 0.95 

Slope of the virgin compression line in the ln p-e space (-)  0.093 

Slope of the unloading-reloading line in the ln p-e space (-)  0.035 

Poisson's ratio (-)  0.3 

Void ratio at p equal to 1 kPa (-) e1 (p=1 kPa) 1.1 

Initial value of the preconsolidation stress (kPa) pOINI  400 

Initial void ratio (-) eINI 0.568 

 

The values that are obtained using NM0 are assumed to be good estimates of T, pOT and nT (the 

latter vector is calculated only at the end of each of the 1000 steps and not at the sub-steps). The 

values obtained at the end of each of the 1000 steps in NM1 define E and pOE. In addition, after 

applying NM1, the vectors nE and nI are calculated. Using NM2, R (which is different from E 

because a different yield direction is used), pR and nR are calculated. 

Figs. 5.2.4 and 5.2.5 compare the evolution of the differences between the stresses p and q 

obtained using NM1 and NM2 and the reference stresses calculated with NM0, for the imposed 

strain paths T1 and T2, respectively. The relative error for hardening is below 0.35% for p and 

below 1.1% for q using both NM1 and NM2 techniques, as shown in Fig. 5.2.4. However, during 

softening (Fig. 5.2.5), the results of NM1 deviate significantly from those of NM0 (with errors 

about 6% for p and 14% for q). Nevertheless, the fit between NM0 and NM2 is quite good, 

obtaining errors smaller than 0.5%. 

To understand the basis of this behaviour, Fig. 5.2.6 shows the evolution of the differences 

between the magnitude of nT and the magnitudes of nE, nR and nI normalised by the magnitude of 

nT (i.e., 1-‖nE‖/‖nT‖, 1-‖nR‖/‖nT‖ and 1-‖nI‖/‖nT‖, respectively). For T1 (compression), the differences 

are very small; they are less than 1% at the beginning and between 0.2 and 0.4% later in the 
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integration process. However, this is not the case for T2 (extension), where different behaviours 

can be identified. For the NM2 technique (nR), the differences are less than 0.5%. However, for 

NM1 (nE), they increase up to 14%. The behaviour of nI (which is not influenced by R) is more 

accurate than that of nE; the maximum difference is approximately 3%. 

  

Fig. 5.2.4. Absolute value of the relative error (RE) between paths using NM1 and NM2 and the reference path using 

NM0 for hardening (strain path T1) in (a) the mean stress p and (b) the deviatoric stress q. 

  

Fig. 5.2.5. Absolute value of the relative error (RE) between paths using NM1 and NM2 and the reference path using 

NM0 for softening (strain path T2) in (a) the mean stress p and (b) the deviatoric stress q. 

  

Fig. 5.2.6. Absolute value of the differences between the magnitudes of nE, nR and nI and the magnitude of nT along 

strain path T1 (a) and strain path T2 (b). 
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Although these differences in the magnitudes of the normal vectors are of interest (they indicate 

potential problems and discrepancies), they must be interpreted with caution, because the normal 

vectors are multiplied by the plastic multiplier to define the flow rule. The main cause of the 

discrepancies between the results of the integration processes is the difference in the orientation 

of the normal vector. However, as shown in Fig. 5.2.7, the differences in the orientations of the 

normal vectors behave similarly to the differences in their magnitudes. The slope of nE (E in Fig. 

5.2.1) moves away from the slope of nT (T, Fig. 5.2.1) during softening (Fig. 5.2.7b). This is 

observed most clearly in Fig. 5.2.8, which, instead of the evolution of the difference between T 

and E, shows the accumulated value of that difference. The differences in E for NM1 are 

important. Nevertheless, as seen in Figs. 5.2.7b and 5.2.8, (where R is the slope of nR; Fig. 5.2.1), 

they are negligible for NM2. Besides, Fig. 5.2.7a shows that, for the hardening path, T1, the 

differences in both E and R with respect to T are very small, which could be expected based 

on the similarity of the solutions that are shown in Fig. 5.2.6. 

  

Fig. 5.2.7. Difference between the orientations of nE (E, Fig. 5.2.1) and nR (R, Fig. 5.2.1) with respect to the 

orientation of nT (T, Fig. 5.2.1) along strain path T1 (a) and strain path T2 (b). 

 

Fig. 5.2.8. Accumulated value of the difference between the orientations of nE (E, Fig. 5.2.1) and nR (R, Fig. 5.2.1) 

with respect to the orientation of nT (T, Fig. 5.2.1) along strain path T2. 
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The generality of this analysis might be questioned because the results for only two strain paths 

were presented. However, the results for these two strain paths are representative of the behaviour 

of hardening (T1) and softening (T2) paths. Fig. 5.2.9 shows the evolution of the normalised root-

mean-square error (NRMSE) for different values of  (see Fig. 5.2.3), defined as: 

2/)( qp

RMSE
NRMSE

+
=         (5.2.12) 

where RMSE is the root-mean-square error for the 1000 calculation points between T and E or 

R, as appropriate, and p  and q are the mean stresses of the followed path. If 0º<<90º 

(hardening paths), then the NRMSE is small using both NM1 and NM2 techniques (below 0.7%), 

but it increases for NM1 when 90º< <180º (softening paths), remaining low for NM2. The NM0, 

NM1 and NM2 solutions were obtained according to the criteria stated in Section 5.2.4. In all 

cases, the evolutions of both E and R with respect to T correspond to those shown in Fig. 5.2.7. 

 

Fig. 5.2.9. Evolution of the NRMSE for NM1 and NM2 with respect to NM0 when the strain direction  is changed. 

 

5.2.6 Conclusions 

The proposed method is based on a direct calculation of the hardening parameter, which forces 

the yield surface to contain the stress state that is obtained during each computational step of the 

integration of the stress-strain constitutive equation. The method significantly decreases the error 

associated with the explicit integration of a Cam-Clay model. It is particularly efficient along 

softening paths because it reduces the error that is introduced by the drift in the estimate of the 

flow rule, which is the estimate of the normal vector to the yield surface in an associated plasticity 

model. The procedure is easy to implement in existing explicit modules, improving their 

integration efficiency.   
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5.3.1 Abstract 

A simple procedure is proposed to simulate a smooth transition from elastic to elastoplastic 

behaviour in Cam-Clay models. The procedure consists of the definition of an external 

constitutive surface where full yield is assumed, and an internal one that allows the definition of 

the position in which plastic strains start to appear before the external yield surface is reached. 

The comparison of the model results with different laboratory tests shows the validity of the 

procedure. The method considers one additional parameter with regard to a “standard” critical 

state model, and it can easily be implemented in existing integration modules. 

 

Keywords: Elastoplasticity; Critical state models; Cam-Clay models; Yield surface; 

Overconsolidation 
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5.3.2 Introduction 

Cam-Clay models (CCms) are the most commonly used critical state models in Soil Mechanics 

to characterise the mechanical behaviour of clay soils (Borja and Lee, 1990), since they can 

reproduce the main features of the stress-strain behaviours of several clays using a relatively 

simple formulation. Nevertheless, they have some limitations (Gens and Potts, 1988), as the 

prediction of a sharp transition from elastic to elastoplastic behaviour. In fact, experimental 

results, as for example isotropic compression tests, show that plasticity is mobilised progressively 

before reaching the virgin consolidation line (Laloui and François, 2009), so plastic strains occur 

when the stress state is inside the “conventional” yield surface (Chakraborty et al., 2013). In the 

last decades, some constitutive models have been developed in order to solve this issue, for 

instance, bounding surface models (Dafalias, 1986; Dafalias and Herrmann, 1980; Kaliakin and 

Dafalias, 1990), subloading surface models (Hashiguchi 1977, 1980, 1989; Pedroso, 2014), 

kinematic hardening (Al-Tabbaa and Wood, 1989; Mroz et al., 1978; Rouainia and Woos, 2000), 

or the multi-cell concept for unsaturated soils (Sołowski et al., 2008). However, most of these 

approaches involve an increment in the formulation complexity and in the number of parameters 

of the model (Sołowski et al., 2008). 

In this paper, a simple procedure that allows the simulation of a smooth transition from elastic to 

elastoplastic behaviour in CCms is proposed. In this approach, only one parameter is added to the 

original ones. The proposed procedure considers two constitutive surfaces, an external one where 

full yield is assumed (traditional yield surface in CCms), and a second one, which contains the 

current stress state. When this second constitutive surface reaches a certain position, plastic strains 

gradually appear, so that a progressive elastoplastic behaviour is developed. Comparisons 

between the results from this model and those from different laboratory tests (isotropic 

compression, drained triaxial and undrained triaxial compression tests) were added to illustrate 

the validity of the proposed procedure. 

 

5.3.3 Proposed model 

There is a large amount of laboratory evidence (Likitlersuang, 2003; Mašín, 2005; Roscoe and 

Burland, 1968; Sultan et al., 2010) that, when an overconsolidated saturated clay is subjected to 

compression, the transition from the elastic to the elastoplastic regime is not abrupt. In contrast, 

a progressive mobilisation of plasticity before reaching the virgin consolidation line is shown 

(Laloui and François, 2009). This fact can be seen, for instance, in the isotropic consolidation test 
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performed by Roscoe and Burland (1968) on Kaolin clay (see Fig. 5.3.1). According to Smith et 

al. (1992), three regions are visible in this type of tests. First, an elastic regime from P1 to P2, 

where the strains are fully recoverable and an unloading/reloading line is followed. Next, a 

transition part from P2 to P3, where the plastic behaviour is gradually mobilised. And finally, the 

complete elastoplastic zone from P3 to P4, where a total activation of the plastic mechanism is 

reached, and the normal consolidation line (NCL) is followed. 

 

Fig. 5.3.1. Isotropic consolidation test on Kaolin clay, adapted from Roscoe and Burland (1968). 

Two constitutive surfaces, as Fig. 5.3.2 shows, are considered to reproduce this behaviour. The 

first one, FO, corresponds to the “traditional” yield surface. If Modified Cam-Clay model 

(MCCm) is taken as a base formulation to make clearer the description of the procedure, then: 

( )
2

O O2
 0

q
F p p p

M
 − − =        (5.3.1) 

where M is the slope of the critical state line (CSL), pO is the preconsolidation stress (the 

theoretical maximum effective mean stress possible within the elastic regime considered in 

MCCm), and p , q  indicate the image point of the current stress state on FO (see Fig. 5.3.2) 

(Dafalias and Herrmann, 1980). For the sake of simplicity, axisymmetric conditions are assumed, 

defining the stress state by means of the effective mean stress, p (the classic apostrophe is 

omitted), and the Von Mises deviatoric stress, q (=− which is the difference between the two 

principal stresses). 

The second constitutive surface, FR, is assumed to have the same shape of FO and to contain the 

current stress state (p, q): 
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( )
2

R R2
 0

q
F p p p

M
 − − =        (5.3.2) 

where pR defines the location of the constitutive surface FR in the same way that pO does with FO 

(see Fig. 5.3.2). 

 

Fig. 5.3.2. Constitutive surfaces FO (black) and FR (grey) of the proposed model. 

To update the value of pO, the traditional MCCm hardening law is used: 

p

VOO d 
1

d 


p
e

p
−

+
=         (5.3.3) 

where e is the void ratio,  is the slope of the virgin compression line in the ln p-e space,  is the 

slope of the unloading-reloading line in the ln p-e space, and dV
p is the increment of the plastic 

volumetric strain. On the other hand, pR is directly calculated using the strategy proposed by De 

la Morena et al. (2017a), so that FR always contains the obtained stress state: 

2

R 2  

q
p p

M p
= +         (5.3.4) 

Also in accordance with De la Morena et al. (2017a), associated plasticity is assumed, calculating 

the plastic strain using FR. Nevertheless, the plastic multiplier is proposed to be modified by 

means of the interpolation function fint: 
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where dS
p is the increment of the plastic shear strain, and d is the plastic multiplier. The value 

of function fint depends on the distance between both constitutive surfaces, which is measured 

using the quotient pR/pO. As a first approximation, a 2-segments linear piecewise definition of fint 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.2 0.4 0.6 0.8 1

q

p

CSL

(p,q)

(p,q)

pR pO

FR
FO



5.3. A simple procedure to simulate a smooth elastic-plastic transition in Cam-Clay models 

 
187 

 

is assumed (Fig. 5.3.3). Parameter r in the figure marks the change from a purely elastic behaviour 

to the transition zone (point P2 in Fig. 5.3.1). When pR/pO=1, then fint=1, that is, the constitutive 

surface FR reaches FO (point P3 in Fig. 5.3.1). Therefore, the plastic behaviour starts before the 

stress state reaches the external constitutive surface FO, and the smooth transition between elastic 

and elastoplastic behaviours can be modelled. 

 

Fig. 5.3.3. Definition of the interpolation function fint. 

Table 5.3.1. Parameters assumed in the models to characterise the behaviour of Kaolin, London, Boom and Bangkok 

clays, obtained from Roscoe and Burland (1968), Mašín (2005), Sultan et al. (2010) and Likitlersuang (2003), 

respectively. 

Parameter Symbol 
Kaolin 

clay 

London 

clay 

Boom 

clay 

Bangkok 

clay 

Slope of the critical state line in the p-q 

effective stress space  
M 0.9 0.88 0.87 0.9 

Slope of the virgin compression line in the 

ln p-e space  
 0.27 0.24 0.18 0.38 

Slope of the unloading-reloading line in 

the ln p-e space  
 0.041 0.044 0.046 0.045 

Void ratio at p=1 kPa e 3.03 2.49 1.69 2.89 

Poisson's ratio   0.3 0.3 0.3 0.3 

 

For illustrative purposes, the influence of r is shown in Figs. 5.3.4 and 5.3.5. A Kaolin clay (Table 

5.3.1) with a preconsolidation stress of pO=400 kPa was assumed. An initial isotropic stress 

condition of p=200 kPa and an initial void ratio of e=1.53 were considered to model both an 

isotropic compression test (Fig. 5.3.4), in which an increment of the effective mean stress of 
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p=700 kPa was applied, and a conventional (q/p=3) drained triaxial test (Fig. 5.3.5), in which 

an increment of the deviatoric stress of q=220 kPa was applied. The lower the value of r, the 

smoother the transition between elastic and elastoplastic behaviours, so plastic strains start earlier. 

Furthermore, along the transition, the outer yield surface is progressively hardened, so the virgin 

consolidation line is reached later, and the transition zone is longer. For r=1, the traditional 

MCCm is obtained and the transition zone is null. 

 

Fig. 5.3.4. Influence of the parameter r in the model results in an isotropic compression test in the p-e space (p in log 

scale). 

  

Fig. 5.3.5. Influence of the parameter r in the model results in a conventional drained triaxial test (a) in the p-e space 

(p in log scale) and (b) in the εS-q space. 
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5.3.4 Comparison with laboratory tests 

The proposed procedure has been satisfactorily applied in modelling “advanced” critical state 

models as the Barcelona Basic Model, developed by Alonso et al. (1990) for unsaturated soils. 

However, the proposed methodology is illustrated using a MCCm, as described in the previous 

section. This way, the approach is presented in a simpler manner and no additional complexity 

related to the model formulation is added. Moreover, the application of the proposed method in 

classic, simple cases was considered to be convenient to show with clarity the smooth transition 

from elastic to elastoplastic behaviour. Accordingly, the tests developed by Roscoe and Burland 

(1968) on Kaolin clay (Table 5.3.1) were analysed. First, the isotropic compression test referred 

in Fig. 5.3.1 was studied, which is a clear, classic example where the gradual transition can be 

observed in the log p-e space. The stress path A-B-C shown in Table 5.3.2 was applied. Only the 

path A-B is relevant to illustrate the performance of the proposed procedure. For the elastic unload 

(path B-C), the same behaviour is predicted using both the conventional model and the proposed 

formulation. The test results are shown in Fig. 5.3.6, compared to the traditional MCCm 

formulation predictions and the results obtained using the proposed model. In this case, a value 

of r=0.6 was identified. As this figure shows, the proposed procedure has a good agreement with 

the experimental data, and a smooth transition between elastic and elastoplastic behaviour is 

modelled, in contrast to the sharp transition of the MCCm. First, as in the path B-C, a purely 

elastic behaviour is developed, so both models produce exactly the same results. However, when 

the transition zone (see Fig. 5.3.1) is reached, the proposed procedure deviates from MCCm, and 

the experimental behaviour is reproduced. 

 

Fig. 5.3.6. Comparison between the experimental data (dots) of the isotropic compression test performed by Roscoe 

and Burland (1968) and the numerical simulations using the proposed model (solid line) and MCCm (dashed line) in 

the p-e space (p in log scale). 
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Table 5.3.2. Different stress paths applied in the tests. 

Point Stress Fig. 5.3.6 Fig. 5.3.7 Fig. 5.3.9 Fig. 5.3.10 

A 
pA (kPa) 70 280 33 4900 

qA (kPa) 0 0 0 0 

B 
pB (kPa) 700 342 255 6383 

qB (kPa) 0 186 0 4450 

C 
pC (kPa) 200 - 55 - 

qC (kPa) 0 - 0 - 

 

 

Fig. 5.3.7. Comparison between the experimental data (dots) of the drained triaxial performed by Roscoe and Burland 

(1968) and the numerical simulations using the proposed model (solid line) and MCCm (dashed line) in (a) p-e (p in 

log scale), (b) S-q spaces and (c) S-V space. 
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To take into account the deviatoric effect and to illustrate the smooth transition also in the S-q 

space, a conventional drained triaxial test, also carried out by Roscoe and Burland (1968) using 

the same clay, was analysed. In this case, the stress path A-B of Table 5.3.2 was applied. The 

experimental results and the corresponding predictions are shown in Fig. 5.3.7, in log p-e (Fig. 

5.3.7a), S-q (Fig. 5.3.7b) and S-V spaces (Fig. 5.3.7c). A better agreement with experimental 

data is achieved using the proposed procedure, in the log p-e space as in Fig. 5.3.6, and in the S-

q space, where the abrupt transition between elastic and elastoplastic behaviour predicted in the 

MCCm is avoided with this proposal. Nevertheless, in the S-V space, the traditional MCCm 

seems to fit better than the proposed procedure. However, this is only a visual effect. If the 

experimental volumetric and shear strains are represented against the computed values 

corresponding to the experimental stress state (p, q), the results represented in Fig. 5.3.8 are 

obtained. The proposed procedure achieves higher values of the squared Pearson correlation 

coefficient R2 (R2=99.89% for V, and R2=99.12% for S) than the MCCm (R2=97.25% for V, and 

R2=97.17% for S). 

  

Fig. 5.3.8. Correlation between experimental data of the drained triaxial performed by Roscoe and Burland (1968) and 

the numerical simulations using the proposed model and MCCm for (a) V and (b) S. 
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the classic one when the behaviour is purely elastic, but also when the plastification is high 

enough. This fact can be studied using the test carried out by Mašín (2005) on London clay, with 

the model parameters shown in Table 5.3.1. The stress path A-B-C shown in Table 5.3.2 was 

applied. The experimental data and simulation results are shown in Fig. 5.3.9, where a better fit 

was obtained using the proposed procedure, in the same way as in the examples above. The value 
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the purely elastic part is short, and the transition zone starts earlier than in test showed in Fig. 

5.3.6. Furthermore, in Fig. 5.3.9, as the path is mainly plastic, it is illustrated that, when the 

complete elastoplastic behaviour is reached, the predicted results for both proposed model and 

MCC model are the same because pR is equal to pO (P3-P4 zone in Fig. 5.3.1). 

 

 

Fig. 5.3.9. Comparison between the experimental data (dots) of the isotropic compression test performed by Mašín 

(2005) and the numerical simulations using the model proposed (solid line) and MCCm (dashed line) in p-e space (p 

in log scale). 

 

In the following test, an opposite behaviour to that in the example before is shown. The 
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considerably greater than in the other examples, the soil does not reach the yield surface FO (Fig. 

5.3.2). In this case, the stress-strain path develops mainly in the transition zone (P2-P3 in Fig. 

5.3.1), and the differences between the results obtained applying the proposed formulation and 

the classic procedure are significant. This behaviour is illustrated analysing a conventional 

drained triaxial test, performed by Sultan et al. (2010) on Boom clay. As in the examples before, 

the model parameters used in the simulations were those identified by the test authors (see Table 

5.3.1). In this test, the stress path A-B of Table 5.3.2 was followed. The experimental results and 

the corresponding predictions are shown in Fig. 5.3.10a (log p-e space) (which illustrates that the 

complete elastoplastic zone (P3-P4 in Fig. 5.3.1) is not reached), Fig. 5.3.10b (S-q space) and 

Fig. 5.3.10c (S-V space). The identified value of r was 0.7 again. 
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Fig. 5.3.10. Comparison between the experimental data (dots) of the drained triaxial test performed by Sultan et al. 

(2010) and the numerical simulations using the model proposed (solid line) and MCCm (dashed line) in (a) p-e space 

(p in log scale), (b) S-q space and (c) S-V space. 

To end this section, an undrained triaxial compression test performed by Likitlersuang (2003) on 

Bangkok clay (Table 5.3.1) is presented to inspect the performance of the proposed procedure in 

the undrained behaviour of clays. The overconsolidation ratio was OCR=1.24. An increment of 

the deviatoric strain S=10% was applied. The value of the new parameter was r=0.7 for this last 

test. Fig. 5.3.11 shows that the results obtained using the proposed approach have a good 

agreement with the experimental data and improve the predictions of the conventional MCCm, 

especially in the p-q space. It is noteworthy that, because the critical state of undrained soils 

depends on the value of the void ratio, the proposed procedure reached the same critical state as 

the MCCm, independently of the value of the parameter r. This occurs also for more 
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To conclude this section, it worth mentioning that, although different types of clay with different 

preconsolidation conditions and subjected to different stress levels were studied, the value of the 

parameter r identified for all of them was similar, 0.6 or 0.7, with a reduced variability. 

 

  

Fig. 5.3.11. Comparison between the experimental data (dots) of the undrained triaxial compression test performed by 

Likitlersuang (2003) and the numerical simulations using the model proposed (solid line) and MCCm (dashed line) in 

(a) p-q space and (b) S-q space. 

 

Fig. 5.3.12. Stress paths obtained using the proposed procedure in an undrained triaxial compression test on Bangkok 

clay (Table 5.3.1) with an OCR=5, considering different values of the parameter r. 
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5.3.5 Conclusions 

The proposed method is based on the introduction of an internal constitutive surface to a 

traditional Cam-Clay model. This surface follows the stress state and allows the definition of the 

limit in which the purely elastic behaviour disappears and plastic strains gradually start. Using 

this procedure, a smooth elastic-plastic transition can be simulated, allowing a better agreement 

with laboratory tests. Furthermore, only one additional parameter is considered compared with 

the traditional Cam-Clay models. Moreover, the formulation complexity is not considerably 

increased, and, consequently, it can easily be implemented in existing integration modules. 
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6 Results: Model qualification 

6.1 Introduction 

Once the main characteristics of the Hydro-chemo-Mechanical model proposed in this Thesis and 

its numerical implementation in Comsol Multiphysics were developed, this Section includes five 

papers in which the model is applied under different boundary conditions, thus showing its 

applicability and versatility. In this qualification exercise, cases of application beyond the free 

swelling tests described in Sections 3 and 4 are considered. Thus, in Section 6.2, swelling pressure 

tests under different salinity conditions are modelled. For this purpose, the experimental results 

of the tests carried out by Karnland et al. (2005, 2006) are considered, in which the confined 

sample is subjected to a flow of deionised water in such a way that a maximum value of swelling 

pressure is reached. Once the steady state is reached, water with a certain concentration of NaCl 

is introduced, so that the swelling pressure is reduced. When stabilisation is reached again, the 

same procedure is carried out by progressively increasing the salinity at each step, repeating for 

different dry densities. As explained in this paper, the model used is the one originally described 

in Section 3.2. Given that the tests are carried out under confined conditions, the volume remains 

constant during the test, and therefore an increase in the macrostructural void ratio implies the 

same decrease in the microstructural void ratio and vice versa. Furthermore, since salinity 

increases and swelling pressure decreases, the variation of macrostructural void ratio follows a 

mechanical unloading path. The results obtained are very satisfactory, demonstrating that the 

model allows the value of the swelling pressure to be estimated for an MX-80 bentonite.  

In Section 6.3, squeezing tests are studied, which are very different in nature from the free 

swelling tests in Section 3, showing that the model can be adapted to different boundary 

conditions. Squeezing tests are performed to obtain liquid samples from soil to characterise the 

chemical composition of the aqueous saline solution in its pores, so it is essential to have a model 

that correctly characterises the coupling of the chemistry with the Hydro-Mechanical behaviour. 

In this paper, an analysis of the influence of different variables on the squeezing test result is 

presented. These variables are shown in Table 6.3.2, where the initial dry density, the effect of 

the formulation of the density of the microstructural water, whether the sample is initially 

saturated, the concentration of the macrostructural solution, the stress applied and the time in 

which this stress is applied are analysed. The analysis shows that the chemo-mechanical 

interaction between macrostructure and microstructure is unavoidable. Moreover, as the initial 

dry density of the sample increases, the chemical exchange between the macrostructure and the 
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microstructure increases, thus producing a mixture and reducing the representativeness of the 

extract. On the contrary, if the initial dry density is low, the mixture is lower, and the extract can 

be considered representative of the macrostructural solution. On the other hand, when the stress 

exerted on the sample is increased, the reduction of the microstructural void ratio is greater and 

therefore the mixture between the two solutions is higher. However, the results are almost 

unaffected by the speed with which this stress is applied to the sample. The same happens when 

the formulation of the microstructural water density is modified, so the hypothesis of considering 

it equal to 1 g/cm3 is acceptable. Furthermore, the higher the initial concentration of the 

macrostructural solution, the more representativeness of the extract obtained. When the test tube 

is not initially saturated, the process that takes place inside it is much more complex. At the 

beginning of the test, part of the macrostructural water passes to the microstructure, producing a 

mixture of both. In addition, the extract obtained from the microstructure is very low, so in these 

cases the test may not be viable. In summary, this study shows that the geochemical coupling 

between the macrostructure and microstructure of the active clay is significant. The extract can 

be expected to be stable and chemically representative only in sufficiently open soils. 

In Sections 6.4 and 6.5, erosion tests of Pinhole are analysed, both with deionised water and with 

water at different salinities respectively. As in the previous tests, the basis of the model proposed 

in Section 3.2 was used, adding also the erosion model described in these papers. This is a 

simplified erosion model, assuming the "instantaneous" activation of erosion. In the pinhole tests, 

a flow of water is driven through a pinhole at the centre of a cylindrical bentonite sample, eroding 

its surface. To perform the multiphysics simulation of this type of test, in addition to what is 

exposed in Section 5, a bentonite mass balance equation was included as a partial differential 

equation, considering the pinhole erosion to be essentially a boundary-superficial process. 

Likewise, the “Deformed Geometry” module of the Comsol Multiphysics solver was used, which 

allowed for the smooth and continuous updating of the active material domain to the bentonite 

mass loss defined in the erosion model. In Section 6.4, for the application of the model, first of 

all, some tests were used for the calibration of the coefficient of bentonite erosion, using the 

results of the other tests for the validation of the model, providing confidence in the model. It is 

interesting to note that local effects at the top and bottom sample boundaries were not considered. 

In all cases, even when the experimental results exhibit a non-negligible dispersion, the model 

correctly reproduces the trend in the water content distribution measured using the gravimetric 

method at the end of the tests. In Section 6.5, the model was also applied to simulate pinhole 

erosion laboratory tests with saline waters. The results were compared with those obtained with 

a Hydro-Mechanical model with a salinity-dependent erodibility coefficient. The results of the 

simulations illustrate that the influence of ion species concentration in the erosion behaviour of 
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bentonites does not need a change in erodibility to be reproduced. The formulation allows to 

reproduce the higher mass loss for higher salinity while better fitting the time evolution of the 

mass loss. The higher mass loss for higher salinities is consistent with the free swelling behaviour 

in MX-80. Since the radial stress is zero, pseudo-free swelling conditions apply in the vicinity of 

the pinhole. Thus, if the erosion progresses faster than the wetting front, the swelling velocity is 

higher since it is in the initial phase of swelling, hence the pinhole closes faster. This in turn makes 

the erosion rate faster. On the other hand, when at the end of the test the pinhole radius increases, 

the mass removal is reduced, causing the erosion process to slow down. This shows that the 

proposed model is able to explain the erosion results with different salinities. The work shows 

also that the erosion phenomenon is strongly coupled with Hydro-chemo-Mechanical effects. 

Finally, Section 6.6 contains a paper in which the model proposed is adapted for the GMZ 

bentonite. In this way, it becomes clear that the model can also be used for the characterisation of 

the behaviour of other active bentonites different to the MX-80 that was initially studied in this 

Thesis. It is also worth mentioning the work performed in Section 4.4, in which the hydraulic 

model with void ratio dependence in air-entry pressure was adapted to the FEBEX bentonite and 

Boom clay. To complete the adaptation for a GMZ bentonite, a similar procedure was followed 

as in the previous Sections for an MX-80 bentonite. Therefore, the model uses a double porosity 

approach based on the framework provided by the Barcelona Expansive Model to describe the 

deformability of the bentonite and considers the differentiation of the water contents at both 

structural levels. The mechanical parameters were adapted to this new bentonite from some tests 

such as oedometric compression tests, or were taken from the literature. The obtaining of the 

microstructural water content was based on the results of water retention curves at high suction, 

as in Section 4.2. The water retention curve of the macrostructure was adapted to the experimental 

data, having considered in this case a constant air-entry pressure. The model was also 

implemented in Comsol Multiphysics following the same procedure as described in Section 5. To 

check the usefulness of this model, constant load swelling and swelling pressure tests were 

reproduced, with different initial water content and dry density conditions. It was found that the 

model is not only suitable to reproduce the evolution of the average swelling strain and its final 

value for different initial conditions but also it is a useful tool to analyse the behaviour of the 

sample during the tests.  

With all this, the versatility and applicability of the model proposed in this Thesis was 

demonstrated, not only capable of reproducing tests under free swelling conditions, but also tests 

such as those of swelling pressure or squeezing. Likewise, its implementation together with an 

erosion model is of great interest for possible future developments in the simulation of deep 
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geological repositories of spent nuclear fuel. Finally, its extension to other bentonites, such as 

GMZ in this Section, and FEBEX bentonite and Boom clay in Section 4.4, confirms its usefulness, 

since it can be adapted to the different materials that may be used in other disposal concepts. 
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6.2.1 Abstract 

This paper proposes a calculation procedure to estimate the swelling pressure of bentonites. The 

experimental information needed to obtain the estimations can be obtained from relatively 

conventional tests, including the determination of the water retention curve, and swelling pressure 

tests using oedometric sample holders. This allows to obtain physically based predictions of the 

changes in swelling pressure with environment salinity. To facilitate the calculations, an open 

access spreadsheet in which the proposed approach has been implemented is attached as 

Supplementary material. A set of significant swelling pressure tests are modelled, obtaining very 

good fits. The fits not only build confidence in the proposed methodology, but also improve the 

validation of the hydro-chemo-mechanical formulation on which the proposed procedure is based. 

 

Keywords: MX-80 bentonite; Swelling; Swelling pressure; Swelling pressure prediction. 
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6.2.2 Introduction 

In addition to their low hydraulic conductivity, the high adsorption capacity and high swelling 

potential of bentonites have made these clays an important part of multi-barrier systems that are 

expected to be used in the deep geological disposal of spent nuclear fuel (e.g., Bennett and Gens, 

2008; Sanders and Sanders, 2016; Sellin and Leupin, 2013). Therefore, an important research 

effort has been conducted in recent years to understand the properties of bentonites, and the results 

have demonstrated the remarkable dependence of the hydraulic and deformational behaviour of 

bentonites on the environment salinity (Alawaji, 1999; Di Maio, 1996; Studds et al., 1998). Based 

on the current trends of modelling techniques (Keyes et al., 2013), a multiphysics approach is 

advised for modelling the behaviour of bentonites. This approach allows the integration of flow 

and transport formulations, such as those described by Loret and Huyghe (2004) and Tournassat 

et al. (2015), with mechanical constitutive models, such as the Barcelona Basic Model (Alonso et 

al., 1990) and the Barcelona Expansive Model (Alonso et al., 1999; Gens and Alonso, 1992), 

which are recognised by many researchers (e.g., Sheng et al., 2004; Sołowski et al., 2012; Wheeler 

et al., 2002) as references for the analysis of the mechanical behaviour of bentonites. 

Navarro et al. (2017b) presented a multiphysics approach that integrates a mechanical model 

based on the Barcelona Expansive Model (Navarro et al., 2014b) with an electro-chemical 

formulation based on the use of a Donnan equilibrium approach (Revil et al., 2011; Tournassat 

and Appelo, 2011). Satisfactory results were obtained despite using a simplified conceptual model 

to characterise the geochemistry of the system (only Ca2+, Na+ and Cl− were considered in addition 

to the mineral clay), and even though the simulated tests (free swelling of MX-80 bentonites) 

were challenging for the model because they incorporated significant deformations and notable 

variations of salinity. Nevertheless, it would be interesting to further validate the formulation by 

analysing other processes. 

With this goal, this paper presents simulations of the swelling pressure tests performed by 

Karnland et al. (2005, 2006). The satisfactory fits obtained provides additional confidence in the 

hydro-chemo-mechanical formulation proposed by Navarro et al. (2017b). Moreover, the good 

results obtained imply something more important than this validation. The calculation procedure 

defines a strategy to determine the swelling pressure, providing a physically based formulation 

that complements the use of empirically based extrapolations when, for example, sensitivity 

analyses such as those described by Juvankoski (2013) are performed. 
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6.2.3 Materials and methods. Description and results of swelling pressure tests 

The swelling tests performed by Karnland et al. (2005, 2006) were analysed. Karnland et al. 

(2005) carried out three sets of tests (S2-41-46, S2-51-56, S2-61-66; Fig. 6.2.1) using a sodium-

purified MX-80 bentonite with a cation exchange capacity (CEC) of 0.85 eq/kg clay. Karnland et 

al. (2006) tested several clays, although in the present study only results obtained with sodium-

purified MX-80 “WyNa” (CEC of 0.86 eq/kg clay) were used (Fig. 6.2.1). Both materials are 

similar to the MX-80 sodium bentonite analysed by Navarro et al. (2017b), which had a CEC of 

0.84 eq/kg clay. The similarity is demonstrated by the chemical and mineralogical composition 

data included in Karnland et al. (2005, 2006) and Navarro et al. (2017b). An average mineral 

density, mineral, of 2780 kg/m3 was assumed (Navarro et al., 2017b). 

 

Fig. 6.2.1. Experimental results obtained by Karnland et al. (2005, 2006). 

In all of the tests, after compacting the bentonite, it was initially saturated with deionised water 

in an oedometric sample holder that prevented volumetric deformation. This equipment and 

isochoric conditions were maintained throughout the tests. Small samples (1.6 cm3, Karnland et 

al., 2005; 4.8 cm3, Karnland et al., 2006) were used to reduce the time required to reach 

equilibrium in the different testing steps. After saturation, the salinity of the interstitial water was 

progressively increased by contacting the sample top and bottom boundaries with an aqueous 

solution of controlled salinity. The salinity of the boundary solution was increased after the 

swelling pressure (measured with a load cell) reached a constant value, obtaining the results 

synthesized in Fig. 6.2.1. 
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6.2.4 Conceptual model and numerical solution 

As is customary when analysing the behaviour of compacted bentonite, a double porosity medium 

was considered (e.g., Alonso et al., 1999; Lemaire et al., 2004; Sedighi and Thomas, 2014), which 

idealises the macro- and microstructure as the inter-aggregate and intra-aggregate void space, 

respectively (see Fig. 6.2.2). Although it is reasonable to assume at least two different hierarchical 

levels of voids in the microstructure, interlamellar voids and interstack voids (following the 

notation in Neretnieks et al., 2009), only one macroscopic variable, the microstructural void ratio 

em (volume of voids in the microstructure per volume of mineral) was considered for 

characterising the intra-aggregate porosity (microporosity). The internal complexity of the 

microstructure is abstracted, adopting the aggregate as the support scale (according to Pachepsky 

et al., 2006). Therefore, different types of microstructural water are not distinguished. Only one 

microstructural water is considered, which saturates the microstructural space (Gens and Alonso, 

1992; Mašín and Khalili, 2016), and does not flow due to hydrodynamic gradients (immobile 

water of van Genuchten and Wierenga, 1976). On the other hand, the water in the macrostructural 

pores (inter-aggregate water) does flow under such gradients (free water). 

In the analysed steps, saturated conditions were maintained with a null macrostructural matric 

suction (identified by the capillary suction). Consequently, according to Navarro et al. (2017b), 

the chemical potential of the macrostructural water, M, was equal to: 

( )M VO MO

W

 
WMM

T s 


= −        (6.2.1) 

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

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

suction. The analysis of the system only includes chloride and sodium as dissolved species, 

because, as mentioned in Section 6.2.3, the tests were conducted with sodium-purified bentonite, 

and the salinity conditions are imposed using a NaCl aqueous solution. Consequently, the 

presence of calcium is disregarded (Appendix A in Section 6.2.7 describes how the formulation 

should be modified to consider it). Therefore, sMO can be calculated as: 

( )MO W Cl,M Na,M M     s R T c c = +       (6.2.2) 

where R is the universal gas constant, and M is the macrostructural osmotic coefficient, which is 

assumed to be equal to 1 in this approach. Thus, the proposed formulation should be applied with 

caution under high salinity conditions. 
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Fig. 6.2.2. Schematic particle arrangement in a highly compacted Na-bentonite: 1, intra-aggregate space; 2, bentonite 

stack; 3, aggregate; 4, inter-aggregate space. Adapted from Pusch (1987). 

The variables cCl,M and cNa,M are the molal concentrations of the chloride and sodium ions, 

respectively, in the macrostructural solution. At equilibrium, the molar concentrations (CCl,M and 

CNa,M, respectively) are given by the values indicated in Fig. 6.2.1. In the “chemical loading 

steps”, by increasing the boundary salinity, sMO increased, and M decreased. When M became 

smaller than m (the chemical potential of the microstructural water), the equilibrium between 

macro- and microstructural water was lost. A transient process occurred in which water passed 

from the microstructure to the macrostructure, which decreased em and increased eM 

(macrostructural void ratio: volume of voids in the macrostructure per volume of mineral) until 

the new value of m was equal to the value of M. This transient process is not described in this 

paper. The analysis focuses on the stationary situation when m was equal to M, which was 

determined by the water salinity in contact with the sample boundaries. 

The chemical potential of the microstructural water can be calculated as (Navarro et al., 2017b): 

( ) ( )m VO mS mO

m

 
WMM

T p s s 


= + − −       (6.2.3) 

where ρm is the microstructural water density, p is the net mean stress (which under saturated 

conditions is equal to the Terzaghi effective mean stress), smS is the “structural” suction of the 

microstructure. This magnitude defines the affinity of water for the solid components of the soil-

water system, and changes with the arrangement of the soil particles (Box and Taylor, 1962), 

which in the microstructure can be assumed to be characterised by em. If, starting from conditions 

in which the microstructure only includes the cations necessary to compensate the CEC, the soil 
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salinity is increased maintaining em constant, although the structural suction will be the same 

(same arrangement), the water potentials in the microstructure will be different. This difference 

will be determined by smO, which defines the increase in microstructural suction due to the 

contribution to the chemical potential by the ions in excess of the CEC (or “extra” micro-salinity). 

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

water (e.g., Jacinto et al., 2009, 2012), ρm=ρW was assumed for modelling purposes (Tournassat 

and Appelo, 2011). Therefore, in equilibrium, when m=M, p (exerted swelling pressure) is given 

by: 

( ) MOmOmS sssp −+=        (6.2.4) 

If CCl,M and CNa,M are known (determined at equilibrium by the salinity imposed on the sample 

boundary), sMO is defined by Eq. (6.2.2). To calculate p, it is therefore necessary to determine smS 

and smO. The magnitude of smO can be calculated as: 

( )mO W Cl,m Na,m,NCC m     s R T c c  = +      (6.2.5) 

where m is the microstructural osmotic coefficient (which, similar to M, was assumed to be 

equal to 1), cCl,m is the molal concentration of the ion chloride in the microstructural porosity, and 

cNa,m,NCC is the microstructural non-charge-compensating molal concentration of sodium, equal to 

cCl,m. Therefore, to determine smO, it is necessary to know the molar concentrations CCl,m and 

CNa,m as well as em. If the Donnan equilibrium approach (Revil et al., 2011; Tournassat and 

Appelo, 2011) is adopted, the microstructural concentrations can be obtained from the 

macrostructural concentrations through the partition function B, defined in Appendix B (Section 

6.2.8): 

Cl,M

Cl,m Na,m Na,M;   
C

C C B C
B

= =       (6.2.6) 

The function smO is given by B and em. On the other hand, the structural suction smS, linked to 

the soil microstructural arrangement, is also a function of em. Navarro et al. (2017b) proposed 

using the state surface defined in Fig. 6.2.3 (bold line) to obtain smS from em. Even if Navarro et 

al. (2015) defined in detail the basis of Fig. 6.2.3, given its importance for the proposed 

methodology, the process followed to derive it will be briefly described. Experimental data from 

water retention curves obtained in free vertical swelling tests by Kahr et al. (1990), Wadsö et al. 

(2004), Dueck and Nilsson (2010) and Sane et al. (2013) were analysed. In keeping with that 

proposed by several authors (Jacinto et al., 2009; Or and Tuller, 1999; Romero et al., 2011), the 

capillary (macrostructural) contribution to the water content was assumed to be negligible above 
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a certain value of total suction. The value identified was 20 MPa, and the experimental data 

corresponding to greater suction values were used to obtain the law to define the microstructural 

water content, wm. Since the microstructure is assumed to be saturated, em=Gmineral wm holds, where 

Gmineral is the specific gravity of the mineral. Using this relationship, the law to define em was 

derived, which was extrapolated for suctions less than 20 MPa to obtain the curve in Fig. 6.2.3. 

The parameter emR, found in the vertical axis of the figure, defines the remaining microstructural 

void ratio under very dry conditions (Navarro et al., 2015), and does not take the same value for 

all the analysed bentonites. For the MX-80 bentonite analysed in this study, it is equal to 0.093. 

Consequently, the values of B and em must be determined to obtain p. Two equations are available 

for this. First, electroneutrality must be imposed on the microstructure: 

0mCl,mNa, =−− qCC         (6.2.7) 

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

mineral

m

 CEC
q

e


=         (6.2.8) 

The following functional equation can be deduced from Eqs. (6.2.6) and (6.2.7): 

2

Na,M Cl,M  0C B q B C− − =        (6.2.9) 

 

Fig. 6.2.3. State surface that defines the microstructural volumetric constitutive model. 

The second equation is not obtained from the electroneutrality in the macrostructure, as this is an 

implicit result of the electroneutrality of the boundary aqueous solution. Rather, it is obtained by 

accepting isochoric conditions (zero volumetric strain). Therefore, the total void ratio eTOT (total 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1101001000

e m
-e

m
R

smS (MPa)

Kahr et al. (1990)

Wadsö et al. (2004)

Dueck and Nilsson (2010)

Dueck and Nilsson (2010)

Sane et al. (2013)

State surface



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
208 

 

volume of voids per volume of mineral: eTOT=em+eM) was constant, and each considered step 

complied with: 

mM ee −=          (6.2.10) 

As noted after Eq. (6.2.2) when describing the transient process linked to the increase of salinity, 

in the analysed chemical loading steps, em decreases and eM increases. Consequently, the net mean 

stress (which defines the swelling pressure, and is equal to the effective mean stress) decreases. 

Therefore, the analysed processes followed a mechanical unloading path (progressive reduction 

of p), a logarithmic relationship between eM and the variation of p can be assumed (Alonso et 

al., 1990): 

( )M  Lne p = −          (6.2.11) 

where  is the macrostructural elastic stiffness for changes in p. Consequently, the value of em at 

the end of a step is given by the expression: 

m m,ini

ini

 Ln
p

e e
p

= +         (6.2.12) 

where em,ini and pini are the values of the microstructural void ratio and the mean net stress, 

respectively, at the beginning of the analysed step. 

Therefore, a nonlinear system of two equations with two unknowns, B and em, is represented by 

Eqs. (6.2.9) and (6.2.12). The system is highly coupled. It should be noted that q in Eq. (6.2.9) 

depends on em; thus, B depends on em. Moreover, the dependence of em on p, which is defined in 

Eq. (6.2.12), causes em to depend on smO when Eq. (6.2.4) is used to calculate the value of p; as 

a result, Eqs. (6.2.5) and (6.2.6) depend on B. Finally, by depending on p, Eq. (6.2.12), and hence 

on smS, Eq. (6.2.4), em has an implicit dependence on itself, which is indicated by the state surface 

in Fig. 6.2.3. 

To solve the system, a numerical model was implemented in a spreadsheet (Microsoft Excel©) 

using a Newton-Raphson scheme (e.g., Press et al., 1992) with the freeware optimization solver 

Optimiz.xla (Foxes Team, 2004). The wide dissemination and easy access of the chosen work 

environment will allow other researchers to use the developed tool, which is attached to this 

document as complementary open access material. The parameters used in the calculations are 

defined in Appendix C (Section 6.2.9). The spreadsheet is also adapted to solve problems in which 

the concentration of calcium cations is not neglected (Appendix A, Section 6.2.7). 
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6.2.5 Results and discussion 

Figs. 6.2.4 and 6.2.5 compare the results obtained by applying the formulation presented above 

to the experimental results of Karnland et al. (2005, 2006) corresponding to salinities of 0.1, 0.3 

and 1 M. The agreement is very satisfactory, especially that associated with Karnland et al. (2005) 

(Fig. 6.2.5) because no parameters were fitted to this dataset. Parameter  was estimated using 

the results of Karnland et al. (2006), obtaining a value of 0.07. 

 

Fig. 6.2.4. Comparison between the experimental data (markers) of the swelling pressure tests of Karnland et al. (2006) 

and the model results (lines) for salinities of 0.1, 0.3 and 1 M. 

 

Although the same material and conditions were applied, the results of the three sets of tests 

performed by Karnland et al. (2005) are shown separately in Fig. 6.2.5 to clearly illustrate the 

quality of the results. The high quality of all results is further evident in Fig. 6.2.6. The squared 

Pearson correlation coefficient R2 between model results and the results of Karnland et al. (2005) 

is 99.98%, and it is 99.91% between model results and the results of Karnland et al. (2006) has 

an R2 of 99.91%. Although the latter correlation may not be considered remarkable because these 

experimental data were used to determine , only a single parameter of the complex formulation 

described in the previous section was identified, and in identification processes it is not always 

possible to reproduce the values and shape of the objective function with the quality shown in 

Fig. 6.2.4. 
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Fig. 6.2.5. Comparison between the experimental data (markers) of the swelling pressure tests of Karnland et al. (2005) 

and the model results (lines) for salinities of 0.1, 0.3 and 1 M. (a) Samples S2-41 to S2-46. (b) Samples S2-52 to S2-

56. (c) Samples S2-61 to S. 

The good results indicate that the microstructural volumetric constitutive model, which is 

synthesised in Fig. 6.2.3, is valid for both studied MX-80 bentonites. This appears to be logical 

because, as was noted in Section 6.2.3, these materials have similar properties to those of the MX-

80 analysed by Navarro et al. (2017b). To use the model for other bentonites to which the initial 

state surface shown in Fig. 6.2.3 does not apply, a suitable surface can be obtained using data 

from water retention curves (Navarro et al., 2015). Therefore, the experimental information 

needed to apply the proposed formulation can be obtained using relatively “conventional” 

equipment, such as a psychrometer or other device capable of defining the water retention curve, 

and oedometric sample holders similar to those used by Karnland et al. (2005, 2006) to determine 

. 
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Fig. 6.2.6. Correlation between the experimental and model results for salinities of 0.1, 0.3 and 1 M. 

This highlights an additional advantage of the approach described in Section 6.2.4. The technique 

is not only a “computational flow chart” to improve the validation of the model of Navarro et al. 

(2017b). Rather, it is an approach (see also Appendix A in Section 6.2.7) to obtain “physically 

based” predictions of the variations in swelling pressure due to changes in salinity. The approach 

is an alternative or complement to the empirical estimates that are commonly used. 

  

Fig. 6.2.7. Comparison between the model results for =0.058 and =0.091 and the empirical estimations proposed by 

Dixon (2000), Dixon et al. (2011) and Hedin (2004) for (a) saline and (b) dilute conditions. 

Fig. 6.2.7 compares the results obtained for saline and dilute conditions using the model with 

empirical estimates of the swelling pressure proposed by Dixon (2000), Hedin (2004) and Dixon 

et al. (2011) (adapted for MX-80 bentonite). As in the analysed tests in this study, to define the 

equivalent molarity in the equations proposed by Dixon (2000) and Dixon et al. (2011), the 
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salinity was assumed to be due to NaCl dissolution. The model simulations included a 25% 

perturbation of  from the identified value (=0.07). Thus, =0.091 and =0.058 were considered. 

For low dry densities (low compaction, higher void ratio), the simulated results for 1 M salinities 

(Fig. 6.2.7a) are similar to the predictions, and both are very small (a logarithmic scale was used 

on the y-axis). The simulated values for the 0.1 M salinities (Fig. 6.2.7b) are slightly higher than 

the predictions of Dixon (2000) and Dixon et al. (2011). The empirical relationships obtained by 

these authors are associated with higher salinity data (approximately 0.17 M), which correspond 

to lower swelling pressures. On the other hand, for higher dry densities, the variability between 

the different empirical predictions is 150 MPa for 1 M salinity (Fig. 6.2.7a) and 170 MPa for 0.1 

M salinity (Fig. 6.2.7b). This variability is an order of magnitude greater than that obtained with 

the formulation proposed in this study, even considering a 25% perturbation in . The input of 

information used to characterise the deformability of microstructure (Fig. 6.2.3) and 

macrostructure (value of ) reduces the uncertainty in the swelling pressure determination, even 

when the error in  is not negligible. This reduction is relevant when performing risk analyses, 

such as those described by Juvankoski (2013), because it will improve the accuracy of the 

conclusions. In addition, because risk analysis software is often based on spreadsheets, the 

application of the proposed formulation to risk analysis will be straightforward using the 

Supplementary material in this article. 

 

Fig. 6.2.8. Comparison between the experimental data (markers) of the swelling pressure tests of Karnland et al. (2005) 

and the model results (lines) for a salinity of 3 M. 

To end with this Section, the simulation results obtained for the tests by Karnland et al. (2005) 

with a NaCl 3 M solution are represented in Fig. 6.2.8. The quality of the results is lower than 

that for lower salinities, which illustrates the limitations for the application of the proposed 
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methodology to higher salinities. However, for high dry densities (when the confinement pressure 

is high), the 3 M results are still acceptable. Besides, the maximum salinity in repositories like 

Olkiluoto (Finland) will not be over 1 M (concentration higher than the ionic strength of the 35 

g/L solution taken as the maximum expected salinity at repository depth by Hellä et al., 2014). 

Thus, the proposed approach will be of application to the simulation of the salinity conditions in 

such repository. 

 

6.2.6 Conclusions 

The ability of the model of Navarro et al. (2017b) to reproduce the swelling pressure tests of 

Karnland et al. (2005, 2006) provides confidence in the proposed hydro-chemo-mechanical 

formulation. Although the model should still be improved, for example, for high salinity 

conditions, the simplicity with which it reproduced the tests analysed, and its capacity to simulate 

vertical free swelling processes (as demonstrated in Navarro et al., 2017b) make it a tool of interest 

to characterise the behaviour of MX-80 bentonite. 

In addition, the calculation approach can be applied to other types of bentonite. First, the water 

retention curve (which is used to define the microstructural volumetric deformability; Navarro et 

al., 2015) and the macrostructural stiffness for changes in stress (using an oedometric sample 

holder similar to that used by Karnland et al., 2005, 2006) must be obtained. After interpreting 

the experimental work, the bentonite swelling pressure can be calculated using the spreadsheet 

included with this article. This method obtains physically based predictions of the swelling 

pressure, which reduce the uncertainty in the results when analysing the sensitivity of the swelling 

pressure to possible changes in the salinity conditions of the system. 

 

6.2.7 Appendix A. Formulation for including calcium 

This appendix describes the modifications to the formulation in the main body of this paper to be 

applied when the presence of the calcium cation is not neglectable. A simple geochemical system 

(clay mineral, Ca2+, Na+ and Cl−) is still considered, assuming equilibrium and maintaining M=1 

and m=1. The formulation described here is included in the spreadsheet that is attached as 

Supplemental material. 

First, Eq. (6.2.2) must be replaced by: 
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MO W Cl,M Na,M Ca,M M   ( ) s R T c c c = + +       (6.2.13) 

where cCa,M is the molal concentration of the calcium cation in the macrostructural solution. 

Similarly, Eq. (6.2.5) must be modified as follows: 

a,mmO W Cl,m Na,m,NCC C   ( ) ms R T c c c  = + +      (6.2.14) 

where cCa,m,NCC is the microstructural non-charge-compensating molal concentration of calcium. 

Given two exchangeable cations, it is challenging to define the “excess” Na+ and Ca2+ because 

both cations can compensate for the surface charge q. As in Navarro et al. (2017b), it is assumed 

that for both Na+ and Ca2+ there is a proportionality between the charge-compensating fraction 

and the total amount present in the microstructure. 

The partition function B will also define the relationship between the molar concentrations of 

calcium in the macrostructure, CCa,M, and in the microstructure, CCa,m, so the following relation 

must be included in Eq. (6.2.6): 

2

Ca,m Ca,M C B C=         (6.2.15) 

The formulation of the electroneutrality in the microstructure, Eq. (6.2.7), will also change to: 

Na,m Ca,m Cl,m2 0C C C q+ − − =       (6.2.16) 

Therefore, Eq. (6.2.9) should be replaced by: 

( ) 2

Na,M Ca,M Cl,M2   0C C B q B C+ − − =      (6.2.17) 

The rest of the formulation remains the same, and the resolution strategy does not change. In 

addition, because CCa,M is a known boundary condition, the problem is nearly the same from a 

mathematical point of view. 

 

6.2.8 Appendix B. Deduction of the partition function 

According to several authors (for instance, Pivonka et al., 2007), the electrochemical potential i,k 

of ion “i” (i=Ca2+, Na+ or Cl−) in the structural level “k” (k=“m” micro or “M” macrostructure) 

can be computed as: 

i,k Oi i,k i k  Ln   R T a z F = + +        (6.2.18) 

where 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. 
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At equilibrium, for any species, the electrochemical potentials in macro- and microstructure must 

be the same. Consequently, making μi,m equal to μi,M in Eq. (6.2.18) results in: 

D

i,M i,m

  
 exp

 

iz F
a a

R T

 
=  

 
       (6.2.19) 

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

osmotic coefficients, an approximate model is adopted in which the activity coefficients are equal 

to 1, then a Donnan electrochemical equilibrium model between the macro- and microstructures 

such as that proposed by Tournassat and Appelo (2011) is obtained: 

i,mD

i,M i,m

  
 exp

 i

i

z

Cz F
C C

R T B

 
= = 

 
      (6.2.20) 

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

function for the ion concentrations in the macro- and microstructures, which is common for all of 

the ions present in the system. Eqs. (6.2.6) and (6.2.20) are deduced from this equation. 

 

6.2.9 Appendix C. Simulation parameters 

All the parameters used in the simulations can be found in Table 6.2.1. It follows the notation in 

the available complementary spreadsheet to make it easier to use. The values in the table were 

used to reproduce the tests by Karnland et al. (2005) corresponding to a dry density of 1529 kg/m3. 

 

Table 6.2.1. Parameters description and values. 

Parameter Description Value 

 macrostructural elastic stiffness 0.0729 

mineral (kg/m3) mineral density 2780 

CEC (mol charge/kg) cation exchange capacity -0.85 

d (kg/m3) dry density 1529 

w (kg/m3) free water density 1000 

wmM macrostructural solution density 1000 

wmm microstructural solution density 1000 

T (ºC) temperature 20 

R (J/(mol·K)) gas constant 8.31447215 
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6.3.1 Abstract 

Squeezing tests are performed to obtain liquid samples from soil to characterise the chemical 

composition of the aqueous saline solution in its pores. However, the representativeness of the 

extract obtained from active clays has been debated, as a mixture of macrostructural and 

microstructural solutions is likely to be obtained. To analyse this question, given the complexity 

and the strong hydro-chemo-mechanical coupling of the processes that occur during a squeezing 

test, it is of interest to simulate the test using a conceptual model that is able to characterise the 

processes involved in active clays. This type of simulation is performed in the study, showing that 

the chemo-mechanical interaction between macrostructure and microstructure is unavoidable. 

However, in saturated soils with low dry densities, most of the extracted water is directly obtained 

from the macrostructure, and the extract can be considered representative of the macrostructural 

solution. With increasing dry density, the mixing increases, and the representativeness of the 

extract may be compromised. In unsaturated soil with a low water content and high dry density, 

an important mass exchange occurs between the macrostructure and microstructure. If the test is 

viable (i.e. sufficient solution volume can be obtained), the representativeness of the extract must 

be carefully evaluated. 

 

Keywords: Chemical properties; Clays; Compressibility; Expansive soils; Model tests; 

Numerical modelling. 
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6.3.2 Introduction 

Characterising the chemical composition of the aqueous solution in the soil pore space is a matter 

of interest for both geochemical and geomechanical studies, particularly for active clays, given 

the strong hydro-chemo-mechanical coupling associated with these materials (Di Maio, 1996; 

Studds et al., 1998). Thus, obtaining samples that are representative of the chemical composition 

of the interstitial solution is essential. Given the low hydraulic conductivities of active clays and 

their ability to develop high suction, such samples are not easily obtained. One of the procedures 

used to obtain samples is the squeezing technique (e.g. Arifin and Schanz, 2009; Muurinen et al., 

2004). However, doubts have been raised concerning the “true” representativeness of the solution 

obtained. In addition to the changes in the chemical composition of the liquid extract that can be 

caused by temperature changes and contact with atmospheric gases, the very high pressure applied 

(50 MPa; Arifin and Schanz, 2009, or even higher; Mazurek et al., 2015) can mobilise liquid from 

both large pores and interlayer spaces (Fernández et al., 2014; Muurinen et al., 2007), which may 

mix and thus distort the representativeness of the extract. Analysing this potential mixing is the 

main objective of this paper. 

Arifin and Schanz (2009) experimentally investigated mixing and analysed the effect of the soil 

specific gravity and the initial values of the void ratio and degree of saturation on the squeezing 

pressure, defined as the pressure that must be applied to the soil to obtain a “first extract drop”, 

which is assumed to be characteristic of the soil pore solution in high-plasticity clays (Arifin and 

Schanz, 2009). By installing electrodes inside MX-80 bentonite specimens, Muurinen and 

Carlsson (2007) verified that the values of pH (acidity) and Eh (redox potential) measured by the 

electrodes in a specimen with an initial low dry density were equal to those values of the squeezed 

pore solution when the compressed specimen reached a density of 1.5 g/cm3. In addition, 

Fernández et al. (2014) and Mazurek et al. (2015) investigated the more compact Opalinus Clay 

from the Mont Terri underground rock laboratory in Switzerland. Both studies identified a 

threshold squeezing pressure (175 MPa according to Fernández et al., 2014, and 200 MPa for 

Mazurek et al., 2015) below which an extract is considered to be closely representative of the in 

situ composition of the free pore water. 

These contributions provide empirical evidence of a threshold above which mixing is relevant. 

However, a conceptual model that facilitates a better understanding of the mechanisms and 

processes that are developed in a squeezing test is of interest. Muurinen et al. (2004, 2007) 

proposed a conceptual model to reproduce the squeezing of an MX-80 bentonite. They confirmed 

that single porosity models do not reproduce consistently the tests performed, indicating the need 
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for a double porosity approach. Therefore, the double porosity approach used in the hydro-chemo-

mechanical model of Navarro et al. (2017b) provides a basis for the numerical inspection 

performed in the present study. The model assumes a simplified geochemical configuration, 

considering only Ca2+, Na+ and Cl− ions together with the clay mineral. However, the verification 

and validation exercises conducted to date (Navarro et al., 2016, 2017a, 2017b, 2018) (see the 

Section 6.3.4) have proven the ability of the model to reproduce the stress-strain behaviour of an 

MX-80 bentonite under different chemo-mechanical loads. Thus, it has been used to simulate ten 

squeezing tests with different salinity, saturation and dry density conditions, as well as with 

different squeezing pressures and loading rates. The results obtained highlight the complexity and 

coupling of the processes developed during the squeezing tests, and reveal that a certain mixture 

occurs in all cases (as indicated by Muurinen et al., 2004). In addition, the simulations show that, 

when squeezing extracts from unsaturated compacted specimens, the mixing process is so intense 

and complex that the representativeness of the extract is compromised. 

Prior to presenting the results and after describing the materials and conditions assumed in the 

tests, the main characteristics of the model are outlined; the model is described in more detail in 

Navarro et al. (2017b). 

 

 

6.3.3 Materials and methods 

The material considered for the numerical simulations was the natural sodic MX-80 bentonite 

modelled by Navarro et al. (2017a, 2017b, 2018). This material has similar properties to the 

material Be-Wy-BT007-1-Sa-R described by Kiviranta and Kumpulainen (2011). The main 

mineralogical, chemical and physical properties of this bentonite are listed in Table 6.3.1. 

The geometry and boundary conditions adopted are summarised in Fig. 6.3.1. The modelled 

specimens were cylindrical with a diameter and a height of 20 mm, similar to those employed by 

Muurinen et al. (2004) and Arifin and Schanz (2009). In oedometric conditions (both lateral 

strains, flow and transport were assumed to be null), a vertical load was applied on top of the 

sample in the form of a ramp function, which started in a zero load and reached a maximum value 

of the squeezing pressure  after a time t (Table 6.3.2). The load remained stationary at its 

maximum value from this point until the end of the simulation. Lateral friction effects were not 

considered in the simulations. The top boundary of the specimen is impervious to water flow and 

ion transport. The bottom was also assumed impervious for macrostructural degrees of saturation 

less than one. However, when this boundary is fully saturated, the macrostructural liquid pressure 
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is assumed to be equal to the atmospheric pressure (seepage or free surface boundary condition; 

Franke et al., 1987; Scudeler et al., 2017). In addition, a third-type or flux-type boundary condition 

(van Genuchten and Parker, 1984) is applied to the macrostructural transport of chemical species 

in saturated conditions. Therefore, the flow and transport boundary conditions at the sample 

bottom are defined as: 





=

=
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=
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       (6.3.1) 

where SrM is the macrostructural degree of saturation, qM is the macrostructural water seepage, 

PL is the liquid pressure, Patm is the atmospheric pressure, and li and Ci,M are, respectively, the 

mass flow with regard to the soil skeleton displacement and the molar concentration in the 

macrostructural water of the i-th ion (Cl−, Na+ and Ca2+). 

 

Table 6.3.1. Main properties of the tested material, where CEC is the cation exchange capacity and mineral is the 

bentonite density. 

Chemical composition (weight %) 

SiO2 59.82 

Al2O3 21.27 

Fe2O3 3.62 

Na2O 2.86 

MgO 2.77 

CaO 1.49 

Mineralogical composition (weight %) 

Smectite 87.6 

Plagioclase 4.2 

Quartz 4.1 

K-feldspar 1.8 

Other properties 

CEC (eq/kg) 0.84 

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

mineral (g/cm3) 2.78 

Liquid % / Plastic Limit % 510/50 
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Table 6.3.2. Description of the simulated squeezing tests. 

ID D (g/cm3) m (g/cm3) Water c (g/L)  (MPa) t (min) 

T1 

0.7 
1 

SAT 

10 

40 

5 

T1a1 1 

T1a2 10 

T1b1 10 
5 

T1b2 80 

T1c1 1 

40 5 

T1c2 35 

T2 Eq. (6.3.20) 

10 T3 1.4 
1 

T4 1.4 w=17% 

 

 

Fig. 6.3.1. (a) Mechanical boundary conditions of the simulated squeezing tests. (b) Idem for flow and transport. (c) 

Reference points, A: z=0, B: z=0.1 H, C: z=0.5 H. 

As indicated in the Introduction, ten squeezing tests were simulated. Similarly to the tests 

performed by Muurinen and Carlsson (2007) and Muurinen et al. (2004), saturated conditions 

were adopted in nine simulations (see Table 6.3.2). In eight of those simulations, an open soil 

with an initial dry density D of 0.7 g/cm3 (minimum value considered by Muurinen et al., 2004) 

was modelled. In the remaining saturated simulations, the value of D was twice as large, 1.4 

g/cm3. In this way, the effect of soil density on its response was assessed. In addition, to analyse 

the effect of soil water content, the squeezing of an unsaturated as-compacted specimen, with a 

gravimetric water content of 17% and the same dry density of 1.4 g/cm3 (T4, Table 6.3.2), was 

simulated. The sensitivity of the results to the density of microstructural water m was assessed 

Eq. (6.3.1) 
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by using a function for it based on Jacinto et al. (2012) (see Appendix 2, Section 6.3.8) in one of 

the eight saturated simulations of an open soil (T2, Table 6.3.2), while using m=1 g/cm3 in the 

rest of simulations. The sensitivity to the squeezing pressure (simulations T1b1 and T1b2) and to 

the loading rate (simulations T1a1 and T1a2) was also studied. Finally, to illustrate the effect of 

the initial salinity of the soil, soils with an initial macrostructural salts concentration of 1 g/L 

(T1c1, Table 6.3.2) and of 35 g/L (T1c2, Table 6.3.2) were simulated, in contrast with the 10 g/L 

assumed in the rest of the cases. The 1 g/L concentration represents a low-salinity water. The 10 

g/L concentration represents a brackish saline water simulant for Olkiluoto, the site of the Onkalo 

deep geological repository for spent nuclear fuel in Finland, while the 35 g/L concentration 

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

2014). 

 

6.3.4 Conceptual and numerical model 

As noted in the Introduction, the conceptual framework used behind the simulations is based on 

the double porosity chemo-mechanical model proposed by Navarro et al. (2017b). As the present 

paper is based on its application, this section presents a synthesis of its main features 

(complemented by Appendices 1-4, Sections 6.3.7-6.3.10) and some examples of application that 

illustrate the capacity of the model to simulate squeezing tests. Further details on the model and 

application can be found in Navarro et al. (2017a, 2017b, 2018). 

As it is common in the analysis of the behaviour of compacted bentonites (Alonso et al., 2005; 

Gens, 2010; Guimarães et al., 2013; Lemaire et al., 2004; Nowamooz et al., 2009; Sedighi and 

Thomas, 2014; Vilarrasa et al., 2016; Xie et al., 2004), the model defines macrostructure and 

microstructure as the inter-aggregate void space and the intra-aggregate void space, respectively. 

The total void volume per mineral volume e is defined as (see, e.g., Sánchez et al., 2005, and 

Musso et al., 2013): 

Mm eee +=          (6.3.2) 

where em is the microstructural void ratio (volume of intra-aggregate voids per volume of mineral) 

and eM is the macrostructural void ratio (volume of inter-aggregate voids per volume of mineral). 

If eM is greater than eMmin (which is assumed to be equal to 0.01) the definition of the variation in 

eM, and the characterisation of the macrostructural stress-strain behaviour is based on the 

“Barcelona Basic Model” (Alonso et al., 1990). When eM is less than eMmin, then the exponential 

approximation of the bulk modulus increment as defined in Appendix 1 (Section 6.3.7) was 
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adopted. The definitions and values of the parameters used in the mechanical model of the 

macrostructure are included in Appendix 1 (Section 6.3.7), which also describes how to obtain 

the microstructural strains from the variation of em. 

 

Fig. 6.3.2. State surface (line) that defines the microstructural volumetric constitutive model and the experimental data 

(markers) that were used to deduce the model. 

To determine em, the state surface represented in Fig. 6.3.2 is used, where smS defines the 

“structural” suction of the microstructure. This suction term is equivalent to the thermodynamic 

swelling pressure introduced by Navarro et al. (2018). For the MX-80 bentonite analysed in this 

study, emR (the remaining microstructural void ratio in dry conditions) is 0.093 (Navarro et al., 

2015). Considering the equivalency between suction and water potential (Yong, 1999), smS 

defines the potential that is related to the organisation of the microstructure, which is characterised 

by em. Although several authors have noted that macrostructural and microstructural water may 

not be in equilibrium (e.g. Ferrage et al., 2007; Montes-H et al., 2003b; Musso et al., 2013), 

Navarro et al. (2015) confirmed that the flow in the bentonite analysed in the present work is slow 

enough to assume a fast macrostructure-microstructure mass exchange and thus equilibrium. As 

detailed in Appendix 2 (Section 6.3.8), in that case smS can be calculated as: 

mS M MO mNCCIs p s s s= + + −         (6.3.3) 

where p is the net mean stress, defined as the mean stress minus the gas pressure PG, and sM is the 

macrostructural matric suction, identified as the capillary suction, and therefore calculated as the 

difference between PG and the liquid pressure PL; sM=PG-PL. The function smNCCI is the increase 

in microstructural suction due to the contribution to the chemical potential of ions in excess of the 

cation exchange capacity (CEC) (the non-charge-compensating ions or “extra” microstructural 
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salinity) and sMO is the osmotic suction of the macrostructural water. The terms sMO and smNCCI 

are functions of the concentrations of calcium, sodium and chloride in the macrostructure and in 

the microstructure, respectively (Appendix 2, Section 6.3.8). 

Given the fast kinetics of the ion exchange in montmorillonite (Sparks, 2003), the Donnan 

equilibrium approach (Helfferich, 1962) is adopted, and therefore, the macrostructural and 

microstructural concentrations are related by the partition function B. In addition to these three 

equations, an additional electroneutrality equation at each of the two structural levels is 

considered. Then, the geochemical system has seven unknowns (six concentrations and B) and 

five equations; that is, there are two degrees of freedom. To solve them, the molar concentration 

of calcium in the macrostructure CCa,M and that of chloride in the microstructure CCl,m are adopted 

as the main unknowns (Appendix 2, Section 6.3.8). 

Since isothermal conditions (at 25°C) and a constant gas pressure that is equal to the atmospheric 

pressure are assumed, these two concentrations and PL constitute the state variables of the flow 

and transport model described in Appendix 3 (Section 6.3.9). These calculations are coupled with 

the characterisation of the soil skeleton displacement field u and the stress tensor to introduce the 

value p into Eq. (6.3.3). Thus, the flow and transport mass balance equations and the mechanical 

equilibrium equation must be solved in a coupled manner. To this end, the formulation described 

in Appendices 1-3 (Section 6.3.7-6.3.9) was implemented (see Appendix 4, Section 6.3.10) using 

the “multiphysic” feature in Comsol Multiphysics (Navarro et al., 2017b), which is a multiphysics 

partial differential equation solver based on the finite-element method with Lagrange multipliers 

(Comsol, 2015). The numerical tool developed was employed to simulate the squeezing tests 

defined in the previous section and to obtain the results presented in the following section.  

Despite the simplified abstraction of the geochemistry of the system (including only Ca2+, Na+ 

and Cl− and clay), the model produced good results. This is illustrated in Fig. 6.3.3a, adapted from 

Navarro et al. (2017b), which plots the results of the simulation of a vertical free swelling process 

of an MX-80 bentonite. Despite the large strains that occurred (obtaining water contents over 

1000%), the model is able to reproduce the experimental results. The fit of the model results to 

the experimental ones is also noteworthy in the swelling pressure tests in Fig. 6.3.3b (tests by 

Karnland et al., 2005, 2006). In them, the salts concentration varies significantly. Fig. 6.3.3b plots 

the correlation between the model and the experimental final swelling pressure values. However, 

the model has also been confirmed to reproduce the time evolution of the swelling pressure. These 

cases are very demanding on the model, especially regarding its ability to model the water mass 

exchange between macrostructure and microstructure. The quality of the results obtained provides 
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confidence in its application to study the potential mixing between macrostructural and 

microstructural water in squeezing tests. 

 

Fig. 6.3.3. (a) Water content distributions at the end of the tests performed by Navarro et al. (2017b) (dots are 

experimental data, and lines are model predictions). (b) Correlation between the experimental and model results of the 

tests of Karnland et al. (2005, 2006) (salinities of 0.1, 0.3 and 1 M were considered). 

 

6.3.5 Results and discussion 

Figs. 6.3.4 and 6.3.5 show the evolution of the mean molar concentrations of the ions and the 

ionic strength (IS) in the extract (which is assumed to be a perfectly mixed system). In addition, 

the initial values of these variables in the macrostructure, which are the values intended to be 

characterised with the squeezing, have been represented by a dashed line for comparison. As can 

be seen in Fig. 6.3.4a, the effect of the loading rate is not significant. The hydraulic conductivity 

of bentonite is so small that nearly all the samples behave as undrained, even for the higher loading 

rate, t =10 min. This fact is illustrated in Fig. 6.3.6, which shows the differences between point 

A (sample top, see Fig. 6.3.1) and points B and C, where the liquid pressure is equal to the applied 

load. 

The effect of the value of the squeezing pressure, however, is relevant (Fig. 6.3.4b). Greater 

pressures lead to greater reductions of em (Fig. 6.3.7), more presence of microstructural fluid in 

the extract (Fig. 6.3.8) and thus more distortion introduced in the test: the composition of the 

extract differs more from the initial composition of the macrostructural water. 
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The role of the initial salts concentration is also relevant. The greater it is, the more representative 

the extract is of the real (initial) macrostructural salinity (Fig. 6.3.5). 

 

Fig. 6.3.4. Evolution of the mean molar concentrations of the ions in the extract and the initial values for the 

macrostructure. (a) Tests T1, T1a1 and T1a2. (b) Tests T1, T1b1 and T1b2. See Table 6.3.2. 

 

 

Fig. 6.3.5. Evolution of the mean molar concentrations of the ions in the extract and the initial values for the 

macrostructure of tests T1c1 (a), T1 (b) and T1c2 (c). See Table 6.3.2. 
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Fig. 6.3.6. Evolution of the total vertical stress Z (equal to the applied load), PL, p', sm, and sMO-smNCCI of test T1. (a) 

Point A, (b) Point B, (c) Point C. See Table 6.3.2 and Fig. 6.3.1c. 

  

Fig. 6.3.7. Evolution of e, eM and em at points A, B and C (Fig. 6.3.1c). (a) Test T1b1. (b) Test T1. (c) Test T1b2. See 

Table 6.3.2. 
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seems to remain largely representative. However, the capacity of numerical simulation to explain 

the processes illustrates that, even if the extract is not very distorted, the behaviour of the system 

is not simple. 

 

Fig. 6.3.8. Volumes of macrostructural water and microstructural water extracted. a) Test T1b1. (b) Test T1. (c) Test 

T1b2. See Table 6.3.2. 

 

Fig. 6.3.9. Evolution of the mean molar concentrations of the ions in the extract and the initial values for the 

macrostructure in Tests T1 and T2 (Table 6.3.2). 
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concentration (Fig. 6.3.4). The complexity of the soil response becomes fully apparent in an 

aspect not usually considered when analysing squeezing tests: the high hydro-mechanical 

heterogeneity induced during the test. As noted when discussing the liquid pressure values earlier 

in this section, the small hydraulic conductivity causes different effects at different locations. Near 

the draining edge (point A of Fig. 6.3.1), the water overpressure rapidly dissipates, and the entire 

applied load results in increased effective stress (Fig. 6.3.6). In the inner part of the specimen 

(points B and C, Fig. 6.3.1), this dissipation is minimal, and the load results in increased pore 

water pressure, maintaining a constant effective stress at the considered times. Therefore, the 

macrostructural void ratio is significantly reduced at the edges while exhibiting minimal variation 

in much of the specimen, as shown in Figs. 6.3.7 and 6.3.10. Both figures indicate a similar trend 

in the microstructural void ratio. In saturated conditions, Eq. (6.3.3) can be written as: 

mS MO mNCCI´s p s s= + −         (6.3.4) 

where p′ is the effective mean stress. Given that the hydro-mechanical load (p′) becomes 

significantly higher than the chemical load (sMO - smNCCI) (Fig. 6.3.6), both smS and em are 

fundamentally controlled by p′, which explains the parallels between the evolution of eM and the 

evolution of em (however, given the large value of eM in the low dry density bentonite analysed, 

the variation in the macroporosity is considerably higher than the variation in the microporosity). 

Consequently, the variability in the chemical composition of the extract can be considered to be 

fundamentally induced by the temporal evolution of the macrostructural consolidation process. 

Nevertheless, this assumption is not entirely true. 

 

Fig. 6.3.10. Variation in eM and em with the initial non-deformed height z of the specimen (see Fig. 6.3.1c) at the 

beginning of the test and after 3, 5 and 10 minutes of test T1 (Table 6.3.2). 
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Fig. 6.3.11 shows the variation in the ion concentration along the length of the specimen after 10 

min of testing. The concentrations of calcium and sodium ions in the microstructure show large 

variations. A reduction in em increases the surface charge density, Eq. (6.3.24), which increases 

the concentrations of Ca2+ and Na+ and decreases the concentration of Cl− to maintain the 

electroneutrality in the microstructure, Eq. (6.3.23). The decrease in the concentration of Cl− is 

barely noticeable in Fig. 6.3.11 because the Cl− concentration in the microstructure (initially 31 

mM) is significantly smaller than the concentrations of Na+ (initially 623 mM) and Ca2+ (initially 

995 mM). However, as shown in Fig. 6.3.12, the decrease in Cl− is significant in relative terms. 

During squeezing, water can be extracted from the microstructure (Fig. 6.3.8), and the 

deformation of the microstructure changes the surface charge density and the chemical 

composition of the macrostructural and microstructural solutions, and therefore changes the 

extract. The medium is not inert, and the extraction of water and solutes is not proportional. The 

chemical composition of the extract is the system response to a boundary problem in which 

numerous coupled processes are developed. The composition of the extract can significantly 

deviate from the initial composition in the macropores and does not even have to be associated 

with any characteristic value of the medium. 

 

Fig. 6.3.11. Variation in the ion concentrations along the non-deformed height z (Fig. 6.3.1c) of the specimen at the 

beginning of the test and after 10 minutes of test T1. 
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Fig. 6.3.12. Percentage variation in the number of ions considered in the model. Test T1 (Table 6.3.2). 

 

Fig. 6.3.13. Evolution of the mean molar concentrations of the ions in the extract and the initial values for the 

macrostructure in Test T3 (Table 6.3.2). 
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after the start of the test, eM became approximately nil at the top of the specimen (Fig. 6.3.14). 

After this situation, almost all of the extract was obtained from the microstructure, as reflected in 

the trend change from approximately 60 to 70 s in Fig. 6.3.13, and the difference between the 

obtained extract and the initial chemical composition of the macrostructural solution increases. 

 

Fig. 6.3.14. Variation in eM and em with the undeformed height z of the specimen (Fig. 6.3.1c) at the beginning of the 

test and after 1, 5 and 10 minutes of Test T3 (Table 6.3.2). 
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Eq. (6.3.3) and shown in Fig. 6.3.16. In this case, the viability of squeezing must be assessed 

because the volume of liquid extracted is very small and is obtained from the microstructure. 

 

Fig. 6.3.15. Evolution of e, eM and em at point A shown in Fig. 6.3.1 throughout Test T4 (Table 6.3.2). 

 

 

Fig. 6.3.16. Evolution of the total vertical stress Z, total radial stress R, PL, p, sm, and sMO-smNCCI in Test T4 (Table 

6.3.2) at point A shown in Fig. 6.3.1c. 
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6.3.6 Conclusions 

Given the complexity of the hydro-chemo-mechanical coupled processes that occur in the 

squeezing of an active clay, simulating this test using a numerical model is useful for reproducing, 

identifying and understanding the processes involved. This study uses the conceptual model from 

Navarro et al. (2017b), which has a demonstrated ability to simulate the main behavioural 

characteristics of these materials. The application of this model showed that the geochemical 

coupling between the macrostructure and microstructure of the active clay is significant, even in 

saturated soils with low dry densities, in which a substantial amount of the extracted water is 

obtained from the macrostructure. This coupling is more significant at a higher dry density, even 

while maintaining saturated conditions. In this case, when the macrostructural void ratio becomes 

approximately zero at the draining edges as a consequence of the squeezing-induced 

consolidation, the extracted liquid solution is predominantly from the microstructure. However, 

before this blockage, the extract can be considered representative of the initial composition of the 

macrostructural solution, similar to the less dense specimens. This conclusion is not true for 

partially saturated soils compacted to a high density. In this case, the water in the macrostructure 

is transferred to the microstructure before the extract is obtained. Given the processes that develop 

before obtaining the extract, it is advisable to evaluate the representativeness of the extract, 

provided that it is large enough to be analysed. 

The extract can be expected to be stable and chemically representative only in sufficiently open 

soils. In active clays under other conditions, generalisations are difficult; thus, the results of 

squeezing tests must be carefully interpreted. 

 

6.3.7 Appendix 1. Mechanical model 

In the monotonic compression paths that are analysed in this paper, a simplified additive structure 

was assumed to define the total soil strain increment vector dTOT (Navarro et al., 2016): 

mMTOT  ddd +=         (6.3.5) 

The vector dM defines the strain increment caused by macrostructural deformation. As noted in 

Section 6.3.4, if eM is greater than eMmin (taken as 0.01), then the Barcelona Basic Model (Alonso 

et al., 1990) was used. Therefore, the mechanical behaviour of the soil macrostructure was 

assumed to be described by two “significant stresses”: the macrostructural matric suction sM and 

the net stress . The tensor field  is defined as =−PG m, where m is the vector form of the 
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Kronecker delta (the engineering or Voigt notation is used for both stress and strain tensors), and 

 is the total stress that defines the mechanical equilibrium equation: 

0σ =− zg         (6.3.6) 

where “·” is the divergence operator,  is the average soil density, g is the gravitational 

acceleration, “” is the gradient differential operator and z is the vertical coordinate (upwards 

oriented). From , the net mean stress p (p꞊mt·, where “t” indicates the transpose operator) is 

computed. The net mean stress and sM define the increment of the elastic volumetric strain dMV
e 

in the macrostructure: 

S

M

p

e

MV
K

ds

K

dp
d +=         (6.3.7) 

where the stress, Kp, and suction, KS, bulk moduli are computed as:  

( ) ( ) ( )

  

1
;

1

S

ATMM
s

p

p



ePs
K

ep
K

++
=

+
=      (6.3.8) 

where p and S are, respectively, the elastic stiffness for changes in net stress and suction. Their 

values, included in Table 6.3.3, were identified by Navarro et al. (2016). 

Table 6.3.3. Macrostructural stress-strain parameters. 

Parameter Value 

k 0.1 

p 0.1 

S 0.05 

pREF (kPa) 10 

 0.35 

pC (kPa) 10 

(0) 0.15 

r 0.8 

 (kPa-1) 2.0·10-5 

M 1.07 

KMAX (MPa) 109 

 

This paper considers yield only by contact with the loading-collapse F surface to compute the 

increment of macrostructural plastic strains dM
p, where F is: 

( ) ( ) 0OS

22 =−+−= ppppMqF       (6.3.9) 
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where q is the von Mises stress, M is the slope of the critical state line (a material parameter; 

Table 6.3.3), pO is the net mean yield stress at the current suction, and pS is the increase in tensile 

strength with suction, calculated as: 

MS  = skp          (6.3.10) 

The material parameter k is included in Table 6.3.3. The value of pO is given by the expression: 

pM

p

)(

)0(

C

O
CO

* 



−

−









=

s

p

p
pp        (6.3.11) 

where the reference stress pC is defined in Table 6.3.3, and the evolution of the saturated pre-

consolidation stress pO
* is calculated from the macrostructural plastic strain increment, dMV

p, 

using the hardening law: 

( )

( )

p

MV

p

O
O

0

*1
* 


d

pe
dp

−

+
=        (6.3.12) 

The function  defines the slope of the virgin compression curve at macrostructural suction sM. It 

is computed as: 

( ) ( ) MM exp1)0()( srrs  −−+=      (6.3.13) 

where (0), r and  are material parameters (Table 6.3.3). 

 

Fig. 6.3.17. Increase Kp in the bulk modulus Kp computed when eM is less than eMmin. 
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computations was possible thanks to the use of a self-developed numerical model, and to the 

implementation flexibility of the numerical software used (see Appendix 4, Section 6.3.10). 

The increment of the microstructural strains dm is assumed isotropic. Its volumetric expression 

dmV is computed from the increment of em: 

e

de
d

+

−
=

1

m

mV         (6.3.14) 

where em is obtained from the state surface represented in Fig. 6.3.2. 

 

6.3.8 Appendix 2. Geochemical model 

The computation of em needs the value of smS, which is linked to the relationship between the 

chemical potentials of microstructural and macrostructural water, m and M. This work assumes 

equilibrium between water in both structural levels, and consequently their chemical potentials 

are assumed to be equal. According to Edlefsen and Anderson (1943), M can be computed as: 

( ) ( )MOM

W

VOM ss
WMM

T +−=


       (6.3.15) 

where VO(T) is the chemical potential of pure water at the absolute temperature T; WMM is the 

molar mass of water; and ρW is the density of free water. As it was assumed by Truesdell and 

Jones (1974) and Suarez (2005), the activity aM of free (macrostructural) water for concentrations 

lower than 1 M can be approximated as (Garrels and Christ, 1965): 

−= Mi,M 017.01 ca        (6.3.16) 

where ci,M are the molalities of dissolved anions, cations and neutral species in the macrostructural 

solution. A simplified geochemistry configuration was adopted, in which, together with the clay 

mineral, only calcium, sodium and chloride ions were considered (Navarro et al., 2017b). Electro-

kinetic processes were not taken into account, and it was assumed that no significant pH changes 

occur. For this system, the molalities needed in Eq. (6.3.16) are cCl,M, cNa,M and cCa,M. Therefore, 

sMO is given by: 

( )( )W
MO Cl,M Na,M Ca,MLn 1 0.017s R T c c c

WMM


= − − + +    (6.3.17) 

where R is the universal gas constant. In turn, the chemical potential of the microstructural water 

can be expressed as (Karnland et al., 2005): 
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( ) ( )mNCCImS

m

VOm ssp
WMM

T −−+=


      (6.3.18) 

The concentration of non-charge-compensating ions, which defines the value of ΔsmNCCI, is 

smaller than the concentration of ions in charge-compensating positions, which affects m 

implicitly through p and smS. For this reason, in the previous equation, smNCCI is not as relevant 

as p and smS. The value of smNCCI could be approximated using activity coefficients equal to 1. 

Nevertheless, analogously to Eq. (6.3.17), it was computed as: 

( )( )m
mNCCI Cl,m Na,m,NCC Ca,m,NCCLn 1 0.017s R T c c c

WMM


 = − − + +   (6.3.19) 

where cCl,m is the molality of chloride in the microstructure, and cNa,mNCC and cCa,mNCC are the 

microstructural non-charge-compensating molal concentration of sodium and calcium, 

respectively. All chloride in the microstructure will be non-compensating. Anion exclusion is not 

imposed, and the concentration of chloride in the microstructure will be given by chemical 

equilibrium. 

In Eqs. (6.3.18) and (6.3.19), ρm is the density of adsorbed water. Although several studies note 

that ρm is greater than the density of free water ρW (Villar and Lloret, 2004; Jacinto et al., 2012), 

ρm=ρW is usually assumed for modelling purposes (Tournassat and Appelo, 2011). The latter has 

been assumed in nine of the ten simulations performed in the present work (Table 6.3.2). On the 

other hand, simulation T2 uses a logarithmic function: 

( )m mSMax 0.0225 ln( ) 1.0545;1s = +      (6.3.20) 

where smS is expressed in MPa. This function is based on the values of ρm identified by Jacinto et 

al. (2012) (Fig. 6.3.18). 

As deduced from Eqs. (6.3.15) and (6.3.18), in equilibrium (m=M), smS can be calculated as in 

Eq. (6.3.3) (smS=p+sM+sMO−smNCCI), and then em can be obtained with Fig. 6.3.2. The values of 

sMO and smNCCI can be computed with Eqs. (6.3.17) and (6.3.19), respectively. For this purpose, 

the concentrations of calcium, sodium and chloride in both the macrostructure and the 

microstructure are needed. To determine these concentrations, the Donnan equilibrium approach 

(Helfferich, 1962) was used. Assuming the electrochemical potentials of ions are equal in both 

structural levels (see Navarro et al., 2017b for details), the macrostructural and microstructural 

concentration of each species (Ci,M and Ci,m, with i=Cl, Na and Ca) can be related using the 

partition function B: 
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iz
B

C
C

mi,

Mi, =          (6.3.21) 

where zi is the ionic charge. Additionally, the electroneutrality of the system must be satisfied:  

02 MCl,MCa,MNa, =−+ CCC        (6.3.22) 

02 mCl,mCa,mNa, =−−+ qCCC       (6.3.23) 

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

m

mineral

e

CEC
q


=         (6.3.24) 

The values of CEC and bentonite mineral density mineral are included in Table 6.3.1. CCa,M and 

CCl,m are adopted as state variables of the electrochemical problem (see Section 6.3.4). By 

combining Eqs. (6.3.21)-(6.3.23), the following equation is obtained: 

( ) 022 mCl,MCa,

2

mCl,MCa, =++++− qCBCBCC     (6.3.25) 

which is a quadratic functional expression of B. CCa,M and CCl,m, CCa,m and CCl,M are obtained from 

B by applying Eq. (6.3.21). Then, CNa,M and CNa,m can be obtained considering electroneutrality, 

as shown in Eqs. (6.3.22) and (6.3.23). 

 

Fig. 6.3.18. Value of m with respect to smS (adapted from Jacinto et al., 2012). 
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6.3.9 Appendix 3. Flow and transport formulation 

As the isothermal conditions and a constant gas pressure equal to the atmospheric pressure were 

assumed, only water and vapour flows were computed. The water mass balance equation in the 

macrostructure is: 

( )
( ) 0mVMM

VM =+++



+
rm

t

mm
jv      (6.3.26) 

where mM and mV are the mass of the macrostructural liquid water and vapour water per unit 

volume, respectively; mM vM is the mass flow of the macrostructural liquid water per unit area; jV 

is the mass flow of vapour; and rm is the mass exchange from macrostructural water to 

microstructural water. Osmotic flow terms have not been considered. The values of mM and mV 

are computed as: 

( )

e

eSr
m

e

eSr
m

+

−
=

+

=

1

1

1

MMv
V

MMW
M





        (6.3.27) 

where V is the vapour density and SrM is the macrostructural degree of saturation, which was 

calculated from the macrostructural suction (Navarro et al., 2015) using a van Genuchten (1980) 

retention curve: 

( )  mn
s

Sr

SrSr −

+=

−

−
1

1 M,0

M,0M

       (6.3.28) 

where SrM,0 is the macropore residual degree of saturation (which is assumed to be equal to 0) and 

α, m and n are model parameters (Table 6.3.4). The relationship n=1/(1-m) was adopted. 

Table 6.3.4. Hydraulic parameters of the macrostructure (taken from Navarro et al., 2016). 

Parameter Value 

α (kPa-1) 1.1510-4 

m 0.733 

bM 9.911 

M0 0.047 

k0 (m2) 2.33910-21 

 

The vapour density V was calculated as (Edlefsen and Anderson, 1943): 
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( )













+

−=

TR

ssWMM

W

MOM
VOV exp


       (6.3.29) 

where VO is the density of saturated water vapour and is defined as (Ewen and Thomas, 1989): 

( )( )
4.194

10634.110374.6exp
242

VO

−− −
=

TT
     (6.3.30) 

where T* is temperature expressed in degrees Celsius.  

The macrostructural water flow was modelled using the conventional advective (Darcy) 

formulation proposed by Pollock (1986). Therefore, vM=v+qM, where vM is the macrostructural 

flow vector and v is the time derivative of the soil skeleton displacement vector u. The 

macrostructural water seepage qM is calculated as a function of the gradients of the liquid pressure 

PL and the vertical coordinate z: 

( )zgP
K

+−= WL

W

MM
M 




q       (6.3.31) 

where KM is the intrinsic permeability of the macrostructural liquid; M is the macrostructural 

relative permeability; and W is the macrostructural liquid dynamic viscosity. The relative 

permeability was modelled using the Brooks and Corey (1964) formulation, in which an 

exponential value of three was assumed (Gens et al., 2011). The intrinsic permeability KM was 

modelled using the relationship proposed by Gens et al. (2011): 

( ) M0MM0M exp  −= bkK        (6.3.32) 

where k0 is the intrinsic permeability for the reference macrostructural porosity M0; M is the 

macrostructural porosity; and bM is a constitutive parameter (refer to Table 6.3.4). 

The mass flow of vapour jV was considered to be diffusive only, as a constant gas pressure was 

assumed. Therefore, a constant gas density can be considered. In accordance with Pollock (1986): 

( ) VMMV 1  −−= DSrj        (6.3.33) 

where  is the soil tortuosity and D is the binary diffusion coefficient of water vapour in the gas. 

As in Olivella and Gens (2000), =1 was assumed, and D was calculated as proposed by Pollock 

(1986) and Philip and De Vries (1957): 

G

3.2
9109.5

P

T
D −=         (6.3.34) 
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The gas pressure PG, which is equal to the atmospheric pressure in this study, must be expressed 

in kPa in this dimensional equation to obtain D in m2/s. 

The mass exchange from macrostructural water to microstructural water rm can be deduced from 

the microstructural water mass balance equation. The microstructure was considered fully 

saturated (Mašín and Khalili, 2016; Yong, 1999), and the microstructural water was considered 

to be primarily linked to the bentonite skeleton. Thus, the microstructural flow vector vm was 

assumed to be equal to v, and the microstructural water mass balance equation is: 

( ) 0mm
m =−+




rm

t

m
v        (6.3.35) 

where the mass of microstructural water per unit volume mm  is defined as: 

e

e
m

+

=

1

mW
m


         (6.3.36) 

where em is obtained from Eq. (6.3.3) (equilibrium between microstructural water and 

macrostructural water is assumed) and Fig. 6.3.2, and both v and e are obtained by solving the 

mechanical problem. Consequently, rm can be calculated as: 

( )vm
m

m m

t

m
r +




=         (6.3.37) 

The total mass balance of the species dissolved in water was determined as: 

( ) 0ii
i =+




vm

t

m
        (6.3.38) 

where mi is the mass of the i-th ion (Ca2+ or Cl− in this paper) per unit volume, which is calculated 

as: 

e

eCeSrC
mmm

+

+
=+=

1

mmi,MMMi,

mi,Mi,i      (6.3.39) 

where mi,M and mi,m are the mass of the solute per unit volume in the macrostructure and 

microstructure, respectively. The term mi vi in Eq. (6.3.38) is the mass flow of solute per unit area 

and is calculated as: 

iiii lvv += mm         (6.3.40) 

where li is the mass flow of the i-th ion with regard to the soil skeleton displacement. This work 

does not consider electro-osmotic phenomena, so li was computed as: 
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mi,Mi,MMi,i jjql ++= c        (6.3.41) 

where ci,M qM defines the advective flow in the macrostructure; ji,M is the diffusion of the i-th ion 

in the macrostructure with respect to the advective flow; and ji,m is the diffusion of the i-th ion in 

the microstructural liquid. As previously noted, water flow in the microstructure was not 

considered. In addition, mechanical dispersion was neglected because the advective flow was 

small. Therefore, diffusion was modelled using Fick’s law: 

mi,mi,
m

mi,

Mi,Mi,
MM

Mi,

1

1

CD

e

e

CD

e

Sre



+

−=



+

−=

j

j

       (6.3.42) 

where Di,M and Di,m are the macrostructural molecular diffusion coefficient and microstructural 

molecular diffusion coefficient of the i-th ion, respectively. To determine Di,M and Di,m, the 

formulation of Bourg et al. (2006) is used: 

G
DD

G
DD


o,imi,

o,iMi,

1

=

=

         (6.3.43) 

where Do,i is the self-diffusion coefficient of the i-th ion in bulk liquid water; G=4 is a factor of 

the pore-network geometry; and δ=0.3 is a constrictivity factor for small pores. It is possible that 

the value of these two factors, especially G, changes when bentonite deforms and its particles are 

rearranged. However, constant values were taken based on the estimations by Bourg et al. (2006) 

for bentonites similar to the one considered in the present work. Soil strains are already accounted 

for in Eq. (6.3.42) through void ratios. The values taken for the self-diffusion coefficients are 

Do,Ca=7.79·10-10 m2/s and Do,Cl=2.03·10-9 m2/s (Cussler, 1997). For case T1 (Table 6.3.2), changes 

in the values of D (Di,M and Di,m, with i=Ca and Cl) up to a 20% have been confirmed to produce 

changes in the predicted extract salinity lower than 5.5%. Consequently, the sensitivity of the 

performed analysis to the definition of molecular diffusion is limited. 

 

6.3.10  Appendix 4. Numerical implementation 

Eqs. (6.3.6), (6.3.26) and (6.3.38) define the non-linear system of coupled partial differential 

equations that must be solved to obtain PL, CCa,M, CCl,m and u, state variables of the system. Given 

the multiphysics character of the problem, the use of a multiphysics partial differential equation 
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solver is very convenient. In such solvers, the software automatically manages discretisation and 

numerically processes the differential equations that describe the analysed physical phenomena, 

on which the user can focus. Some of the solvers, such as Comsol Multiphysics (COMSOL, 

2015), use a symbolic algebra interface. The equations to be solved, and the functions involved, 

can be introduced in a text-editor-like interface. The system is flexible in the definition of the 

equations to be solved, and their implementation is simple. Comsol Multiphysics also offers 

prebuilt modules to solve mechanical equilibrium or parabolic equations. However, these 

modules are not as flexible as the “blank” equations available. The authors of this work 

implemented their own modules from blank equations, and included the equations described in 

the previous appendices. 

In addition, the symbolic algebra performs automatic differentiation, which improves the 

numerical performance of the solver (see, for instance, Bischof et al., 2008, and Martins and 

Hwang, 2012). However, the use of a symbolic iteration matrix can cause problems when there 

are state functions defined implicitly. This is the case, for instance, of the mechanical constitutive 

model, since the increments of stress, strain and plastic variables depend on the value of the 

variables themselves. The problem can be overcome using a mixed method (Malkus and Hughes, 

1978), that is, defining stresses and plastic variables as state variables (Navarro et al., 2014a). The 

application of this method has been confirmed as efficient and to produce quality results (Alonso 

et al., 2012a; Navarro et al., 2014a). 

 

6.3.11  Notation 

B Partition coefficient for ion concentrations in the macrostructure and the 

microstructure 

CEC Cation exchange capacity 

Ci,M Molar concentration of the i-th ion (Cl−, Na+ and Ca2+) in the macrostructural water 

Ci,m Molar concentration of the i-th ion (Cl−, Na+ and Ca2+) in the microstructure 

c Salinity of the macrostructural solution 

e Total void ratio 

eM Macrostructural void ratio 

eMmin Value of the macrostructural void ratio in which the definition of the macrostructural 

stress-strain behaviour changes 

em Microstructural void ratio 

emR Remaining microstructural void ratio under dry conditions 

IS Ionic strength 

li Mass flow of the i-th ion with regard to the soil skeleton displacement 

Patm Atmospheric pressure 
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PG  Gas pressure 

PL  Macrostructural liquid pressure 

p Net mean stress 

p’ Effective mean stress 

qM Macrostructural water seepage  

sM Macrostructural matric suction 

sMO Macrostructural osmotic suction 

smS Structural suction of the microstructure 

SrM Macrostructural degree of saturation 

t Time to reach the maximum squeezing pressure applied 

u Soil skeleton displacement vector 

w Total gravimetric water content 

ΔsmNCCI Osmotic pressure caused by the non-charge-compensating ions in the microstructure 

 Squeezing pressure 

D Dry density 

m Density of adsorbed water 

mineral Mineral density 

R Total radial stress 

Z Total vertical stress 
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6.4.1 Abstract 

An approach is proposed for simulating the coupled processes of swelling and mechanical erosion 

of compacted MX-80 bentonites. The loss of mass at the water-soil interface is described by 

means of a simplified erosion model, assuming the “instantaneous” activation of erosion. A 

double-porosity formulation was adopted based on the Barcelona Expansive Model to describe 

the deformability of the bentonite. In addition, a state surface was introduced to describe the 

increase in macrostructural porosity caused by the swelling and destructuration of the aggregates. 

This formulation was implemented in the multiphysics partial differential equation solver Comsol 

Multiphysics (CM), which was adapted to incorporate a mixed method and a Lagrangian 

formulation. The “Deformed Geometry” module of the CM solver allowed for the smooth and 

continuous updating of the active material domain to the bentonite mass loss defined in the erosion 

model. 

Satisfactory data fits were obtained by simulating a variety of pinhole tests on MX-80 samples of 

various configurations. Thus, although more experimental validation is needed, and the approach 

could be further improved (introducing, e.g., the effect of water salinity), the obtained results 

indicate that this method is a useful starting point for describing and quantifying the coupled 

erosion and swelling of MX-80 bentonites. 

 

Keywords: Bentonite; Mechanical erosion; Swelling; Double porosity approach; Destructuration. 
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6.4.2 Introduction 

A significant number of strategies considered for the deep geological storage of spent nuclear fuel 

are based on the placement of a compacted bentonite buffer around canisters of nuclear waste 

(Börgesson and Fredrikson, 1990; Pusch, 1982, 1985, 1992). This strategy is incorporated, for 

example, in concepts KBS-3V and KBS-3H developed by the Swedish nuclear fuel and waste 

management administration (SKB, 1999) and by the organisation responsible for the final 

disposal of spent nuclear fuel in Finland (Posiva, 2006). The bentonite is compacted to a high 

density and emplaced in deposition holes drilled in crystalline rock. The groundwater flow from 

the host rock will lead to the hydration of the bentonite, causing it to swell. Such swelling will be 

mainly confined by the bedrock walls, so the bentonite will swell only into the gaps left during 

the installation (Pusch and Hökmark, 1990) and against the backfill emplaced on top of the 

deposition holes in the KBS-3V concept. Thus, the system will tend to homogenise and become 

sealed. Nonetheless, this strategy could be compromised if water flows along the discontinuities 

in the medium and erodes the bentonite (Boisson, 1989; Grindrod et al., 1999; Neretnieks et al., 

2010). 

In recent years, important research efforts have been invested in characterising and evaluating 

this process. Researchers have analysed both the chemical erosion caused by the release of the 

bentonite colloidal suspension produced when the material is exposed to very low-salinity water 

and the mechanical erosion due to the shear stress exerted by the flow along the discontinuities in 

the bentonite (see Åkesson et al., 2010; Birgersson et al., 2009; Missana et al., 2003; Moreno et 

al., 2011; Neretnieks et al., 2009; Pusch, 1983; Sandén and Börgesson, 2010; Sandén et al., 2008; 

Suzuki et al., 2013). Piping erosion could be especially important in the early phase of the 

saturation process if water flows into a deposition hole from fractures in the bedrock, causing sub-

vertical mass transport into the deposition tunnel backfill. This process, which might not be 

relevant if the groundwater inflow is small, will likely continue until the deposition tunnel plug 

is installed and the void volume in the pellet-filled slots in the buffer and tunnel backfill is filled 

with water (Sane et al., 2013). The most adverse situation would be the development of a piping 

channel in the deposition hole with the greatest point-like inflow (Juvankoski et al., 2013). In that 

case, the piping process would be conceptually similar to the erosion occurring in a pinhole test. 

In this study, the pinhole tests performed by Sane et al. (2013) using laboratory tap water (under 

30 mg/L of total dissolved solids) were analysed. First, the material under study and the tests are 

described. Then, the model and the numerical methods used in the simulation are introduced. 

Finally, the obtained data fits are presented. The applicability of the proposed approach is thus 
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demonstrated. Due to the large number of variables used in this paper, a list of symbols and units 

is included in Appendix A (Section 6.4.7). 

 

6.4.3 Materials and methodology 

The samples analysed were fabricated using two batches of MX-80 bentonite, “Wy” and “Ce” in 

Table 6.4.1. This table, adapted from Kiviranta and Kumpulainen (2011) and Kumpulainen and 

Kiviranta (2010), describes their main features. It can be seen that these are very similar materials. 

Their chemical compositions are alike. The same is true for their mineralogical compositions, 

although the smectite content is higher in the “Ce” bentonite. Nevertheless, the cation exchange 

capacity is similar. The amount and distribution of exchangeable cations is also comparable. Last, 

highlighting their similarities, these two materials have the same grain density. 

Fig. 6.4.1 shows the pinhole test setup (Sane et al., 2013). A flow of tap water of 0.1 L/min 

(current specification for maximum allowed inflow in a deposition hole in Finland; Juvankoski et 

al., 2013) was applied. This flow was continuously controlled using a flowmeter placed after the 

pump pushing the water from a sealed container. Pressure sensors were placed before the flow 

controller in the flow line. The pressure did not significantly vary throughout the test. However, 

during the tests, occasional flow rate drops of less than 5% were observed. These drops were 

taken into account in the interpretation of the data. 

 

 

Fig. 6.4.1. Pinhole test setup. (1) Sealed water container, (2) magnetic pump, (3) flow meter, (4) sample cell, (5) MX-

80 bentonite sample with inner pinhole, (6) sintered filters, (7) automated system for effluent collection. 
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Table 6.4.1. Chemical and mineralogical composition of the MX-80 bentonites modelled in this work. “Wy” bentonite 

data are adapted from Kumpulainen and Kiviranta (2010), and “Ce” bentonite data are adapted from Kiviranta and 

Kumpulainen (2011). LOI (lost ignition) is not included in the chemical composition and not all minerals are included 

in mineralogical composition. 

Chemical composition (weight %) “Ce” bentonite “Wy” bentonite 

SiO2 61.27–61.85 64.32 

Al2O3 20.28–20.76 19 

Fe2O3 3.85–3.93 3.3 

FeO 0.51–0.55 0.48 

TiO2 0.17 0.15 

MgO 2.52–2.54 2.56 

CaO 1.28–1.38 1.66 

Na2O 2.41–2.42 2.03 

K2O 0.76–0.80 0.62 

Mineralogical composition (weight %)     

Smectite 84.6–90.6 76.3 

Illite 0.1 1.8 

Calcite 0.1–0.4 0.7 

Cristobalite 0.1–0.2 0.6 

Gypsum 1.1 1.2 

Hematite 0.1 0.4 

Plagioclase 2.4–3.7 2.3 

Pyrite 0.6–1 0.8 

Quartz 3.4–3.5 4.8 

Other properties     

CEC (eq/kg) 0.861–0.866 0.89 

Na+/K+/Ca2+/Mg2+ (eq/kg) 0.59/0.02/0.25/0.09 0.60/0.02/0.19/0.07 

Bentonite density (kg/m3) 2780 2780 

 

The flow was driven through a pinhole at the centre of a bentonite sample. Cylindrical samples 

100 mm in diameter D and either 100 or 400 mm in length L were used (see Table 6.4.2). The 

initial water content was 17±3%, and the initial bulk density was 2000 kg/m3 (1700 kg/m3 dry 

density). The samples were compacted inside the test cells. A smooth-surface steel rod with the 

initial diameter of the hole d0 (either 6 or 12 mm) was assembled in the cell (Fig. 6.4.2a and b). 

The top element in Fig. 6.4.2c was placed before pouring the bentonite (Fig. 6.4.2d). Then, the 

piston was placed (Fig. 6.4.2e) and the soil was compacted using a bottom plate until the cell 

length was reached (Fig. 6.4.2f), obtaining this way the desired dry density. The sample was 

compacted from both ends with the help of spacers aiming for a uniform dry density distribution. 

The effect of friction was minimised by applying lubricant on the pistons. The pistons used in the 

compaction were long enough to embed the rod firmly, preventing its rotation, and therefore, their 

length favoured to keep the rod centred along the compaction process. The rod was removed after 
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compaction by pushing it with a bar of smaller diameter. This way, samples with a uniform central 

hole, as shown in Fig. 6.4.3, were manufactured, without the stochastic coarse nature of the drilled 

pinhole that was observed in preliminary testing. An automated effluent collector was set up to 

collect effluent samples. The samples obtained were dried and weighed, thereby yielding the 

mass-loss estimates shown in Fig. 6.4.4. 

Like Table 6.4.1, the results shown in Fig. 6.4.4 also demonstrate the similarity between “Wy” 

and “Ce” bentonites. Thus, their erosion behaviour is analysed as a whole. 

      

       

Fig. 6.4.2. Sample compaction. (a) 3D view of the base holding the steel rod and the test cell (inner diameter 100 mm). 

(b) Photograph of the same elements. (c) 3D view with top element placed to contain the soil and centre the top piston. 

(d) Photograph with the bentonite poured. (e) Sketch of the configuration after compaction. (f) Situation prior to 

compaction. 

 

a) 

b) 

c) 

d) 

e) 

f) 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
252 

 

 

Fig. 6.4.3. (a) Geometry of the sample at the beginning of the tests (longitudinal section). (b) Schematic geometry of 

the sample during the tests. (c) Idealised model of the sample and spatial coordinates. (d) Idealised model of the sample 

and material coordinates. The shaded area corresponds to the portion of the sample that had been eroded at time t. 

 

Fig. 6.4.4.Cumulated mass loss along time obtained from the tests. The mass loss per unit length is shown for better 

comparison among the three sample geometries (see Table 6.4.1 and Fig 6.4.3a) 

Table 6.4.2. Experiments by Sane et al. (2013) studied in this work. Features of the Wy- and Ce-bentonites are presented 

in Table 6.4.1. All samples had a total diameter of 100 mm. 

Test(s) Length L (mm) Hole initial diameter d0 (mm) Bentonite 

batch S1a, S1b, S1c 100 6 Wy 

S1d, S1e 100 6 Ce 

S2a 400 6 Wy 

S2b, S2c 400 6 Ce 

S3a 100 12 Wy 

S3b, S3c 100 12 Ce 
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6.4.4 Theory 

6.4.4.1 MX-80 erosion modelling 

In the experimental tests, the rate of bentonite mass removal per unit area ṁB was estimated using 

the expression:  

( )B e Q C max ,0m k  = −        (6.4.1) 

where Q is the hydraulic shear stress produced by the water flow, C is the critical shear stress at 

which the mass removal starts, and ke is the coefficient of bentonite erosion. This equation is often 

used in soil science (Hanson and Simon, 2001; Sanford and Maa, 2001) and in the analysis of 

internal erosion and piping in embankment dams (see, among others, Wahl, 2010; Wan and Fell, 

2004). Lim (2006) obtained satisfactory fits when using this equation to model the erosion of an 

expansive bentonite-sand mixture. 

However, Eq. (6.4.1) should be applied carefully to the study of the pinhole tests analysed in this 

work. If it is assumed that a quasi-steady laminar flow has fully developed in the central hole, 

then, according to the laws of fluid dynamics, the water flow will transmit to the clay boundary 

the following hydraulic shear stress (Wahl et al., 2008): 

W

Q 3

t

4  

 

Q

r





=          (6.4.2) 

where W is the dynamic viscosity of the water, Q is the water flow rate (0.1 L/min), and rt is the 

characteristic mean radius of the central hole at each time t. In general, the central hole may 

develop complex topologies throughout the test (see, e.g., Wahl et al., 2008). However, the 

characterisation of this complexity is beyond the scope of this paper, and for our purposes, the 

central hole was idealised as an effective cylinder of radius rt (see Fig. 6.4.3c). When samples 

S1a to S1e (Table 6.4.2) were dismantled, it was verified that the final hole diameters at the top 

and bottom of the sample were approximately equal to the initial value, 3 mm. At this radius, 

assuming that W=9.94·10−4 Pa s (at 20 °C), a value of Q=0.078 Pa is obtained. However, Bonelli 

and Brivois (2008), Wahl (2010) and Wan and Fell (2004), even for plastic clays, obtained critical 

shear stresses considerably larger than 1 Pa. This difference might be due to the expansive 

character of MX-80, which favours the start of the erosion process. As a working hypothesis, 

C=0 will be assumed.  
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Moreover, the convenience of using the erosion coefficient values obtained from the study of 

piping processes in embankment dams should be questioned. In fact, Lim (2006) confirmed that 

ke in expansive soils was larger at the beginning of the tests under conditions of low hydraulic 

shear stress. They suggested this phenomenon may be caused by slaking processes. If a 

“generalised” definition of slaking is taken, understanding it as a process in which “soil particles 

are detached from the specimen by water under hydrostatic conditions rather than by microscopic 

hydraulic shear” (Luthi, 2011), the activation caused by swelling would fit into this definition. 

Swelling and chemical erosion (Neretnieks et al., 2009) could explain the small value of C as 

well as the high value of ke identified in Section 6.4.5. However, this discussion goes beyond the 

scope of the present work. Here, in accordance with the experimental results of Lim (2006), the 

linear approximation formulated in Eq. (6.4.1) will simply be used with C=0. Being an 

approximation, the results obtained will only be valid for the conditions analysed: (i) low salinity 

water (as stated above, Sane et al., 2013, used tap water with a salinity lower than 30 mg/L) and 

(ii) small hydraulic shear stresses (up to 0.1 Pa), although not null. 

Once an erosion model is assumed, if the approximation shown in Fig. 6.4.3c is accepted, the total 

erosion rate ṀB can be calculated using the expression: 

B t B2    M r L m=         (6.4.3) 

which, using material coordinates, can be rewritten as: 

B t dO t2     M R L R =        (6.4.4) 

where dO is the initial dry density of the bentonite and Rt is the value of the material radial 

coordinate R at the erosion front at each time t (the soil at R<Rt has already been eroded at time 

t; see Fig. 6.4.3d). Therefore, once Rt and rt are known, the erosion rate Ṙt can be calculated from 

Eqs. (6.4.1) through (6.4.4) using the expression: 

W e

t 2

dO t t

4  

  

k Q
R

R r



 
=         (6.4.5) 

This ordinary differential equation was implemented in the numerical solver Comsol 

Multiphysics (CM) (COMSOL AB, 2013) to continually adapt the active domain to the remaining 

(not eroded) material. For this purpose, the “Deformed Geometry” (DG) module of the CM 

package was used. This module allows for the updating of the material domain by defining the 

rate at which the boundary of the active zone moves. In Appendix E (Section 6.4.11), the use of 

this calculation strategy is described in greater detail. 



6.4. Swelling and mechanical erosion of MX-80 bentonite: Pinhole test simulation 

 
255 

 

6.4.4.2 MX-80 deformational behaviour 

The accuracy of the prediction of the erosion rate Ṙt depends on the accuracy of rt, that is, on the 

quality of the bentonite deformability model. Given the bimodal character of the pore-size 

distribution function of compacted active clays (see Delage et al., 1996, 2006; Lloret et al., 2003; 

Romero et al., 1999, 2011), it is advisable to use a double-porosity model to describe their 

deformational behaviour (Alonso et al., 1999; Della Vecchia et al., 2013; Gens and Alonso, 1992; 

Guimarães et al., 2013; Mašín, 2013; Musso et al., 2013; Sánchez et al., 2005). This approach 

was followed in this study, thereby taking into account the presence of a macrostructural level 

associated with the global arrangement of clay aggregates and the pores between them and a 

microstructural level associated with the intra-aggregate porosity. 

 

Fig. 6.4.5. Volumetric deformability of Wy-bentonite. 

In accordance with Romero et al. (1999), the water contents at suctions exceeding 30 MPa is 

assumed to be fundamentally linked to the intra-aggregate water. Therefore, the water content 

changes in this suction range define the variation of the microstructural water content, wm. If it is 

assumed that the increase in microstructural water from a dry state equals the increase in the 

microstructural void ratio em (volume of voids in the microstructure per unit volume of clay), it 

holds that em=GS wm, where GS =B/W is the specific gravity of the soil particles, and B is the 

bentonite density (2780 kg/m3, Table 6.4.1). Therefore, water content tests performed in the 

B+Tech laboratories (Fig. 6.4.5, black markers), initially carried out to obtain the water retention 

curve of the Wy-bentonite (Pintado et al., 2013b), were used to characterise em. The vapour 

equilibrium technique was applied. Hence, through the relative humidity, the total suction applied 

was controlled. At equilibrium (the situation in which the water content was determined), the total 
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suction was equal to the microstructural suction, sm. The fitted model shown in Fig. 6.4.5 has been 

used to model em in our simulations. 

According to the same concept on water content distribution, close to saturated conditions (at low 

suction values), the variation in the water content is fundamentally due to the variation of inter-

aggregate (macrostructural) water, and the variations in the microstructural void ratio are reduced. 

The behaviour described by Pusch (1987) outlines a free swelling process in which the 

destructuration of the aggregates leads to a significant increase in the macrostructural porosity eM 

(volume of voids in the macrostructure per unit volume of clay) with a small variation in em. This 

behaviour, also described by Bourg et al. (2006), Pusch et al. (1990) and Romero et al. (2011), is 

quantified in Fig. 6.4.6. In this figure, obtained from experimental data of Marcial et al. (2002) 

and Zhang et al. (1995) (Appendix B, Section 6.4.8), eM,m defines the deviation of the 

macrostructural void ratio over the value expected by taking into account only the stress changes. 

 

Fig. 6.4.6. Increase in the macrostructural void ratio ΔeM,m as a function of em. Derived from the experimental results 

of Zhang et al. (1995) and Marcial et al. (2002) (Appendix B, Section 6.4.8). 

Navarro et al. (2014b) proposed that the total plastic volumetric deformation induced by the 

microstructure on the macrostructure, d MV,m
p, can be calculated as: 

p

m2MV,

p

m1MV,

p

mMV,  ddd +=       (6.4.6) 

where d MV,m1
p represents the macrostructural plastic volumetric strain caused by macrostructural 

packing when em increases, which, according to the Barcelona Expansive Model (BExM; Alonso 

et al., 1999; Gens and Alonso, 1992; Lloret et al., 2003; Sánchez et al., 2005) is defined as: 

p

MV, m1 1 mV d f d =         (6.4.7) 
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dmV being the microstructural volumetric strain. In Eq. (6.4.6), dMV,m2
p defines the plastic 

mechanism introduced to model eM,m, the volumetric strain of the macrostructure induced by the 

aggregate destructuration and not directly by the mechanical load. Navarro et al. (2014b) proposed 

to model this term by means of a plastification mechanism. However, given the intrinsic 

complexity of the erosion processes, a simpler model is used in this work. The consistency of the 

results shown in Fig. 6.4.6 suggests the direct modelling of eM,m based on the state surface (solid 

line in Fig. 6.4.6): 

( )
18.8

M,m m498 e e =         (6.4.8) 

Moreover, the simplification used by Navarro et al. (2014b) for the definition of f1 is adopted (a 

linear dependence on pR/pO, from f1=1 for pR/pO=0 to f1=0 for pR/pO=1, where pR and pO are 

defined in Appendix C, Section 6.4.9). 

Thus, the total soil strain rate vector dTOT was calculated using the expression: 

)( mM,m

p

m1M,MTOT  ddddd +++=     (6.4.9) 

where the microstructural strain vector dm was obtained from the isotropic distribution of dmV, 

in turn defined as a function of the microstructural void ratio increment dem: 

e

de
d

+

−
=

1

m

mV         (6.4.10) 

Here, e is the total void ratio (total volume of voids per unit volume of clay, eM+em). In an 

analogous way, the vector d(M,m) is obtained from d(MV,m) as a function of d(eM,m), the 

increase of the void ratio due to the aggregate destructuration computed by means of a surface 

state, Eq. (6.4.8). In turn, dM,m1
p is obtained from d MV,m1

p, defined in BExM. As in BExM, the 

“Barcelona Basic Model” (BBM; Alonso et al., 1990) was adopted for the description of the 

strains associated with the macrostructure dM. The formulation by Alonso et al. (2011) and 

Hoffmann et al. (2007) (Appendix C, Section 6.4.9) was adopted. The parameters of the Wy-

bentonite presented in Table 6.4.3 were used. With the exception of pO
* (see Appendix C, Section 

6.4.9), these parameters were obtained by fitting independent oedometric swelling tests carried 

out using Wy-bentonite (Sane et al., 2013), adapting the results of Toprak et al. (2013). The 

saturated pre-consolidation stress was estimated from the initial dry density using the proposal of 

Alonso et al. (2011). 
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Table 6.4.3. Material parameters of the BBM used to simulate the macrostructural deformations (see Appendix C, 

Section 6.4.9). 

Parameter Value 

k 0.1 

io 0.1 

i (1/kPa) 0 

So 0.05 

Sp 0 

SS (1/kPa) 0 

pREF (kPa) 10 

 0.35 

pC (kPa) 10 

(0) 0.15 

r 0.8 

 (1/kPa) 2.0·10−5 

pO
*(kPa) 23352 

M 1.07 

 

 

6.4.4.3 Balance equations 

If, under low-salinity and isothermal conditions, it is assumed that the gas pressure PG is kept 

constant and equal to atmospheric pressure, the introduced approach can be formulated using the 

soil skeleton displacements u, the total void ratio e, the macrostructural liquid pressure PL and the 

void ratio of the microstructure em as state variables. To determine these variables, the boundary 

value problem defined by the equilibrium equation, the bentonite mass balance equation and the 

macro- and microstructural water mass balance equations must be solved. 

Nevertheless, the problem can be expressed in a simpler way with the formulation used. The 

bentonite mass balance equation can be written as: 

0BB

B
=++




r

t

m
v        (6.4.11) 

where t is the time-derivative operator, ·is the divergence operator, vB is the bentonite 

displacement rate, rB is a sink term and mB is the bentonite mass per unit volume, defined as 

mB=B /(1+e). It was assumed that vB equals v (time derivative of u), thereby ignoring the 

diffusive release of bentonite material. Thus, Eq. (6.4.11) can be rewritten as: 
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    (6.4.12) 

where D/Dt  is the material derivative operator and V is the total volumetric strain. The pinhole 

erosion was considered to be essentially a boundary-surficial process (Section 6.4.5), modelled 

using the DG module (Appendix E, Section 6.4.11) of CM. Therefore, internal erosion processes, 

such as those considered by Fujisawa et al. (2010) and Zhang et al. (2012d), were neglected; i.e., 

rB0. Therefore, Eq. (6.4.12) can be used, as is common practice in numerical solvers in Soil 

Mechanics, to update the value of e based on v without explicitly including it in the system of 

differential equations defining the boundary value problem. 

The microstructural water mass balance equation can be written as: 

( )m

m m m 0
t

m
m c


+   − =


v        (6.4.13) 

where mm is the mass of microstructural water per unit volume, defined as mm=(m em)/(1+e), and 

m is the microstructural water density, which is assumed to be equal to that of the free water W 

(Tournassat and Appelo, 2011). Similar to the immobile water of van Genutchen 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 term cm represents the mass 

exchange from macro- to microstructural water (Navarro et al., 2013), given that several studies 

have found that the two types of water may not be in equilibrium (Ferrage et al., 2007; Montes-

H et al., 2003b; Musso et al., 2013). This mass exchange can be considered to be a phase change 

process and will be governed by the difference in chemical potentials, as is typical in this type of 

process (de Groot and Mazur, 1984). Under low-salinity conditions, the microstructural water 

potential m may be calculated as (Karnland et al., 2005): 

( ) ( )m VO m

W

 
WMM

T p s 


= + −       (6.4.14) 

where VO(T ) is the reference chemical potential of water vapour at absolute temperature T over 

a flat surface of pure water, WMM is the water molar mass and p is the net mean stress. The last 

is defined as p=pTOT−PG, where pTOT is the mean stress. The microstructural suction has a 

fundamentally energetic meaning. Nonetheless, from a mechanistic point of view, this parameter 

may be interpreted, in accordance with Eq. (6.4.14), as the pressure that needs to be applied to the 

aggregates for them not to swell in contact with pure water, or in other words, when the vapour 

pressure is determined only by the bentonite skeleton.  



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
260 

 

For dilute conditions, the chemical potential of the macrostructural water M can be defined by 

the expression (Edlefsen and Anderson, 1943): 

( )M VO M

W

 
WMM

T s 


= −        (6.4.15) 

where sM is the matric suction (given by PG−PL). Osmotic effects are ignored (low-salinity 

conditions are assumed).  

According to Eqs. (6.4.14) and (6.4.15), M−m may be calculated using the expression: 

( )( )M m m M

W

 
WMM

s p s 


− = − +       (6.4.16) 

Adopting the definition smB=p+sM (boundary microstructural suction), the difference sm−smB may 

be understood as the “thermodynamic force” that induces the flow cm. Under equilibrium 

conditions: 

Mm sps +=          (6.4.17) 

Although the “smB concept” is valid even for saline solutions, the activities of the solutes dissolved 

in the macro- and microstructural water should be taken into account under those conditions. 

Certain authors have used first-order water transfer models to define cm (Gerke and van 

Genuchten, 1993a, 1993b; Musso et al., 2013). In this work, however, we adopted the following 

non-linear formulation (Navarro et al., 2013): 

( )m mB

m mB

W m

  

C

c s
H s s

s

 
= − 

 
      (6.4.18) 

where H and C are constitutive parameters. H defines the transfer coefficient at the end of the 

mass exchange process (when sm=smB), and C represents the way in which the mass transfer term 

varies as sm approaches smB. H=1.5·10−8 (kPa s)−1 and C=0.4 were assumed, representing averages 

of those reported by Navarro et al. (2013) after the analysis of the results obtained by Montes-H 

et al. (2003b) in the characterisation of the swelling of an aggregate of MX-80 bentonite. Navarro 

et al. (2014b) made an inspection exercise on the sensitivity of the mechanical model to H and C. 

After analysing a vertical swelling test, they confirmed that, for changes in H up to 100%, the 

total swelling obtained did not vary by more than 3%, while the sensitivity of the results to 

changes in C was even smaller. 

The balance equation of the macrostructural water is given by the expression: 
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( )M

M M m 0
m

m c
t


+   + =


v        (6.4.19) 

where mM is the mass of macrostructural water per unit volume, defined as mM=(W SrM eM)/(1+e). 

The term SrM is the macrostructural degree of saturation, which is modelled using the van 

Genuchten (1980) retention curve: 

( )
M M,0

M,0

1  
1

m
nSr Sr

s
Sr


−−

 = +
 −

      (6.4.20) 

After assuming a macropore residual degree of saturation SrM,0 equal to 0, experimental water 

content data obtained by B+Tech in separate tests with Wy-bentonite (Pintado et al., 2013b) were 

used to fit the values of  and m shown in Table 6.4.4. To obtain these fits, the microstructural 

model of Fig. 6.4.5 was assumed, as was the relationship n=1/(1−m). An advective formulation 

(Pollock, 1986) was used to compute the macrostructural water flow vector vM=v+qM, where qM 

is the macrostructural water seepage. The value of qM was calculated using the general form of 

Darcy's law: 

( )M M

M L W

W

 
   

k
P g z





= −  + q       (6.4.21) 

where kM is the isotropic intrinsic permeability of the macrostructural liquid, M is the 

macrostructural relative permeability,  is the gradient differential operator, g is the gravity 

constant and z is the vertical coordinate. The relative permeability was modelled using the 

formulation of Brooks and Corey (1964) and Burdine (1953) with an exponent of 3, which was 

obtained from several infiltration tests on homogeneous compacted bentonite (Börgesson and 

Hernelind, 1999; Gens et al., 2011; Villar et al., 2005). The intrinsic permeability was modelled 

using the exponential expression (Gens et al., 2011): 

( )M M MO 

M MO  
b n n

k k e
−

=         (6.4.22) 

where bM is a parameter of the material, nM is the porosity of the macrostructure (=eM/[1+e]) and 

nMO is a reference porosity at which the macroscopic intrinsic permeability is equal to kMO. The 

values of bM, kMO and nMO (Table 6.4.4) were identified using data obtained by Karnland et al. 

(2006) (see Fig. 6.4.7, and Appendix D in Section 6.4.10), who analysed the saturated flow of 

deionised water in an MX-80 bentonite similar to those studied in this work. 
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Table 6.4.4. Hydraulic parameters of the macrostructure. 

Parameter Value 

 (1/kPa) 1.168·10-4 

m 0.586 

bM 9.521 

nMO 0.053 

kMO (m2) 2.186·10-21 

 

 

Fig. 6.4.7. Intrinsic permeability as a function of the macrostructural void ratio. Derived from the experimental results 

of Karnland et al. (2006) (Appendix D, Section 6.4.10). 

 

6.4.4.4 Numerical implementation 

The formulation presented above was implemented in CM, a multiphysics partial differential 

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

(COMSOL AB, 2013). The numerical strategy followed was similar to the one described by 

Navarro and Alonso (2001a). To this end, a new physic for each balance equation was introduced 

into CM, adapting their structure to that of the “Partial Differential Equations” interface. To solve 

the equilibrium equation, the “Solid Mechanics” module was modified as described in Appendix 

F (Section 6.4.12). The “Variables” interface was used to define the state functions present in the 

equations. 

A relevant difference with respect to other non-multiphysics codes is that CM applies automatic 

differentiation techniques (Bischof et al., 2008; Martins and Hwang, 2012; Palacios et al., 2013; 

Pawlowski et al., 2011) to obtain symbolic expressions to define the iteration matrix (Gobbert et 
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al., 2009), which improves the rate of convergence. However, this utility introduces problems in 

CM if, as in the case of non-linear constitutive models, there are state functions based on implicit 

relationships. In this case, the iteration matrix cannot be defined, and the problem cannot be 

solved. To circumvent this problem, Navarro et al. (2014a) proposed the use of a mixed method 

(Malkus and Hughes, 1978). With this method, the stresses and plastic variables, together with 

the soil skeleton displacements, the macrostructural liquid pressure and the microstructural void 

ratio (Section 6.4.4.1), are also identified as main unknowns (or state variables) of the problem. 

Although mixed methods can occasionally pose stability problems (Cervera et al., 2010), the CM 

algorithms and its computational stepping are able to obtain efficient (the iteration matrix 

preserves the quadratic rate of the asymptotic convergence of the iterative solution scheme) and 

accurate solutions (Alonso et al., 2012b; Navarro et al., 2014a, 2014b).  

The use of CM presents a further advantage in that, as noted in Section 6.4.4.1, its DG module 

can be used to simulate the effects of erosion smoothly and continuously. Although Asensio 

(2013) presents a detailed definition of the DG module, given its relevance to the approach 

discussed here, its main characteristics are described in Appendix E (Section 6.4.11).  

Finally, regarding the numerical implementation, it is relevant to note, given the important 

swelling strains expected in the vicinity of the central hole, the advisability of using a formulation 

that takes this aspect into account in the calculations. For this reason, a Lagrangian formulation 

has been implemented, explicitly introducing the Jacobian determinant and the deformation 

gradient tensor in the weak formulation of the balance equations. Appendix F (Section 6.4.12) 

includes a brief description of the implementation process (more information can be found in 

Asensio, 2013). 

The resulting computational tool (“CM-mixed method+DM+Lagrangian formulation”) allows the 

efficient solution of the coupled erosion-unsaturated swelling problem in the simulated pinhole 

tests. 

 

6.4.5 Results and discussion 

The initial and boundary conditions shown in Fig. 6.4.8 were assumed to simulate the pinhole 

tests. In accordance with the microstructural model and the macrostructural water retention curve, 

for an initial water content of 17% and an initial bulk density of 2000 kg/m3, an initial matric 

suction of 40900 kPa was adopted. Given that the initial net mean stress is assumed to be 

negligible, the same value is assumed for the microstructural suction. An initial microstructural 
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void ratio of 0.463 and an initial macrostructural void ratio of 0.142 were also deduced. 

Hydrostatic water pressure was assumed inside the central hole (Fig. 6.4.8b). Note that if, as in 

Eq. (6.4.2), it is assumed that a quasi-steady fully developed laminar flow is presented in the 

central hole, then the hydraulic gradient i can be calculated using the expression (Wan and Fell, 

2004): 

Q

W t

2 

  
i

g r




=          (6.4.23) 

For rt=3 mm and Q=0.078 Pa, a value of i=0.0104 is obtained. For rt=6 mm and Q=0.00975 Pa, 

i=0.00065. In both cases, the small hydraulic gradient justifies the hydrostatic law for PL. To 

further simplify the model, in accordance with Říha and Jandora (2015), local phenomena linked 

to the water's entry into and exit from the central hole were ignored for the applied flow rate of 

0.1 L/min. 

 

Fig. 6.4.8. Initial and boundary conditions used in the simulations. (a) Initial conditions. (b) Flow and erosion boundary 

conditions. (c) Mechanical boundary conditions. 

According to Eq. 6.4.1, the variable characterising the “erosion load” exerted by the water flow 

is the hydraulic shear stress. It is worth mentioning that the hydraulic shear stress 8 times smaller 

in the 6-mm-radius case makes the application of a flow rate of 0.1 L/min equivalent to the 

application of a second flow rate of 0.1/8=0.0125 L/min in a reference 3 mm radius pinhole. This 

difference, of almost one order of magnitude, is the usual (see for instance Sandén et al., 2008) 

when analysing different water flow rates with the same erosion channel geometry. 
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Fig. 6.4.9. Model mass loss per unit height when varying the coefficient of bentonite erosion ke by 20%. Experimental 

results are also included. (a) 100×100×6 mm, (b) 100×400×6 mm, (c) 100×100×12 mm. See Table 6.4.2. 

To calibrate the coefficient of bentonite erosion, simulations were performed on the tests of 

samples S1a through S1e, which measured 100×100×6 mm (total diameter, length, and pinhole 

initial diameter). Using a value of ke=0.004 s/m, the mass-loss fit shown in Fig. 6.4.9a was 

obtained. The trend observed in the experiments was correctly reproduced, as simulations with a 

ke modified by 20% approximate the observed trend better than did the experimental results from 

sample S1c, Fig. 6.4.9a. This provides confidence in the proposed formulation, as the fits 

presented in Fig. 6.4.9b (samples S2a, S2b and S2c; 400 mm long) and 6.4.9c (samples S3a, S3b 

and S3c; hole 12 mm in diameter) do. In the latter case, reduced erosion was observed at the 
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beginning of the tests, a behaviour that was also noted in samples S1d and S1e, although the initial 

limitation of the erosion in those cases was not as marked, Fig. 6.4.9a. It is interesting to note that 

local effects at the top and bottom sample boundaries were not considered. They are more relevant 

for shorter samples, and the initial reduction of the erosion rate was not observed in the 400-mm-

long samples, where these effects are expected to be less significant. In all cases, even when the 

experimental results exhibit a non-negligible dispersion, the model correctly reproduces the trend 

in the water content distribution measured using the gravimetric method at the end of the tests 

(Fig. 6.4.10). 

 

Fig. 6.4.10. Comparison between numerical and experimental values of the water content distribution at the top and 

bottom of the samples at the end of the tests. (a) Sample S1b, (b) sample S1d, (c) samples S1c and S1e. 

Figs. 6.4.11 and 6.4.12 show (black lines) the modelled evolution of rt and Rt, respectively, 

throughout the test on a sample measuring 100×100×6mm. Values of rt near 3 mm are predicted. 
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Initially, the swelling velocity is greater than the erosion rate, and the hole radius decreases. As a 

consequence, the erosion increases, and the radius increases as well. However, when the 

saturation front further penetrates the sample, the volume of hydrated bentonite grows and the 

swelling becomes larger. The radius then tends to decrease, although it remains near 3 mm, and 

thus the central hole does not close. As the hydration advances, the swelling towards the central 

hole produces an arch effect, increasing the circumferential stress  (Fig. 6.4.13a and b, model 

results) and consequently the net stress and the microstructural suction. Therefore, the increases 

in both em and eM,m are reduced. The swelling that would occur under free-swelling conditions 

is not produced, and erosion and swelling counteract each other, which stabilises rt. 

 

Fig. 6.4.11. Model results. Evolution of rt during the test on a sample of dimensions 100×100×6 mm assuming ke=4·10−3 

s·m−1 (black line) and ke=10−4 s·m−1 (grey line). 

 

Fig. 6.4.12. Model results. Evolution of Rt during the test on a sample of dimensions 100×100×6 mm assuming 

ke=4·10−3 s·m−1 (black line) and ke=10−4 s·m−1 (grey line). 
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Fig. 6.4.13. Model results. (a) Evolution of the maximum circumferential stress  during the test. (b) Circumferential 

stress  after the test (t=200 h) in a vertical cut of the sample. Note that only half of the width of the sample (from the 

centre to one side) and half of the length of the sample is represented. 

Nevertheless, it must be noted that the evolution of  is strongly dependent on the bulk modulus 

Kp. In this work, a model based on the relationship between the void ratio and the volumetric 

strain is used to define a “basic” value of Kp (Appendix C, Section 6.4.8). This parameter was 

bounded by the value Kp_Bound=8000 kPa (Table 6.4.3), and it was assumed that, in a band of width 

 from the channel boundary (i.e., for values of R, Fig. 6.4.15, Appendix E in Section 6.4.11, such 

that Rt+ >R>Rt), Kp is reduced up to Kp_min=400 kPa (Table 6.4.3) at R=Rt. A value of  =3 mm 

was adopted, 40% of the thickness of the zone in which Sane et al. (2013) identified a rapid initial 

wetting. Note that variations in Kp_Bound and Kp_min of up to 20% did not significantly affect the 

results. However, given the limitations of the model used to obtain the basic value of Kp (Houlsby 

et al., 2005), it would be convenient to analyse the sensitivity of the behaviour displayed in Fig. 

6.4.11 to other models of Kp (see, for example, Einav and Puzrin, 2004; or Koliji et al., 2010). 
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In the field, there will be no artificially created channel. Therefore, in general, the symmetry 

conditions necessary for creating arch effects are unlikely to exist. In addition, if a preferential 

flow path were to develop, the initial dry conditions of the pinhole test would not apply, and mass 

loss under hydrostatic conditions would not play a significant role (Sane et al., 2013). Thus, the 

system behaviour may be substantially different. This is illustrated by the model results shown as 

grey lines in Figs. 6.4.11 and 6.4.12, obtained when ke=10−4 s/m (as proposed by Shaikh et al., 

1988, for a Na-bentonite) is used. In this case, it can be seen that rt does not exceed 3 mm and is 

in fact reduced as the bentonite hydration progresses and the swelling increases. The central hole 

tends to be closed. 

 

6.4.6 Conclusions 

A double-porosity model is proposed for the description of the coupled swelling and erosion of 

MX-80 bentonites. The mechanical model is based on the Barcelona Expansive Model, 

additionally incorporating a state surface for the characterisation of the large increase in the void 

ratio induced in the macrostructure by the aggregate destructuration. This formulation was 

implemented in the solver Comsol Multiphysics applying a mixed method. Furthermore, to 

properly introduce the important deformations caused by soil swelling into the calculations, a 

Lagrangian formulation was adopted in defining the weak formulation of the equilibrium and 

mass balance equations. 

The Deformed Geometry module of Comsol Multiphysics was used to smoothly reproduce the 

erosion process. This module allowed the continuous adaption of the active material domain in 

accordance with the displacement of the water-bentonite contact, which is a function of the rate 

of bentonite erosion at the water-soil interface. A simplified linear law was used to model the 

erosion of MX-80 bentonite. An “instantaneous” activation of erosion (zero critical shear stress) 

was assumed. The coefficient of erosion was calibrated using the results of the pinhole tests 

performed by Sane et al. (2013) on MX-80 bentonite samples. Therefore, the validity of the 

calibrated parameters is limited by the test conditions: a flow of low salinity water and low 

hydraulic shear stresses. 

The proposed approach will be generalised and improved as it is used in the analysis of 

increasingly varied experiments. The approach may also be adapted to simulate cases with no 

artificially created initial channel (Pintado et al., 2013a; Sandén and Börgesson, 2010; Sandén et 

al., 2008). In addition, other processes of interest, such as water salinity effects, could be 
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introduced into the model. However, the results obtained indicate that the model already 

constitutes a useful starting point to simulate the coupled erosion and unsaturated swelling of 

MX-80 bentonites. 

 

6.4.7 Appendix A. List of symbols 

bM  Material parameter of the macroscopic intrinsic permeability 

C Constitutive parameter synthesising the way in which the water mass 

transfer term changes as sm approaches smB  

cm Water mass exchange between aggregates and macrostructural water 

D Sample diameter 

D/Dt Material derivative operator 

d0 Pinhole initial diameter 

dem Microstructural void ratio increment 

d(eM,m) Ratio of increase of the macrostructural void ratio due to aggregate 

destructuration 

d( M,m) Macrostructural strain increment vector associated with MV,m 

d( MV,m) Macrostructural volumetric strain increment associated with eM,m 

d M Macrostructural strain vector increment 

d M, m1
p Macrostructural plastic strain vector increment caused by 

macrostructural packing 

dMV
e Macrostructural elastic volumetric strain increment  

d MV, m
p Macrostructural plastic volumetric strain increment induced by 

microstructural effects 

d MV, m1
p Macrostructural plastic volumetric strain increment caused by 

macrostructural packing  

d MV, m2
p Plastic volumetric strain increment induced in the macrostructure by 

aggregate destructuring 

d TOT Total strain increment vector  

dm Microstructural strain vector 

dmV Microstructural volumetric strain increment 

e Total void ratio 

eM Macrostructural void ratio 

em Microstructural void ratio 

f1 Interaction function denoted as fC in BExM (Alonso et al., 1999) 

GB Bentonite specific gravity 

GS  Soil particles specific gravity 

G Gravity constant 

H Constitutive parameter defining the transfer coefficient at the end of 

the mass exchange process 

I Hydraulic gradient in the central hole 

Kp “Stress” bulk modulus. See Appendix C 
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Kp_Bound Bound value of Kp 

Kp_min Minimum value of Kp 

Ks “Suction” bulk modulus 

K Material parameter of the tensile stress due to suction 

ke Coefficient of bentonite erosion 

kM Isotropic intrinsic permeability of the macrostructural liquid 

kMO Macroscopic intrinsic permeability when the macroscopic porosity is 

equal to nMO 

L Sample length. See Table 6.4.2. 

M Slope of the critical state line. Material parameter 

m, n Parameters of the van Genuchten macrostructural retention curve  

ṀB Total erosion rate 

mB Bentonite mass per unit volume 

ṁB Bentonite mass removal rate per unit area 

mM Mass of macrostructural water per unit volume 

mm Mass of microstructural water per unit volume 

nM Macrostructure porosity 

nMO Reference macroscopic porosity. Material parameter of the 

macroscopic intrinsic permeability 

PG  Gas pressure 

PL  Macrostructural liquid pressure 

P Net mean stress 

pC Reference stress. Material parameter 

pO Net mean yield stress at the current suction. See Appendix C 

pO
* Saturated pre-consolidation stress. See Appendix C 

pR  Reference stress defined in Appendix C, Fig. 6.4.1 

pREF Material parameter of the elastic stiffness for changes in suction  

pS Tensile stress due to suction  

pTOT Mean stress 

Q Water inflow in the central hole. Equal to 0.1 L/min 

q Von Mises stress 

qM Macrostructural water seepage 

R Radial material coordinate 

Rt Radial material coordinate of rt 

Ṙt  Time derivative of Rt 

r Material parameter of the slope of the virgin compression curve at 

macrostructural suction sM 

rB Bentonite sink term 

rt Central hole radius at time t 

SrM Macrostructural degree of saturation 

SrM,0 Macropore residual degree of saturation 

sM Macrostructural water matric suction 

sm Microstructural water suction 

smB Boundary microstructural suction 

T Absolute temperature 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
272 

 

u Soil skeleton displacement 

v Time derivative of u 

vB Bentonite displacement rate 

vM Macrostructural water flow vector 

vm Microstructural water flow vector 

WMM Water molar mass 

w Water content 

wm Microstructural water content  

Z Material vertical coordinate. See Fig. 6.4.15 

Zg Vertical coordinate in the geometric frame. See Fig. 6.4.15 

z Vertical coordinate. See Fig. 6.4.15 

 Parameter of the van Genuchten macrostructural retention curve 

Sp Material parameter of the elastic stiffness for changes in suction 

SS Material parameter of the elastic stiffness for changes in suction 

i Material parameter of the elastic stiffness for changes in the net mean 

stress 

 Material parameter of the slope of the virgin compression curve at 

macrostructural suction sM 

e Variation of the total void ratio 

eM,m Increase of the macrostructural void ratio due to aggregate 

destructuration  

eM, Increase of the macrostructural void ratio due to load 

em Variation of the microstructural void ratio 

MV,m Macrostructural strain associated with eM,m 

 Width of the erosion influence band from the channel boundary  

V Total volumetric strain 

(sM) Elastic stiffness for changes in the net mean stress 

M Macrostructural relative permeability 

S ( sM, p ) Elastic stiffness for changes in suction 

So Material parameter of the elastic stiffness for changes in suction 

io Material parameter of the elastic stiffness for changes in the net mean 

stress 

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

(sM) Slope of the virgin compression curve at macrostructural suction sM 

M Chemical potential of macrostructural water 

VO (T )  Reference chemical potential of water vapour over a flat surface of 

pure water at absolute temperature T 

W Dynamic viscosity of water 

m Chemical potential of microstructural water inside the aggregates 

 Poisson’s ratio 

B Bentonite density 

dO Initial dry density of the soil 

m Microstructural water density 

W Water density 
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’V Effective vertical stress 

 Circumferential stress 

C Critical shear stress at which bentonite erosion starts to occur 

Q Hydraulic shear stress produced by water flow 

t Time derivative operator 

 Gradient differential operator 

· Divergence operator 

 

 

6.4.8 Appendix B. Values of eM,m 

Fig. 6.4.6 was obtained using the experimental results from the oedometer tests of Zhang et al. 

(1995) on Na-montmorillonite and of Marcial et al. (2002) on Na-Ca MX-80 bentonite. In the 

latter study, the value of the total void ratio e was defined directly. In the experiments by Zhang 

et al. (1995), which were performed under saturated conditions as in the study of Marcial et al. 

(2002), e was calculated from the water content w assuming a bentonite specific gravity GB of 

2.78 and the expression: 

B e w G=          (6.4.24) 

The applied effective vertical stress ’V is also known. With this value, and estimating the lateral 

earth pressure using Poisson's ratio, the net mean stress was approximated. Hence, by means of 

Eq. (6.4.17), the value of the microstructural suction was defined. Afterwards, the microstructural 

void ratio was computed using the law in Fig. 6.4.5. 

In both tests, slurries were consolidated at a high initial void ratio. Therefore, virgin compression 

curves were followed. However, both Marcial et al. (2002) and Zhang et al. (1995) identified a 

change in the soil deformability at a total void ratio near 3. For values of e less than 3, a linear 

relationship with a proportionality constant (0) between log ’V and eM was assumed (Appendix 

C, Section 6.4.9). However, for larger values of the total void ratio, this constant is replaced with 

a linear relationship between log ’V and log eM (this is an adaptation of the formulation for 

deformable soils proposed by Butterfield, 1979). In a manner analogous to that of Guimarães et 

al. (2013), the proportionality constant for this new linear relationship was defined such that there 

would be continuity in the slopes for e=3. The estimated values of eM, (variation of the 

macrostructural void ratio due to load) were obtained. Then, the variation in the macrostructural 

void ratio caused by destructuration of the microstructural voids is given by the expression 

eM,m=e−em−eM,  (Fig. 6.4.6). 
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6.4.9 Appendix C. Macrostructural constitutive equations 

The description of the macrostructural deformational behaviour presented in this paper is based 

on that presented by Alonso et al. (2011) and Hoffmann et al. (2007). We used an associated 

plasticity at constant suction approach based on the BBM. This appendix summarises the 

formulation. For a detailed description of its numerical implementation, see Navarro et al. 

(2014a). Note that only yield by contact with the LC surface (Fig. 6.4.14) was considered. 

Given the von Mises stress q, the slope of the critical state line M (a material parameter), the net 

mean stress p, and the net mean yield stress at the current suction pO, the yield function F is 

defined as: 

( )( ) 0OS

22 =−+−= ppppMqF       (6.4.25) 

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

s M p k s=           (6.4.26) 

k being a material parameter. The value of the net mean yield stress at the current suction pO was 

calculated using the expression: 
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=       (6.4.27) 

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: 

( )

( ) ( )
p

MV
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O
0
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d

s

pe
dp

−

+
=       (6.4.28) 

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: 

( ) ( )M M( ) (0) 1 exp  s r r s  = + − −        (6.4.29) 

( )M io i M( )  1  s s  = +        (6.4.30) 

where (0), r, , io and i are material parameters. 
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Fig. 6.4.14. (a) Representation of the loading-collapse (LC) yield surface in the p-s space. (b) Yield surface in the p-q 

space and definition of the reference stress pR. “CSL” denotes the critical-state line. 

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

s

M

p

e

MV
K

ds

K

dp
d +=         (6.4.31) 

where the “basic” value of the “stress” bulk modulus Kp was obtained using the expression: 

( )
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+
=         (6.4.32) 

and the “suction” bulk modulus Ks was obtained with the expression: 

( )( )

( ) , 

1
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ATMM

s
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ePs
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=        (6.4.33) 

Here, S(sM,  p) is the elastic stiffness for changes in suction, which was calculated as follows: 

S M So Sp SS M

REF

( , )  1  ( )  exp(  )
p

s p Ln s
p

   
 

= + 
 

    (6.4.34) 
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where So, Sp, pREF and SS are material parameters. The values of the material parameters used 

in the simulations are indicated in Table 6.4.3. This table also shows the value adopted for a 

constant Poisson's ratio , which, together with Kp and Ks, defines the elastic behaviour of the 

bentonite. 

 

6.4.10  Appendix D. Intrinsic permeability 

Karnland et al. (2006) performed tests in which the hydraulic conductivity, dry density and 

swelling pressure of the samples were obtained. In the same fashion as in Appendix B (Section 

6.4.8), assuming equilibrium conditions and taking sM=0, the swelling pressure was used with Eq. 

(6.4.17) to calculate sm. Then, using this value and the law in Fig. 6.4.5, the microstructural void 

ratio was determined. By subtracting em from the total void ratio (derived from the dry density), 

the macrostructural void ratio shown in Fig. 6.4.15, Appendix E (Section 6.4.11), was obtained. 

Finally, the parameters presented in Table 6.4.4 were obtained. 

 

6.4.11  Appendix E. Brief description of the DG module of CM 

As stated in the main text, the Deformed Geometry module of Comsol Multiphysics can be used 

to simulate the effects of erosion smoothly and continuously. The reference domain used by CM 

to manage the information associated with the nodes and the Gaussian points is always the same 

(the initial one, constituted by 50 rectangular elements with Lagrange quadratic shape functions 

in the computations carried out) and is designated as the “geometric frame” (Fig. 6.4.15). If the 

DG module is not activated, the “material frame” (Fig. 6.4.15) coincides with the geometric 

frame. This is not the case when the DG module is activated. One way of activating it is defining 

the displacement of the boundaries of the material frame, as in the simulations carried out in the 

present work. In the vertically confined axisymmetric analysis performed in this study, it was 

assumed that the boundaries were not moving in the vertical direction. The external boundary 

(R=50 mm, Fig. 6.4.15) was also assumed not to move in the radial direction. In contrast, the 

radial velocity of the inner boundary (R=Rt) was set to Ṙt, as defined in Section 6.4.4.1. The top 

(z=Z=Zg=L, Fig. 6.4.15) and bottom (z=Z=Zg=0, Fig. 6.4.15) boundaries were allowed to move in 

the radial direction so that they could be controlled by the inner boundary. By applying a Laplace 

smoothing method (COMSOL, 2013), the program perturbs the positions of the nodes of the finite 

element mesh in the material frame at every computer time step. Using the values of previous 



6.4. Swelling and mechanical erosion of MX-80 bentonite: Pinhole test simulation 

 
277 

 

steps, the prediction of the values of the state variables are extrapolated in time and interpolated 

in the coordinate space for the new node positions. The mesh used at each instant is of the same 

type as that defined initially, using the same mesh settings. Therefore, the “g” transform (Fig. 

6.4.15) (controlled by Ṙt and by the smoothing method) defines a one-to-one relationship between 

the new nodes of the material mesh and those of the geometric mesh, which is kept fixed. This 

one-to-one relationship is used for assigning the information of the material mesh to the geometric 

mesh, the latter being the frame for all the calculations that are performed. Thus, using the 

geometric frame as the workspace, the material frame is continuously updated. 

 

Fig. 6.4.15. (a) Material frame and coordinates (the shaded area corresponds to the initial mass that has been eroded at 

time t). (b) Geometric frame and coordinates (the finite element mesh is defined). (c) Spatial frame and coordinates. 
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6.4.12  Appendix F. Lagrangian formulation implemented in CM 

This Appendix only presents a brief summary of the implementation of the Lagrangian 

formulation used in the calculations in CM. More details can be found in Asensio (2013). 

Taking advantage of the versatility of CM, the second Piola-Kirchhoff stress tensor was defined 

using external functions implemented in the “Definitions” interface. Subsequently, the new stress 

variables were included in the weak form equation in the “Solid Mechanics” module, replacing 

the default ones. In addition, the Jacobian determinant (determinant of the deformation gradient 

tensor) was introduced into the balance equations. When implementing them as new physics with 

the “Partial Differential Equations” interface, the Jacobian determinant was included in the partial 

differential equation coefficients. Furthermore, in the same interface, the products of the mass 

flow vectors multiplied by the inverse of the deformation gradient tensor were implemented 

instead of the plain mass flow vectors. Although a warning was defined for the event that the 

Jacobian determinant took negative values (which happens in elements that become inverted, one 

of the main problems of Lagrangian formulations), this problem did not occur in any of the 

analysed cases. 
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6.5.1 Abstract 

The erosion behaviour of bentonites is influenced by the ions concentration to which they are 

exposed, which could lead to link the erodibility of bentonite to salinity. However, changes in 

salinity produce further changes in bentonite hydration and swelling that are not always 

considered. The aim of this work is to apply a numerical model to inspect the influence of salinity 

in the erosion behaviour of MX-80 bentonite, analysing the effect of swelling on erosion. To this 

end, a coupled hydro-chemo-mechanical and erosion model, which considers the expansive 

behaviour of bentonite as a function of salinity, and a hydro-mechanical model with a salinity-

dependent erodibility coefficient are used to simulate pinhole erosion laboratory tests with saline 

waters. The results of the simulations illustrate that the influence of ion species concentration in 

the erosion behaviour of bentonites does not need a change in erodibility to be reproduced. On 

the contrary, they show that hydro-chemo-mechanical effects, and especially the changes that 

salinity induces in the swelling behaviour of bentonite, play a key role in erosion. Taking them 

into account leads to a more consistent formulation approach that can explain the observed 

behaviour, and, for that reason, such an approach is strongly recommended to analyse bentonite 

erosion processes. 

 

Keywords: Bentonite; Water salinity; Erosion; Coupled modelling. 
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6.5.2 Introduction 

Bentonite is considered a main component of engineered barriers in deep geological repository 

concepts for spent nuclear fuel, because of properties such as high swelling potential, retention 

capacity and low hydraulic conductivity (Pusch, 1992; Yong, 1999). For this reason, bentonite is 

included in several repository concepts, like KBS-3, developed for Sweden and Finland (Posiva, 

2013; SKB, 2011). In those concepts, there is a concern about the possibility of bentonite barriers 

being eroded by groundwater flowing through intersecting fractures in the host rock (Neretnieks 

et al., 2009; Reid et al., 2015). In addition, the salinity of groundwaters at repository depth will 

vary along time in the surroundings of bentonite barriers (Hellä et al., 2014). 

The behaviour of bentonites subject to erosion processes is modified when exposed to waters of 

different salinities, as the amount of eroded mass changes with salinity (Baik et al., 2007; 

Raudkivi and Tan, 1984; Schatz et al., 2013). For this reason, it could be thought that bentonite 

erodibility is affected by salinity conditions, and that lead to, when modelling bentonite erosion, 

using a bentonite erodibility coefficient that is a function of ions concentration (as for instance in 

Raudkivi, 1998). On the other hand, it is well known that salinity conditions can modify bentonite 

response regarding swelling capacity, swelling velocity and hydraulic conductivity (Alawaji, 

1999; He et al., 2016b; Petrov and Rowe, 1997; Sun et al., 2015; Warkentin and Schofield, 1962). 

These effects would also modify bentonite behaviour with respect to erosion. 

To study experimentally the changes in the erosion behaviour of MX-80 bentonite under different 

ions concentrations, Sane et al. (2013) performed a series of laboratory pinhole tests. In those 

tests, sodium and calcium chloride aqueous solutions with concentrations up to 70 g/L were 

circulated through the bentonite samples, and the mass eroded from the samples along time was 

measured. As in the aforementioned works, the results obtained were substantially different for 

the different ions concentrations tested. 

The objective of this paper is to inspect the influence of salinity in the erosion behaviour of MX-

80 bentonite by modelling these pinhole tests. To this end, two approaches will be used: a hydro-

mechanical formulation with an erodibility coefficient variable with salinity (as done in the past 

by, for instance, Raudkivi, 1998), and a hydro-chemo-mechanical formulation with a constant 

erodibility coefficient. The novelty of the latter approach is to take into account the expansive 

behaviour of bentonite as a function of salinity, which will affect how it is eroded. The aim of the 

inspection is to assess the feasibility of these two modelling concepts. 
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In addition to describing the studied material and the adopted model, the following sections will 

analyse and model the experimental results of the pinhole erosion tests, and discuss the scope of 

the two modelling approaches proposed. 

 

6.5.3 Materials and methods: description and results of erosion tests 

The samples used in the laboratory tests were made of Volclay MX-80 bentonite, which was 

characterised by Kumpulainen and Kiviranta (2010). Its main properties are summarised in Table 

6.5.1. This material is a natural bentonite from Wyoming with a high smectite content (nearly an 

80%) and sodium as the main exchangeable cation (it constitutes approximately a 70% of the 

cation exchange capacity, CEC). As other sodium bentonites, MX-80 is highly plastic and 

expansive when exposed to low salinity water, but its swelling properties can be affected by 

salinity. For this reason, Navarro et al. (2017b) studied the free swelling behaviour of a very 

similar MX-80 bentonite when exposed to saline solutions (sample Be-Wy-BT007-1-Sa-R, 

Kiviranta and Kumpulainen, 2011). 

The laboratory tests were carried out by B+Tech Oy (Finland). The data obtained in the tests with 

low salinity water were presented and modelled by Navarro et al. (2016), while the rest of 

analysed test results were published by Posiva (Sane et al., 2013). All the tests used cylindrical 

samples with a diameter of 100 mm. The initial bulk density and water ratio of the samples were 

2.03 g/cm3 and 17% respectively. Two different sample lengths were used: 100 mm and 400 mm. 

All samples were produced with a central longitudinal pinhole processed during compaction (for 

more details, visit Sane et al., 2013, and Navarro et al., 2016). Two different pinhole diameters 

were used: 6 and 12 mm. The two different pinhole diameters and lengths produce comparable 

results, according to Sane et al. (2013). 

An aqueous solution was circulated through the sample at a constant flow rate of 0.1 L/min, and 

the effluent was collected at various times along the test with the help of an automated rotating 

system (Fig. 6.5.1). The solids concentration of the effluent was analysed to determine the mass 

eroded from the bentonite sample. Several tests were conducted, circulating an aqueous solution 

of a different concentration in each test. In addition to a low salinity water (with a solids content 

of about 30 mg/L), a 10 g/L, a 35 g/L and a 70 g/L solutions were used. Only two cations (sodium 

and calcium) and one anion (chloride) were present in these solutions, whose compositions are 

shown in Table 6.5.2. The 10 g/L solution is a brackish-saline groundwater simulant water for 

Olkiluoto, site for the Onkalo deep geological repository of spent nuclear fuel in Finland, at 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
282 

 

repository depth during the operational phase (Hellä et al., 2014). The 35 g/L solution represents 

the maximum expected salinity for the groundwater at repository depth (Hellä et al., 2014), and 

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

the maximum allowed salinity for the groundwater in the vicinity of the repository (Hellä et al., 

2014), and corresponds to a highly saline water with a Ca2+/Na+ mass ratio of 3:2. 

Table 6.5.1. Properties of Volclay MX-80 bentonite (after Kumpulainen and Kiviranta, 2010, and Kiviranta and 

Kumpulainen, 2011). 

Chemical composition (weight %) 

SiO2 64.32 

Al2O3 19.00 

Fe2O3 3.30 

MgO 2.56 

Na2O 2.03 

CaO 1.66 

CO3 0.99 

K2O 0.62 

FeO 0.48 

S (other than SO4) 0.18 

TiO2 0.15 

Organic C 0.15 

SO4 0.08 

Mineralogical composition (weight %). Phases 

present as traces not shown 

Smectite 79.1 

Muscovite 7.5 

Quartz 4.4 

Calcite 3.1 

Tridymite 1.9 

Plagioclase 1.7 

Gypsum 1.3 

Magnetite 1.1 

Other properties 

CEC (eq/kg) 0.89 

Na+/K+/Ca2+/Mg2+ (eq/kg) 0.61/0.02/0.19/0.07 

 

Table 6.5.2. Composition of the solutions used in the tests. TDS: total dissolved solids. 

Solution TDS (g/L) NaCl concentration (g/L) CaCl2 concentration (g/L) 

Brackish-saline water 10  6.47 3.53 

Saline water 35  16.75 18.25 

Highly saline water 70 26.58 43.42 
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Fig. 6.5.1. Pinhole test layout. 1. Water solution container, 2. pumping system, 3. bentonite sample, 4. sintered filters, 

5. rotating effluent collection system. Modified from Navarro et al. (2016). 

 

Fig. 6.5.2. Erosion tests results: cumulated mass loss normalised with respect to the sample length for (a) low salinity 

water, and a concentration of the circulated solution of (b) 10 g/L, (c) 35 g/L and (d) 70 g/L. 
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The matrix of analysed cases is shown in Table 6.5.3 for the results previously analysed by 

Navarro et al. (2016) (low salinity solution) and Table 6.5.4 for the rest of cases (note that only 

tests performed with Volclay MX-80 and with given erosion rate values along the test in Sane et 

al., 2013 have been used), indicating the parameters of their geometry and the salinity of the 

circulated solution. The cumulated eroded mass along time for all the tests, grouped for the 

different salinities, is shown in Fig. 6.5.2. The mass loss is normalised by meter length of the 

sample to allow comparison between tests of different sample lengths. The tests in Table 6.5.4 

were run for 70-75 h. Two of the tests in Table 6.5.3 were run for longer times, but only their 

evolution up to 100 h is shown to make comparison easier (the full series can be found in Navarro 

et al., 2016). As stated by Sane et al. (2013), the results obtained do not substantially depend on 

the sample length (see test S2a in Fig. 6.5.2a) or on the initial hole diameter (see test 20 in Fig. 

6.5.2c). However, the erosion results depend on the salinity of the circulated solution. To make 

this clearer, Fig. 6.5.3 represents the normalised cumulated mass loss averaged for the tests with 

the same salinity. 

Table 6.5.3. Matrix of test cases with low salinity solution (from Navarro et al., 2016). 

Case Cell length (mm) Initial hole diameter (mm) 

S1a 100 6 

S1b 100 6 

S1c 100 6 

S2a 400 6 

S3a 100 12 

 

Table 6.5.4. Matrix of test cases with higher salinity solutions (from Sane et al. 2013). 

Case Cell length (mm) Initial hole 

diameter (mm) 

Salinity of circulated 

solution (g/L) 

5 100 6 10 

7_1 100 6 35 

7_2 100 6 35 

7_3 100 6 35 

20 100 12 35 

10 100 6 70 

11 100 6 70 

 

The averaged series for low salinity water is almost coincident with the results of the 10 g/L series 

(Fig. 6.5.3). On the other hand, the higher salinities, 35 and 70 g/L, obtain larger mass losses than 

the other two lower salinities after some 75 h. Raudkivi and Tan (1984) described a similar result 

when eroding a bentonite with salt solutions of different concentrations above 10−3 M, as they 
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found that the erosion rate increased with increasing ions concentrations. In addition, Baik et al. 

(2007) found a higher concentration of eroded bentonite particles with a higher ionic strength. 

 

Fig. 6.5.3. Cumulated mass loss normalised with respect to the sample length, averaged for the tests with the same 

salinity. Vertical bars for the 35 g/L series indicate the range of variability of the experimental data for that salinity. 

Another relevant aspect of the laboratory results is the different kinetics of the erosion process 

along time for the different salinities. In the higher salinity tests, the erosion rate is higher at the 

beginning of the test, being slightly higher in the 70 g/L than in the 35 g/L test, and in both cases 

notably greater than in lower salinity tests. However, this rate decreases with time in the higher 

salinity tests, while, in the other tests, it remains approximately constant through the duration of 

the tests. 

The differences obtained between results for different salinities and the evolution of erosion along 

tests point out that there are complex processes developing in bentonite that determine the solid 

mass removal. These processes must be analysed and characterised to obtain rational tools for the 

assessment of bentonite erosion. The following sections present a conceptual model able to 

explain the observed behaviour. 

 

6.5.4 Theory 

The laboratory tests were simulated with a numerical model using two different approaches. The 

first one used a hydro-mechanical formulation with a variable bentonite erodibility, and the 

second one uses a hydro-chemo-mechanical formulation with a constant bentonite erodibility. 

Both approaches are based on the hydro-chemo-mechanical model in Navarro et al. (2017b), 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 20 40 60 80 100

N
o
rm

al
is

ed
 c

u
m

u
la

te
d

 m
as

s 
lo

ss
 (

g
/m

)

Time (h)

Low salinity 10g/L

35g/L 70g/L



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
286 

 

although the first approach is equivalent to the use of the model assuming a negligible ions 

concentration in the external solution. In addition, the erosion model in both approaches is based 

on that presented in Navarro et al. (2016). The following sections, together with Appendices A, 

B and C (Sections 6.5.7-6.5.9), will summarise these models. 

 

6.5.4.1 Hydro-chemo-mechanical model 

The hydro-chemo-mechanical model is set on a double porosity framework, which considers a 

macrostructure and a microstructure as connected overlapping continua in the soil. Clay 

aggregates, formed by groups of clay particles (Neretnieks et al., 2009), are taken as support (in 

the sense of Pachepsky et al., 2006) in the model (Fig. 6.5.4). Pores between aggregates, where 

water flows under hydrodynamic gradients, are taken as the macropores, while pores within 

aggregates, where water is assumed to be linked to the soil skeleton (van Genuchten and 

Wierenga, 1976), are taken as the micropores. 

 

Fig. 6.5.4. Schematic particle arrangement in a highly compacted bentonite. 

The hydro-chemo-mechanical model links the hydro-chemical (matric and osmotic suction) and 

stress state to the macrostructural and microstructural strains in the soil, which are assumed to be 

additive. The macrostructural and microstructural void ratios, eM and em, are defined as the volume 

of voids in the macrostructure and microstructure, respectively, per volume of mineral. The 
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Barcelona Expansive Model (Gens and Alonso, 1992) is used as a base for the mechanical model. 

The relationships to compute macrostructural strains are described in Appendix A (Section 6.5.7). 

The increment of microstructural strain can be determined after em, as dm=−dem/(1+e), where e 

is the total void ratio, e=eM+em. It should be noted that the pore space occupied by microstructural 

voids depends on the salinity of the solution to which the clay is exposed (Bourg and Ajo-

Franklin, 2017). Therefore, em can be expressed as a function of the pore water potential (Sedighi 

and Thomas, 2014), which, in addition to pore water composition, includes suction and the clay-

water interaction effect. In this line, Navarro et al. (2017b) proposed the use of the state surface 

in Fig. 6.5.5. This state surface defines (em–emR) as a function of smS, the structural part of the 

microstructural suction (a measure of the microstructural water potential set by the clay structure, 

Navarro et al., 2018), while emR is the remaining microstructural void ratio under dry conditions. 

Assuming equilibrium between macrostructural and microstructural water (that is, accepting that 

their chemical potentials are equal), smS can be computed as: 

mS M mNCC MOs p s s s= + −  +        (6.5.1) 

where p is the net mean stress (difference between the mean stress and the gas pressure), sM is the 

macrostructural matric suction (difference between the gas and the liquid pressure), smNCC is the 

increment in microstructural suction caused by the excess ions over the counterions in the 

microstructure and sMO is the macrostructural osmotic suction. The latter magnitude can be 

expressed as (Karnland et al., 2005): 

MO W i,M

i

     Ms R T c 
 

=  
 
        (6.5.2) 

where R is the universal gas constant, T is the absolute temperature, W is the density of free water 

and ci,M is the molal concentration of the i-th ion in the macrostructural water. Since the permeant 

solutions used in the tests contained only sodium, calcium and chloride, these ions are the 

chemical species considered in the model (i=Na+, Ca2+, Cl−). The increment in microstructural 

suction caused by the non-charge-compensating ions can be expressed as (Karnland et al., 2005): 

mNCC m i,mNCC   m

i

s R T c 
 

 =  
 
       (6.5.3) 

For the sake of simplicity, M and m, osmotic coefficients in the macrostructure and the 

microstructure respectively, are assumed to be 1, which could be a non-negligible simplification 

under high salinity conditions. The term ci,mNCC is the microstructural non-charge-compensating 

molal concentration of the i-th ion. To compute its value, the sodium/calcium ratio in the charge-
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compensating fraction is assumed to be proportional to that ratio in the total of the microstructure. 

To conclude with the terms in Eq. (6.5.3), m is the density of microstructural water. Although 

several authors suggest it is greater than that of free water (Jacinto et al., 2012), m=W is used 

for modelling purposes (Tournassat and Appelo, 2011). 

 

Fig. 6.5.5. State surface to define em, together with experimental data from Kahr et al. (1990), Wadsö et al. (2004), 

Dueck and Nilsson (2010) and Sane et al. (2013). Modified from Navarro et al. (2017b). 

The model introduces the coupled microstructural-macrostructural strains as detailed in Appendix 

B (Section 6.5.8). However, in swelling conditions under a small load, the most important strain 

term is due to aggregate destructuration. For this reason, to introduce specifically such strains, 

Navarro et al. (2017b) proposed to define the increment in macrostructural void ratio due to 

aggregate destructuration, eMm1 as: 

Mm1 m

Mm1MAX mMAX

Ln  Ln
e e

a
e e

   
=   

   
      (6.5.4) 

where eMm1MAX represents the maximum value of eMm1, and increases with increasing em. 

Function emMAX represents the maximum value that the microstructural void ratio can take for a 

given ions concentration, that is, under unconfined saturated conditions. Therefore, it introduces 

the effect of salinity in eMm1. The dimensionless coefficient a increases with increasing salinity, 

as depicted in Fig. 6.5.6a. 

In the data from Marcial et al. (2002), Zhang et al. (1995) and Studds et al. (1998) used to obtain 

eMm1, the void ratio value was under 13. That is: although it was high, the porosity “explosion” 

(descriptive expression by Neretnieks et al., 2009) that sodium bentonite may experience under 
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free swelling conditions when the destructuration of aggregates is almost complete and many 

layers appear individually was not present. Navarro et al. (2017b) introduced this process in the 

swelling model, defining the total increment of the macrostructural void ratio caused by bentonite 

destructuration and not directly caused by mechanical load or suction changes, eMm, as: 

Mm2Mm1Mm eee +=         (6.5.5) 

where the “explosion” term eMm2 was obtained with the parameterised expression: 

Mm2 Mm2 Mm1MAX Mm2  e e f =         (6.5.6) 

and Mm2 represents the relationship between the maximum value of eMm2 and eMm1MAX. 

Function fMm2 defines how eMm2 varies with em, reflecting that the destructuration associated with 

eMm2 initiates only when em is close to emMAX. The piecewise linear-quadratic law depicted in 

Fig. 6.5.6b is used. 

 

Fig. 6.5.6. Functions used to compute (a) coefficient a; (b) function fMm2. 

Regarding the exchange of chemical species between macrostructure and microstructure, in the 

same way that equilibrium between macrostructural and microstructural water was assumed when 

deriving Eq. (6.5.1), the chemical species in both structural levels are assumed in equilibrium to 

simplify the formulation. Donnan equilibrium (after Tournassat and Appelo, 2011) is applied 

between macrostructural and microstructural ion concentrations, and therefore: 
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where Ci,M and Ci,m are the molar concentrations of the i-th ion in the macrostructure and the 

microstructure respectively, zi is the ionic charge of the i-th ion, F is the Faraday constant and ΨD 

is the Donnan potential, defined as the difference in the electrochemical potential of the 

microstructural and the macrostructural water. Therefore, cation exchange is included in the 

model, and anion exclusion is not assumed (Tournassat and Appelo, 2011). 

To determine the concentration of the chemical species, the mass balance of calcium and chloride 

is computed, obtaining CCa,M and CCl,m (Navarro et al., 2017b). The rest of variables are computed 

solving Donnan equilibrium with Eq. (6.5.7) and electroneutrality in both the macrostructural and 

the microstructural solutions: 

Na,M Ca,M Cl,M

Na,m Ca,m Cl,m

2 0

2 0

C C C

C C C q

+ − =

+ − − =
      (6.5.8) 

where q is the surface charge of bentonite particles (molc/L), calculated as: 

mineral 

m

CEC
q

e


=         (6.5.9) 

where CEC is the cation exchange capacity (Table 6.5.1) and mineral is the density of the mineral 

particles (2780 kg/m3, Kiviranta and Kumpulainen, 2011). 

 

6.5.4.2 Flow and transport model 

As the laboratory tests were developed under stable temperature conditions, isothermal conditions 

are assumed in modelling. The gas pressure is assumed constant and equal to the atmospheric 

pressure. This way, water flow is modelled with a conventional Darcy formulation with an 

advective liquid flow term and a Fick's diffusive vapour flow term (both are macrostructural 

terms). The main equations regarding these terms can be found in Appendix C (Section 6.5.9). 

The microstructure is assumed to be saturated (Yong, 1999), implying no microstructural vapour 

flow. The microstructural water is assumed to be linked to the bentonite particles, so there is no 

microstructural flow with regard to the soil skeleton displacements. 

Regarding the transport of chemical species, in addition to the macrostructural advective and 

diffusive terms considered in Navarro et al. (2017b), the flow of ions includes a microstructural 

diffusion term: 

mi,mi,
m

mi,
1

CD
e

e


+
−=j        (6.5.10) 
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where ji,m is the diffusion of the i-th ion in the microstructure and e is the total void ratio 

(e=eM+em). The microstructural molecular diffusion coefficient of the i-th ion, Di,m, is determined 

using the formulation of Bourg et al. (2006): 

G
DD


o,imi, =          (6.5.11) 

where Do,i is the self-diffusion coefficient of the i-th ion in bulk liquid water, G=4 is a pore-

network geometry factor and =0.3 is a constrictivity factor for small pores. 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). 

 

6.5.4.3 Erosion model 

The erosion model in Navarro et al. (2016) was adopted. It is a mechanical erosion model that 

links the bentonite mass loss to the shear stress exerted by a water flow. The rate of mass loss per 

unit area ṁB (kg/m2/s) is computed with the following expression (Wan and Fell, 2004): 

( )B e Q C ax ,0m k m  = −        (6.5.12) 

where Q is the hydraulic shear stress produced by the water flow, C is the critical shear stress at 

which the mass removal starts, and ke is the erodibility coefficient, which is a property of the 

material being eroded. Assuming a quasi-steady fully-developed laminar flow in the central hole, 

the hydraulic shear stress can be expressed as a function of the water flow rate Q and the radius 

of the flow channel (Wahl et al., 2008): 

W

Q 3

t

4  

 

Q

r





=          (6.5.13) 

where W is the dynamic viscosity of water (9.94·10−4 Pa·s at 20 °C), Q is 0.1 L/min, and rt is the 

radius of the central hole at each time t. In the simulations, rt evolves with time because of the 

combined action of swelling, which tends to narrow the channel, and erosion, which tends to 

widen it. The value C=0 is used for all the tests, assuming an instantaneous activation of erosion, 

in accordance with the results of Lim (2006) for sodium bentonite-based soils. 
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6.5.4.4 Numerical implementation 

The described models were implemented in the finite element method software Comsol 

Multiphysics (CM; COMSOL, 2015) with the strategies described in Navarro et al. (2014a). They 

were solved in a coupled manner, so the hydro-chemo-mechanical effects cause the swelling of 

bentonite, which changes the pinhole radius and thus affects the bentonite mass eroded, and the 

erosion causes the loss of boundary material, which increases the pinhole radius, decreases the 

available swelling material, and causes the hydro-chemo-mechanical boundary condition to 

progress faster into the bentonite domain. 

 

Fig. 6.5.7. Boundary conditions used in the 2D axisymmetric simulations: (a) for the water mass balance equations, 

also showing the mass loss applied in the pinhole boundary; (b) for the chemical species mass balance equations, where 

the fixed ion concentrations are those of the corresponding circulated solution; (c) for the mechanical problem. 

The erosion was simulated using CM's Deformed Geometry utility, which removes mass from 

the material domain by displacing the inner boundary (central hole-bentonite interface) with a 

velocity Ṙt (m/s) that derives from the erosion model (Navarro et al., 2016) after using Eqs. 

(6.5.12) and (6.5.13): 

W e

t 2

dO t t

4  

  

k Q
R

R r



 
=         (6.5.14) 

where ρdO is the initial dry density of the samples and Rt is the value of the material radial 

coordinate R at the erosion front at each time t (the soil at R<Rt has already been eroded at time 

t). 
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The boundary conditions shown in Fig. 6.5.7 were applied. In the mass balance of the chemical 

species, the ion concentrations fixed at the pinhole boundary were those of the solution circulated 

in each test. 

As discussed in Section 6.5.3, the geometry variants in the laboratory tests did not seem to produce 

substantially different results, and so, only one geometry was analysed in the modelling exercises: 

a sample with a length of 100 mm and an initial pinhole diameter of 6 mm. Note that the pinhole 

diameter will vary along the development of the tests due to the combined effect of swelling and 

erosion. 

 

6.5.5 Results and discussion 

The first modelling exercise was carried out using a hydro-mechanical formulation with a variable 

bentonite erodibility (model 1). This means it disregards the effects of salinity on the stress-strain 

state; that is, coupled chemo-mechanical effects are not included, and the model uses the terms 

ΔeMm, sMO and ΔsmO equal to those corresponding to the initial salinity of the sample. Therefore, 

this approach is equivalent to using the hydro-chemo-mechanical formulation assuming an ions 

concentration that is always dilute and equal to the initial value. With this approach, the 

differences observed experimentally between the results of the four salinities can only be obtained 

using a different erodibility coefficient. This translates in assuming that salinity only affects the 

capacity of bentonite to be eroded, but not its capacity to swell. The erodibility was fitted to each 

group of cases, obtaining the eroded mass results along time in Fig. 6.5.8. The erodibility 

coefficients found to produce those results were 0.004 s/m for low salinity and 10 g/L cases, and 

0.035 s/m for 35 and 70 g/L cases. The latter coefficient is over the maximum value of those 

identified by Bonelli and Brivois (2008) for different soil samples (0.0139 s/m). From this first 

exercise, it can be derived that an increase of more than eight times in the erodibility coefficient 

is needed to reproduce the total mass eroded after 75 h of test for the higher salinity cases when 

disregarding coupled chemo-mechanical effects. 

The second modelling exercise was performed using the full hydro-chemo-mechanical 

formulation, with all the coupled chemical effects described in Section 6.5.4 (model 2). At the 

same time, the bentonite erodibility is equal in all cases and kept constant, using the value 

identified for the low salinity cases. This means taking into account the effect of salinity on 

bentonite stress-strain, but disregarding direct changes in its capacity to be eroded. This modelling 

exercise allows to determine to what extent the hydro-chemo-mechanical effects in the 
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formulation can explain the differences in the observed erosion behaviour. The mass losses 

obtained in the simulations are represented in Fig. 6.5.9 together with the experimental results. 

The formulation can capture the higher mass loss for higher salinities while producing a better fit 

for the time evolution of the mass loss. 

 

 

Fig. 6.5.8. First modelling exercise results (model 1) compared with the test results: cumulated mass loss normalised 

with respect to the sample length for (a) low salinity water, and a concentration of the circulated solution of (b) 10 g/L, 

(c) 35 g/L and (d) 70 g/L. 
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Fig. 6.5.9. Second modelling exercise results (model 2) compared with the test results: cumulated mass loss normalised 

with respect to the sample length for (a) low salinity water, and a concentration of the circulated solution of (b) 10 g/L, 

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

The higher mass loss for higher salinities is consistent with the free swelling behaviour in MX-

80 described by Navarro et al. (2017b), which showed a faster initial swelling for the 35 and 70 

g/L salinities (Fig. 6.5.10). The vertical free swelling tests also illustrate the importance of hydro-

chemo-mechanical effects in the modelling of bentonites, with which the experimental results are 

reproduced substantially better than with a hydro-mechanical only formulation. Regarding the 

erosion tests studied in the present work, pseudo-free swelling conditions apply in the vicinity of 

the pinhole (the radial stress is zero, although the circumferential stress can be non-negligible). 

And, if erosion progresses faster than the wetting front, the material at the bentonite-pinhole 

interface is in the initial swelling phase, in which the swelling velocity is higher. Thus, the faster 

swelling is triggered, closing the pinhole more rapidly, which, according to Eq. (6.5.14), causes 
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a faster erosion rate. However, according to the same equation, when the radius of the pinhole 

grows (as happens at the end of the tests with the higher salinities, Sane et al., 2013), the mass 

removal is reduced, causing the erosion process to slow down. If this occurs combined with a 

lower swelling velocity, a low erosion stable situation like that observed at the end of the 70 g/L 

test results could be reached. 

 

Fig. 6.5.10. Vertical swelling in free swelling tests with (a) deionised water, and a wetting solution of (b) 10 g/L, (c) 

35 g/L and (d) 70 g/L. Experimental results in markers and model results in lines (grey, hydro-mechanical model; black, 

hydro-chemo-mechanical model). Modified from Navarro et al. (2017b). 
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the effects of salinity on the swelling behaviour of bentonite, and swelling itself, being key to 

explain erosion. While a direct change of bentonite erodibility with salinity cannot be discarded, 

coupled hydro-chemo-mechanical effects should be considered when evaluating the erosion of 

bentonite, as they play a major role. 

 

6.5.6 Conclusions 

Pinhole erosion tests on MX-80 bentonite show noteworthy differences in the eroded mass 

obtained for circulated aqueous solutions with 35 and 70 g/L salinities with respect to low and 10 

g/L salinities, demonstrating the relevance of chemical effects on the erosion behaviour of this 

bentonite. A hydro-chemo-mechanical and erosion model of MX-80 bentonite was applied to the 

simulation of the experimental pinhole erosion tests. Its application with two different approaches 

shows that, if hydro-chemo-mechanical effects are disregarded, the erodibility has to be 

importantly increased for higher salinity conditions to reproduce the experimental behaviour. In 

contrast, hydro-chemo-mechanical effects, which have been observed experimentally in free 

swelling tests, can explain the observed behaviour while leaving the erodibility of the bentonite 

constant with regard to salinity. Changes in the erodibility of the material with increasing salinities 

are not outlawed, but the results obtained show that the trend changes in the erosion process with 

salinity can be derived from the different hydration and swelling behaviour produced, and point 

out the key role of swelling in bentonite erosion. Despite the difficulties in reproducing the great 

initial erosion rate shown experimentally with high salinity, the presented work shows that the 

erosion phenomenon is strongly coupled with hydro-chemo-mechanical effects. This highlights 

the importance of having an accurate coupled deformability model and using a multiphysics 

approach to analyse such processes. 

 

6.5.7 Appendix A. Hydro-mechanical macrostructural formulation 

The Barcelona Basic Model (Alonso et al., 1990) was used as the base for the hydro-mechanical 

macrostructural formulation. The increment of macrostructural strain can be decomposed in an 

elastic and a plastic term: dM=dM
e+dM

p. The increment of macrostructural elastic strain can be 

computed from the change in net mean stress p and macrostructural suction sM: 

e M

M

p S

dsdp
d

K K
 = +         (6.5.15) 
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where Kp and KS are the stress and the suction bulk moduli, respectively: 

( ) ( )M ATM

p

p S

 1 (1 )
;      

  
S

s P ep e
K K

 

+ ++
= =     (6.5.16) 

PATM is the atmospheric pressure (taken as a constant), and p and S are the elastic stiffness for 

changes in net stress and suction (Table 6.5.5). 

Table 6.5.5. Hydro-mechanical macrostructural parameters. 

Parameter Value 

p 0.15 

S 0.15 

M 1.07 

k 0.1 

pC (kPa) 10 

(0) 0.45 

r 0.8 

 (1/kPa) 2.0·10−5 

 

The increment of macrostructural plastic strain is calculated from the yield by contact with the 

load-collapse surface F, which takes the form of an ellipse: 

( )( ) 0OS

22 =−+−= ppppMqF       (6.5.17) 

where q is the von Mises stress, M is the slope of the critical state line (Table 6.5.5) and pO is the 

net mean yield stress at the current suction. The increase in tensile strength with suction is pS=k 

sM, where k is a material parameter (Table 6.5.5). The value of pO is given by: 

p

p

(0)

O

O C

C

*p
p p

p

 

 

−

− 
=  

 
       (6.5.18) 

The reference stress pC is given in Table 6.5.5, and the evolution of the saturated pre-consolidation 

stress pO
* was computed using a hardening law using the macrostructural plastic strain increment, 

dM
p: 

( )

( )
O p

O M

p

1  *
*

0

e p
dp d

 

+
=

−
       (6.5.19) 

Function  defines the slope of the virgin compression curve at macrostructural suction sM, 

computed as: 



6.5. Salinity effects on the erosion behaviour of MX-80 bentonite: A modelling approach 

 
299 

 

( ) ( )M(0) 1  exp  r r s  = + − −         (6.5.20) 

where (0), r and  are material parameters (Table 6.5.5). 

 

6.5.8 Appendix B. Mechanical coupled macrostructural-microstructural 

formulation 

Microstructural strains induce macrostructural strains. The Barcelona Expansive Model (Gens 

and Alonso, 1992) introduced an interaction function for microstructural swelling fS, which 

expresses the ratio of the increment of induced macrostructural strain (dM,m
p) to the increment of 

microstructural strain (dm) as a function of the degree of openness of the macrostructure. The 

macrostructural strains induced this way are considered plastic, and can be calculated as: 

p

M,m S m d f d =         (6.5.21) 

The degree of openness of the macrostructure relative to the stress state is evaluated as pR/pO. pR 

is a reference net mean stress for a non-isotropic stress state (Sánchez et al., 2005), and it is 

computed as: 

2

R 2

M (  )

q
p p

M p k s
= +

+
       (6.5.21) 

The interaction function adopted is linear, taking the value fS=1 at pR/pO=0, and decreasing to fS=0 

at pR/pO=1 (Navarro et al., 2016). 

 

6.5.9 Appendix C. Flow formulation 

The water mass balance equation solved in the macrostructure is: 

M V

M M V m

( )
·( ) 0

m m
m r

t

 +
+  + + =


v j      (6.5.22) 

mM and mV are, respectively, the mass of the macrostructural liquid water and vapour water per 

unit volume, mM vM is the mass flow of the macrostructural liquid water per unit area and jV is the 

vapour mass flow. In equilibrium, the water mass exchange from macrostructural to 

microstructural water rm can be calculated as: 
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m ·( )m

m

m
r m

t


= + 


v         (6.5.23) 

where the mass of microstructural water per unit volume is mm=(W em)/(1+e), and v is the time 

derivative of the soil skeleton displacement vector u. 

The values of mM and mV were computed as: 

W M M

M

  

1

Sr e
m

e


=

+
 

V M M

V

 (1 ) 

1

Sr e
m

e

 −
=

+
       (6.5.24) 

where V is the vapour density. The macrostructural degree of saturation SrM was calculated from 

the macrostructural suction (Navarro et al., 2015) using a van Genuchten and Wierenga (1976) 

water retention curve: 

( )
( )1/ 1

M 1
m

m
Sr s

−
− = +

 
       (6.5.25) 

 and m are model parameters (Table 6.5.6). 

Table 6.5.6. Hydraulic macrostructural parameters. 

Parameter Value 

 (kPa-1) 1.15·10-4 

m 0.733 

bM 9.91 

nMO 0.0465 

k0 (m2) 2.34·10-20 

 

The vapour density V was calculated as (Edlefsen and Anderson, 1943): 

( )M MO

V VO

W

exp
  

WMM s s

R T
 



+ 
= − 

 
      (6.5.26) 

where VO is the density of saturated water vapour, which was taken as 1.73·10−2 kg/m3 at 20 °C. 

The macrostructural water flow was modelled using an advective formulation. The 

macrostructural flow vector was vM=v+qM. The macrostructural water seepage qM was calculated 

as a function of the gradients of the liquid pressure PL and the vertical coordinate z: 
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( )M M

M L W

W

 
  

K
P g z





= −  + q       (6.5.27) 

where g is the gravity. The macrostructural relative permeability M was modelled using the 

Brooks and Corey (1964) formulation, with an exponent of three (M=SrM
3, Gens et al., 2011). 

The macrostructural intrinsic permeability KM was computed as (Gens et al., 2011): 

( )M 0 M M M0expK k b n n= −         (6.5.28) 

where k0 is the macrostructural intrinsic permeability for the reference macrostructural porosity 

nM0, nM is the macrostructural porosity, and bM is a model parameter (Table 6.5.6). 

The vapour diffusion was calculated as: 

( )V M M V V1    n Sr D = − − j       (6.5.29) 

where  is the soil tortuosity (assumed as 1) and DV is the binary diffusion coefficient of water 

vapour in the gas (2.79·10−5 m2/s for atmospheric pressure conditions at 20 °C). 
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6.6 Modelling the hydro-mechanical behaviour of GMZ bentonite 

Gema De la Morena a, Laura Asensio a, Vicente Navarro a 

a Geoenvironmental Group, Civil Engineering Department, University of Castilla-La Mancha, 

Spain 

 

Research paper published in Engineering Geology (ISSN: 0013-7952) 

Engineering Geology 239 (2018) 195-205, doi: 10.1016/j.enggeo.2018.03.029 

 

6.6.1 Abstract 

This paper proposes a hydro-mechanical model of GMZ bentonite, based on the considerable 

amount of experimental research that has been developed recently. The model uses a double 

porosity approach based on the framework provided by the Barcelona Expansive Model to 

describe the deformability of the bentonite. A state surface was used to define its microstructural 

behaviour, based on the high-suction range data from water retention curves. The intra-aggregate 

(microstructural) and inter-aggregate (macrostructural) water contents were differentiated. The 

proposal was satisfactorily applied to simulate several constant stress swelling tests and swelling 

pressure tests, improving the confidence in the model. The use of this model has allowed not only 

reproduction of the experimental data but also improvement of our knowledge of GMZ bentonite 

behaviour. 

 

Keywords: GMZ bentonite; Swelling; Swelling pressure; Modelling; Double porosity. 
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6.6.2 Introduction 

Bentonites are considered good sealing materials for engineered barrier systems in deep 

geological repositories for spent nuclear fuel due to their low hydraulic conductivity and highly 

expansive behaviour. Therefore, during the last few years, a significant effort has been made to 

characterise the hydro-mechanical behaviour of bentonites (Mata, 2003; Romero and Simms, 

2008; Sedighi, 2011). Different types of bentonites have been selected for use as engineered 

barriers, such as the MX-80 bentonite in Sweden (Pusch, 1999) and Finland (Juvankoski, 2013) 

and the Kunigel-V1 bentonite in Japan (JNC, 2000). The Gaomiaozi (GMZ) bentonite is being 

considered as a material for use in the construction of the engineered barriers in the Chinese 

programme of spent nuclear fuel disposal at great depth (Ye et al., 2009). Therefore, a significant 

number of experimental works have been developed during the last few years to characterise its 

behaviour (for instance, as described in the reviews of Ye et al., 2014, and Chen et al., 2017), 

from a hydro-mechanical perspective (Qin et al., 2015; Ye et al., 2009) and by coupling thermal 

(Wan et al., 2015; Ye et al., 2012) and chemical (Zhang et al., 2016; Zhu et al., 2013) effects. 

These experimental results provide very useful information to model the behaviour of GMZ 

bentonite with regard to the design of deep geological repositories for spent nuclear fuel. 

However, it is still necessary to complement this experimental work with the development of 

constitutive models, since only few studies have been carried out to this end (including Liu et al., 

2014; Zhao et al., 2016). This is the objective of this paper, in which a constitutive model is 

proposed that can explain the available experimental evidence of the hydro-mechanical behaviour 

of GMZ bentonite. First, the conceptual framework of the model is described. Afterwards, a wide 

range of tests is revised to identify its parameters. Finally, constant stress swelling tests and 

swelling pressure tests, which are independent of those used in the identification work, are 

simulated to illustrate the limits and the scope of the proposed model. 

 

6.6.3 Materials and methods 

6.6.3.1 Model parameters tests 

Different tests were used to identify the parameters that characterise the model proposed in this 

paper, which is formulated in detail in Section 6.6.4. First, soil-water characteristic curve tests 

carried out by Chen et al. (2006), He et al. (2016a), Wan et al. (2015), Ye et al. (2012) and Zhang 

et al. (2012b, 2012c, 2013, 2014) were considered to characterise the microstructural behaviour 

of the bentonite (Section 6.6.4.1). A sodium GMZ bentonite was used in all the tests. The 
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procedures followed in each of those tests were somewhat different. In the test carried out by 

Chen et al. (2006) and Wan et al. (2015), the specimens, initially saturated, were dried using the 

osmotic technique for low suctions and the vapour equilibrium technique for high suctions. This 

latter technique was the only one used in the tests of He et al. (2016a) and Zhang et al. (2012c, 

2013). Zhang et al. (2012b, 2014) used a pressure plate apparatus for the lower range of suction 

instead of the osmotic technique. In addition, Wan et al. (2015) and Ye et al. (2012) carried out 

wetting tests, using the vapour equilibrium technique for higher suctions and the osmotic 

technique for lower suctions. 

The oedometer compression tests carried out by Zhang et al. (2016) were used to calculate the 

slope of the virgin compression line for saturated conditions (Section 6.6.4.1). In these tests, 

cylindrical samples of compacted GMZ bentonite were placed in an oedometer cell, and vertical 

stresses of 0.12 MPa, 0.22 MPa, 0.56 MPa and 1.45 MPa were applied on each sample. Then, the 

specimens were saturated with deionised water. Finally, compression tests were conducted by 

successive loading to a maximum stress of 42 MPa, which is higher than the compaction loads. 

Only the part of the tests in which the specimens were normally consolidated was considered in 

this paper. 

The water content and void ratio data of Chen et al. (2006), He et al. (2016b) and Qin et al. (2015) 

were used to define the variation in the macrostructural degree of saturation (Section 6.6.4.2). 

Cylindrical specimens of GMZ bentonite were used. The vapour equilibrium technique was 

applied to characterise the main drying curve. 

The permeability tests carried out by Wen (2006) and Chen et al. (2016a) to characterise the 

saturated permeability of GMZ bentonite were used to define the macrostructural intrinsic 

permeability (Section 6.6.4.2). Cylindrical specimens with different initial dry densities were 

used. Distilled water was injected through the test samples, and the outflow rate and the swelling 

pressure were monitored. The saturated hydraulic conductivity was calculated from the outflow 

rate using Darcy's law. 

 

6.6.3.2 Reference tests for simulations 

6.6.3.2.1 Constant stress swelling tests 

The constant stress swelling tests carried out by Chen et al. (2016b), He et al. (2016b) and Sun et 

al. (2013) were simulated in the present paper to test the scope of the model proposed. A sodium 

GMZ bentonite similar to that used in the above-mentioned tests was used. Samples of compacted 
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bentonite were introduced into an oedometer cell, where bottom and lateral displacement were 

not allowed, and a constant stress was applied on the top of the sample. Deionised water was 

supplied to the sample from the bottom of the cell, and vertical swelling was allowed during 

wetting. The geometry and initial conditions of the samples are presented in Table 6.6.1. The 

maximum value of the compaction load in the tests by Chen et al. (2016b) was 48 kN. Considering 

that the initial conditions (initial dry density and water content) of the test by He et al. (2016b) 

are similar to those in Chen et al. (2016b), the same compaction load was assumed in the present 

study. According to Sun et al. (2013), the compaction load of that sample was considered equal 

to the vertical load applied during the swelling test. The saturated preconsolidation stress pO
* was 

calculated considering the compaction loads and the initial conditions of each test. 

Table 6.6.1. Geometry and initial conditions of the samples of constant stress swelling tests. 

Test Chen et al. 

(2016b) Test 1 

Chen et al. 

(2016b) Test 2 

He et al. 

(2016b) 

Sun et al. 

(2013) 

Initial height (mm) 10 10 10 20 

Diameter (mm) 50 50 50 61.8 

Initial dry density (kg/m3) 1700 1700 1700 1375 

Initial water content (%) 10.76 10.76 10.6 23 

Vertical stress (kPa) 60 620 100 400 

pO
* (kPa) 2816 2816 2748 181 

 

6.6.3.2.2 Swelling pressure tests 

The swelling pressure tests carried out by Cui et al. (2012) and Zhang et al. (2012a) were also 

simulated in the present paper. Samples of compacted bentonite were introduced into an 

oedometer cell, where no displacement was allowed, so the volume was held constant. Deionised 

water was supplied to the sample from the bottom of the cell, and the vertical pressure was 

recorded during wetting. The geometry and initial conditions of the samples are presented in Table 

6.6.2. The maximum compaction load of all the tests was 20 MPa. 

Table 6.6.2. Geometry and initial conditions of the samples of the swelling pressure tests. 

Test Cui et al. 

(2012) Test 1 

Cui et al. 

(2012) Test 2 

Cui et al. 

(2012) Test 3 

Zhang et al. 

(2012a) 

Height (mm) 20 20 20 20 

Diameter (mm) 61.8 61.8 61.8 61.8 

Initial dry density (kg/m3) 1608 1630 1853 1700 

Initial water content (%) 14.6 14.23 15.08 13 

pO
* (kPa) 7250 7186 8158 2321 
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6.6.4 Theory 

6.6.4.1 Mechanical model 

Due to the bimodal distribution of the pore size of compacted active clays like GMZ (Schanz and 

Al-Badran, 2014), a double porosity approach was assumed in the current study, in which the 

intra-aggregate pores has been defined as the microporosity and the inter-aggregate space as the 

macroporosity. The modelling framework provided by the Barcelona Expansive Model (BExM; 

Alonso et al., 1999; Gens and Alonso, 1992) is adopted as the base stress-strain constitutive 

model. An additive structure was assumed to define the total soil strain rate vector dTOT: 

p

MmMmTOT  dddd ++=        (6.6.1) 

The microstructural strain vector dm is obtained from the microstructural volumetric strain, dmV , 

which is defined as a function of the microstructural void ratio increment dem: 

e

de
d

+

−
=

1

m

mV          (6.6.2) 

where e is the total void ratio. To reproduce the microstructural behaviour of GMZ bentonite, the 

state surface defined in Fig. 6.6.1 was considered, which is based on the experimental data of soil-

water characteristic curves from Chen et al. (2006), He et al. (2016a), Wan et al. (2015), Ye et al. 

(2012) and Zhang et al. (2012b, 2012c, 2013, 2014), described in Section 6.6.3.1. This state 

surface expresses em as a function of the microstructural suction sm. According to several works 

developed for different bentonites, for high suctions (>10 MPa in Or and Tuller, 1999; >25 MPa 

in Romero et al., 2011; >30 MPa in Jacinto et al., 2009), the water content is located in the intra-

aggregate space. Therefore, for this range of suction, the water present in the bentonite is filling 

the microstructural void space and can be considered microstructural water. Following the 

procedure described in Navarro et al. (2015), in this paper, the water content at suctions higher 

than 20 MPa was assumed to be associated with the intra-aggregate water. Considering that the 

microstructure is saturated (Yong, 1999), the changes in water content in that suction range imply 

the variation in the mass of the microstructural water. Considering that, for dry states of bentonite, 

the microstructural void ratio can be expressed in terms of the water content as em=GS wm (where 

GS=B/W is the specific gravity of the soil particles, B is the bentonite density, W is the water 

density, and wm is the microstructural water content), the data from the water retention curves of 

GMZ bentonite can be used to characterise the evolution of em. 
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Fig. 6.6.1. State surface that defines the microstructural volumetric behaviour of GMZ bentonite. 

To calculate sm, chemical equilibrium between the water of the macro- and microstructures was 

assumed. This implies that the chemical potentials of the macro- and microstructural water must 

be equal (Navarro et al., 2016). This hypothesis is questionable since the kinetics of the process 

of mass exchange between the macro- and microstructure can be relevant (e.g., Musso et al., 

2013). However, it was checked that this is not the case for the tests studied in this paper. On the 

other hand, all tests were carried out using compacted samples of bentonite powder and deionised 

water. In addition, in the subsequent hydration, either deionised water or the vapour equilibrium 

technique was used. Therefore, the osmotic suction of the macrostructural solution was 

considered to be negligible, assuming that the chemical potential of the macrostructural water can 

be obtained as (Karnland et al., 2005): 

( )M VO M

W

 
WMM

T s 


= −        (6.6.3) 

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

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

(identified with the capillary suction sM=PG-PL, where PG is the gas pressure and PL is the liquid 

pressure). On the other hand, the chemical potential of the microstructural water can be calculated 

as (Navarro et al., 2016): 

( ) ( )m VO m

m

 
WMM

T p s 


= + −       (6.6.4) 
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where ρm is the microstructural water density and p is the net mean stress (defined as the difference 

between the total mean stress and the gas pressure). Although the density of adsorbed water has 

been found to be greater than the density of free water (e.g., Jacinto et al., 2012), ρm=ρW was 

assumed for modelling purposes (as proposed in Tournassat and Appelo, 2011). Therefore, if the 

chemical equilibrium between both structural levels is considered (M=m), Eq. (6.6.5) can be 

derived from Eqs. (6.6.3) and (6.6.4): 

Mm sps +=          (6.6.5) 

The values plotted in Fig. 6.6.1 were obtained by using this equation. As proposed by Navarro et 

al. (2018), the microstructural suction can be understood as the effective stress of the 

microstructure, since it defines the variation in the microstructural volume. For saturated 

conditions, the microstructural suction is equal to the macrostructural effective stress in the 

Terzaghi sense, sm=p’. 

In Eq. (6.6.1), the vector dM defines the strain rate caused by macrostructural deformation. To 

calculate it, the Barcelona Basic Model (BBM; Alonso et al., 1990) was used, adopting the 

formulation proposed by Alonso et al. (2011). Since swelling under constant load and swelling 

pressure tests have been simulated in this paper, in which only the hydration of bentonite occurs, 

the suction increase (SI) yield surface of the BBM was not taken into account. The elastoplastic 

strain due to suction decrease, and the consequent swelling of aggregates, was considered by using 

the neutral line (NL) proposed by Gens and Alonso (1992). In addition, yielding due to contact 

with the loading-collapse (LC) surface was taken into account. According to the model used, the 

mechanical behaviour of the soil macrostructure was assumed to be described by the net stress  

and macrostructural suction sM (Houlsby, 1997). The net stress is defined as =TOT-PG m, where 

m is the vector form of the Kronecker delta and TOT is the total stress vector that defines the 

mechanical equilibrium equation: 

TOT   g + =σ k 0         (6.6.6) 

where · is the divergence operator,  is the average soil density, g is the gravitational 

acceleration, and k is a unit vector in the direction of gravity. To calculate the vector dM, the 

parameters defined in Table 6.6.3 were used. The parameters So, r and  were obtained from 

Zhao et al. (2016). The slope of the virgin compression curve for saturated conditions was 

calculated using the oedometer compression test data for deionised water from Zhang et al. (2016) 

(Fig. 6.6.2). Since the data correspond to the change in the total void ratio, to calculate the 

variation in the macrostructural void ratio, the microstructural deformation was subtracted using 
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the state surface in Fig. 6.6.1. As the macrostructural suction was zero, it can be deduced from 

Eq. (6.6.5) that the microstructural suction equals the effective mean stress. To obtain the 

macrostructural saturated elastic stiffness for changes in the net mean stress, the relation with (0) 

((0)/iO=3) that was used by Navarro et al. (2014b) for MX-80 bentonite (the relation was 

obtained from experimental data by Toprak et al., 2013) was also considered in this study. Due 

to the lack of information, the rest of the parameters were adapted from Navarro et al. (2014b), 

obtained for sodium MX-80 bentonite. 

Table 6.6.3. Macrostructural mechanical parameters considered in the model. 

Parameter Definition Value 

k Increase in cohesion with suction 0.05 

io Saturated elastic stiffness for changes in p 0.042 

So Elastic stiffness for changes in sM 0.08 

 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 0.127 

r Parameter of the macrostructural soil compressibility 0.836 

 (kPa-1) Parameter of the macrostructural soil compressibility 7.0·10-5 

M Slope of the critical state line 1.07 

 

 

Fig. 6.6.2. Fit of the virgin compression line for saturated conditions from the oedometric compression tests carried out 

by Zhang et al. (2016) for different initial vertical stresses. 

The strain dMm
p in Eq. (6.6.1) defines the deformational coupling between the macro- and 

microstructures. In the swelling paths analysed in this paper, the vector dMm
p is obtained from 

d MVm
p, which is the macrostructural plastic volumetric strain caused by macrostructural packing 
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when the microstructural void ratio increases. This term can be computed as proposed by Sánchez 

et al. (2005): 

p

MVm S mV d f d =         (6.6.7) 

The value of the interaction swelling function fS depends on the degree of openness of the 

macrostructure relative to the applied stress state (Sánchez et al., 2005). A simplified linear 

approximation (adopted from Navarro et al., 2014b) was applied by assuming fS=1 when the net 

mean stress p reaches 0, and fS=0 when p equals the net mean yield stress. The above-mentioned 

NL and LC surfaces are coupled by this equation. When the suction decreases, the microstructural 

void ratio increases, resulting in a plastic strain of the macrostructure and a movement of both the 

NL and the LC surfaces. 

 

6.6.4.2 Flow model 

Low-salinity and isothermal conditions were assumed, and the gas pressure was held constant and 

equal to atmospheric pressure. As noted before, the microstructure was considered to be saturated 

(Yong, 1999). The microstructural water was assumed to be primarily linked to the bentonite (van 

Genuchten and Wierenga, 1976). Thus, the microstructural flow vector was considered to be equal 

to the velocity of the soil skeleton v. The macrostructural vapour and liquid water flows were 

taken into account. The macrostructural liquid water flow was modelled using the conventional 

advective (Darcy) formulation proposed by Pollock (1986). The macrostructural liquid water 

seepage qM with respect to the displacement of the soil skeleton was calculated as: 

( )M M

M L W

W

 
  

K
P z





= −  + q       (6.6.8) 

where KM is the intrinsic permeability of the macrostructural liquid, M is its relative permeability, 

W is the liquid water dynamic viscosity,  is the gradient differential operator, W is the specific 

weight of water, and z is the vertical coordinate. A van Genuchten (1980) retention curve law was 

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

macrostructural suction sM (Navarro et al., 2015): 

( )
M M,0

M

M,0

1  
1

m
nSr Sr

s
Sr


−−

 = +
 −

      (6.6.9) 

A macropore residual degree of saturation SrM,0 equal to 0 and the relationship n =1/(1-m) were 

assumed. Table 6.6.4 shows the values of α and m that were used. The experimental water content 
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data from Chen et al. (2006), He et al. (2016b) and Qin et al. (2015), described in Section 6.6.3.1, 

were used to fit the model parameters (see Fig. 6.6.3). Knowing the value of the total void ratio 

and the suction, the macrostructural void ratio, eM, was obtained by subtracting the microstructural 

void ratio, calculated with the model in Fig. 6.6.1. Then, subtracting the microstructural water 

content from the total water content, the macrostructural degree of saturation was calculated. 

Table 6.6.4. Macrostructural hydraulic parameters of GMZ bentonite. 

Parameter Definition Value 

α (kPa-1) Retention curve parameter 2.16·10-4 

m Retention curve parameter 0.825 

bM Intrinsic permeability parameter 7.967 

M0 Intrinsic permeability parameter 0.025 

k0 (m2) Intrinsic permeability parameter 1.91·10-20 

 

 

Fig. 6.6.3. Experimental and modelled macrostructural water retention curves. 

The relative permeability was modelled using the formulation of Brooks and Corey (1964) and 

Burdine (1953). An exponent of 3 was assumed based on several infiltration tests on 

homogeneous compacted bentonite (Gens et al., 2011). The intrinsic permeability KM was 

modelled using the relationship proposed by Gens et al. (2011): 

( )M 0 M M M0 exp  K k b  = −         (6.6.10) 

where k0 is the intrinsic permeability for the reference porosity M0, M is the macrostructural 

porosity, and bM is a constitutive parameter. The experimental data of saturated permeability and 

swelling pressure depending on the dry density taken from Wen (2006) and Chen et al. (2016a), 

described in Section 6.6.3.1, were used. From the swelling pressure data, the value of sm was 
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obtained by using Eq. (6.6.5). Then, em was determined using the state surface of Fig. 6.6.1, and 

em was subtracted from the total void ratio to calculate eM. Finally, the parameters of Table 6.6.4 

were identified. 

The modelled flow of the water vapour in the macrostructure was only diffusive, since the gas 

pressure was assumed to be constant; therefore, it was calculated by Fick's law using the approach 

proposed by Pollock (1986): 

( )V M M V 1    Sr D  = − − j       (6.6.11) 

where  is the soil tortuosity, D is the binary diffusion coefficient of the water vapour in the gas, 

and V is the vapour density. As in Olivella and Gens (2000), =1 was assumed, and D was 

calculated as proposed by Pollock (1986) and Philip and De Vries (1957): 

2.3
9

G

5.9 10  
T

D
P

−=          (6.6.12) 

The gas pressure PG (equal to PATM in this study) must be expressed in kPa in this dimensional 

equation. In Eq. (6.6.11), the vapour density is calculated as (Edlefsen and Anderson, 1943): 

M

V VO

W

 
 exp

  

WMM s

R T
 



 
= − 

 
      (6.6.13) 

where R is the universal gas constant and VO is the density of saturated water vapour, which is 

defined as (Ewen and Thomas, 1989): 

( ) ( )( )22 4

VO

exp 6.374 10  273.15 1.634 10  273.15

194.4

T T


− − − −  −
=  (6.6.14) 

Once the field equations and the constitutive model of flow were defined, the macrostructural 

water mass balance was computed as: 

( )
( )M V

M M V m 0
m m

m r
t

 +
+   + + =


v j      (6.6.15) 

where mM and mV are the masses of the macrostructural liquid water and the vapour water per unit 

volume, respectively: 

( )

W M M

M

V M M

V

  

1

 1  

1

Sr e
m

e

Sr e
m

e





=
+

−
=

+

       (6.6.16) 

In Eq. (6.6.15), mM·vM is the mass flow of the macrostructural liquid water per unit area: 
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M M M M M   m m m= +v v q        (6.6.17) 

where the seepage qM is calculated according to Eq. (6.6.8). The sink term rm defines the mass 

exchange from the macro- to the microstructural water. If equilibrium is assumed (namely, if the 

mass exchange is instantaneous), rm can be deduced from the mass balance equation of the 

microstructural water. Since the microstructure is saturated, and the microstructural water is 

primarily linked to the bentonite skeleton, its mass-balance equation can be written as: 

( )m

m m 0
m

m r
t


+   − =


v        (6.6.18) 

where the mass of the microstructural water per unit volume, mm, is defined as: 

W m

m

 

1

e
m

e


=

+
         (6.6.19) 

where em is obtained from the equilibrium between the macro- and microstructural water, and 

both v and e are obtained by solving the mechanical problem. Consequently, rm can be calculated 

as: 

( )m

m m  
m

r m
t


= +  


v        (6.6.20) 

 

6.6.4.3 Numerical implementation 

The proposed hydro-mechanical model was implemented in COMSOL Multiphysics (CM), a 

multiphysics partial differential equation solver based on the application of the finite element 

method with Lagrange multipliers (COMSOL, 2015). The model is based on that developed by 

the research group of the authors of this paper, applied to MX-80 bentonite (Navarro et al., 2014b, 

2016, 2017a). The hydro-mechanical formulation proposed above was implemented using the 

“multiphysic” feature of CM. This feature allows the differential equations, the constitutive 

model, and the initial and boundary conditions to be defined to match the problem abstraction and 

the physical process for the analysis. Therefore, the numerical tool can be adapted relatively easily 

to the desired conceptual model. The programmer focuses on the definition of the conceptual 

model and uses the numerical capabilities of the software (CM in this case) to find solutions to 

the boundary value problems. This versatility and adaptability are probably the most beneficial 

characteristics of multiphysics environment-based programmes (Brown et al., 2008; Keyes et al., 

2013). Additionally, the automatic differentiation techniques (e.g., Palacios et al., 2013) in CM 
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allow to obtain symbolic expressions to define the iteration matrix (Gobbert et al., 2009). 

Therefore, despite the increased complexity of the problem, the solution remains efficient. 

 

6.6.5 Results and discussion 

6.6.5.1 Constant stress swelling tests 

The constant stress swelling tests described in Section 6.6.3.2.1 were simulated to verify the scope 

of the model. The boundary conditions shown in Fig. 6.6.4 and the initial conditions in Table 

6.6.1 were applied. The parameters presented in Section 6.6.4 were used; these parameters were 

determined from different tests of several authors. It is important to note that these tests are 

independent of the constant stress swelling tests presented in this section and the swelling pressure 

tests of the following section. Therefore, a general model has been developed for different GMZ 

bentonites, using average parameters. Although our goal is not to obtain an exact fit between the 

experimental results and the numerical model but to be able to reproduce the trends adequately, 

the outstanding fits shown in Fig. 6.6.5 are highly satisfactory. 

 

Fig. 6.6.4. Boundary conditions used in the constant stress swelling simulations: (a) mechanical and (b) flow problems. 
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Fig. 6.6.5. Experimental and model vertical swelling results of the constant stress swelling tests carried out by Chen et 

al. (2016b), (a) Test 1 and (b) Test 2; (c) He et al. (2016b); and (d) Sun et al. (2013). 

The model is not only able to suitably reproduce the evolution of the average swelling strain and 

its final value for different initial conditions and vertical loads but also a useful tool to analyse 

the behaviour of the sample throughout the tests. The distributions of the water content in the 

samples throughout the tests obtained with the model are shown in Fig. 6.6.6. Test 1 of Chen et 

al. (2016b) (Fig. 6.6.6a) and the test carried out by He et al. (2016b) (Fig. 6.6.6c) obtained a 

similar water distribution with time since the initial conditions of the samples and the vertical 

pressure were approximately the same (see Table 6.6.1). During the tests, the sample was hydrated 

from the bottom, which reached saturation at the beginning of the test. The hydration progressed 

through the sample and reached the top of the sample approximately 3 h later. This similarity is 

also shown in the evolution of the computed total, macro- and microstructural void ratios (Fig. 

6.6.7). The void ratios rapidly increased at the bottom of the sample and then remained constant. 

At the top of the sample, the void ratios increased more slowly while the water was approaching 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.01 0.1 1 10 100 1000 10000

S
w

el
li

n
g
 s

tr
ai

n

Time (h)

EXP

MOD

a)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.01 0.1 1 10 100 1000 10000

S
w

el
li

n
g
 s

tr
ai

n

Time (h)

EXP

MOD

c)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.01 0.1 1 10 100 1000 10000

S
w

el
li

n
g
 s

tr
ai

n

Time (h)

EXP

MOD

b)

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.01 0.1 1 10 100 1000 10000

S
w

el
li

n
g
 s

tr
ai

n

Time (h)

EXP

MOD

d)



6.6. Modelling the hydro-mechanical behaviour of GMZ bentonite 

 
317 

 

that position. When the value of the vertical load of the constant stress swelling test is higher (Test 

2 of Chen et al., 2016b), the increase in the total and macrostructural void ratio is lower, Fig. 

6.6.7b. This leads to smaller swelling strain in this test and a lower water content in the sample. 

This is also seen in the test carried out by Sun et al. (2013), Fig. 6.6.7d. Moreover, in this test, the 

initial water content of the sample was higher; therefore, its variation throughout this test was 

lower (the water content increased a 12%) than in the other three. This lower inflow of water in 

the sample resulted in a smaller swelling strain, Fig. 6.6.5d. It is interesting to note that the 

microstructural void ratio in this test remained approximately constant throughout the test due to 

the low value of the initial macrostructural suction (approximately 5 MPa). According to the state 

surface used to simulate the microstructural behaviour of the bentonite (Fig. 6.6.1), for reduced 

values of the microstructural suction (calculated using Eq. (6.6.5)), the variation in the 

microstructural void ratio is limited. 

 

  

  

Fig. 6.6.6. Computed distribution of water content in the samples of the constant stress swelling tests with time: (a) 

Chen et al. (2016b), Test 1; (b) Chen et al. (2016b), Test 2; (c) He et al. (2016b); and (d) Sun et al. (2013). 
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Fig. 6.6.7. Computed evolution of total, macrostructural and microstructural void ratios during the constant stress 

swelling tests at the bottom and the top of the samples: (a) Chen et al. (2016b), Test 1; (b) Chen et al. (2016b), Test 2; 

(c) He et al. (2016b); and (d) Sun et al. (2013). 
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Fig. 6.6.8. Boundary conditions used in the swelling pressure simulations: (a) mechanical and (b) flow problems. 

  

  

Fig. 6.6.9. Experimental and model swelling pressures of the swelling pressure tests carried out by Cui et al. (2012), 

(a) Test 1, (b) Test 2 and (c) Test 3, and (d) Zhang et al. (2012a). 
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In Fig. 6.6.10, the modelled distribution of dry density in the samples is shown. It is interesting 

to note that, contrary to the constant stress swelling tests, in which the conditions of the bentonite 

of the sample at the end of the tests were almost the same (the water content and the void ratios 

were similar at the top and the bottom of the samples, as shown in Figs. 6.6.6 and 6.6.7), the 

conditions in the swelling pressure tests varied at different points in the sample. In the simulated 

four tests, the initial dry density decreased at the bottom of the sample since the hydration of the 

bentonite occurred when the water entered the specimen, causing the bentonite to swell. At the 

same time, since no displacement was allowed during the test, the dry density increased at the 

upper part of the sample beyond the initial value due to the compression generated by the swelling 

of the lower part.  

  

  

Fig. 6.6.10. Computed distribution of dry density in the samples of the swelling pressure tests with time: Cui et al. 

(2012), (a) Test 1, (b) Test 2 and (c) Test 3, and (d) Zhang et al. (2012a). 
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the swelling reached the upper part of the sample. Then, this behaviour is reverted; toward the 

end of the test, the increase in voids in the upper part of the sample was compensated by a decrease 

in the lower part. However, at the end of the process, the dry density in the sample was not 

constant and complete homogenisation was not achieved. The bulk density of the bottom of the 

sample was lower. The fast initial hydration (and swelling) of the bottom is not compensated by 

the more progressive hydration of the top of the sample. This is probably because the sample is 

more deformable under low initial confinement conditions. This behaviour is similar in all the 

tests simulated, showing more differences between the top and the bottom for lower values of the 

initial dry density, since the soil was more deformable in those cases (Tests 1 and 2 of Cui et al., 

2012, Fig. 6.6.10a and c). This is also seen in the evolution of the void ratios (see Fig. 6.6.11). 

  

  

Fig. 6.6.11. Computed evolution of total, macrostructural and microstructural void ratios in the constant stress swelling 

tests at the bottom and the top of the samples: Cui et al. (2012), (a) Test 1, (b) Test 2 and (c) Test 3, and (d) Zhang et 

al. (2012a). 

 

6.6.6 Conclusions 

In this paper, a model that allows the characterisation of the hydromechanical behaviour of GMZ 

bentonite was described based on the considerable amount of experimental research developed 
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during the last few years. The comparison of model results with the results of several experimental 

constant stress swelling tests and swelling pressure tests has illustrated its reliability. The good 

fits obtained are remarkable, since the parameters used in the model were identified using the 

results from tests completely independent of those simulated. Although the model should be 

further improved (for instance, adding chemical effects), it is an interesting contribution to the 

development of a constitutive model that is able to describe the behaviour of GMZ bentonites, 

thus improving the understanding and the estimation of their performance when used in 

engineered barrier systems in deep geological repositories for spent nuclear fuel. 
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7 General discussion 

Following again the guidelines of the International Doctoral School of the University of Castilla-

La Mancha for the presentation of the doctoral thesis in the format of a compendium of papers, a 

general discussion of the results presented in the previous Sections is included in this Chapter. 

As shown in each of the papers that compose this Thesis, the proposed Hydro-chemo-Mechanical 

model allows a correct characterisation and simulation of different types of bentonites. In addition 

to the applications proposed in Section 6 of model qualification, it is of particular importance that 

Sections 3, 4 and 5 include the application of the proposals to real tests, thus proving their scopes. 

The first boundary value problems analysed were vertical free swelling tests at different salinity 

conditions. These tests were modelled using the base model described in Section 3. The 

comparison of the results of this model with another purely Hydro-Mechanical model, showed 

the importance of including the effect of salinity, as well as the problem of using a wrong 

formulation of the destructuration in free swelling conditions, as can be seen in Fig. 3.2.6. This is 

not only evident in integrated magnitudes such as total swelling strain, but also in the capacity of 

the model to reproduce distributed magnitudes such as water content or bulk density (Figs. 3.2.9 

and 3.2.10). Similar results were obtained in Section 3.5, which improves the proposal of the 

formulation of the strains induced in the macrostructure due to the microstructure destructuration 

under low confinement conditions. The proposed model is capable of predicting both the increase 

in swelling velocity at the beginning of the tests and the reduction in final swelling as salinity 

increases. Furthermore, the reproduction of the tests carried out by Dvinskikh and Furó (2009) 

means an outstanding qualification exercise, since this test provides a significant volume of 

information distributed throughout the sample over time, as shown in Fig. 3.5.14. It is important 

to note that the parameters used in the model were obtained from tests independent of those used 

for the simulations. On the other hand, as it was mentioned, the correct simulation of the effect of 

salinity is of vital importance. This was shown in the analysis performed in Section 3.4, in which 

a study was made of how the formulation of the activity of species dissolved in macrostructural 

water affects the correct simulation of the free swelling tests analysed in Section 3.2. The use of 

a simple model such as the extended Debye-Hückel represents a relevant improvement in the 

simulation, mainly for higher salinities (Figs. 3.4.4-3.4.6), and is therefore something important 

to be taken into account. 

On the other hand, the double porosity hydraulic formulation of the model is very remarkable. 

Although the number of parameters increases with respect to using a model that includes both 
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structural levels together, the differentiation between macro- and microstructure allows better 

results to be obtained when monotonic hydration retention curves are reproduced. This has been 

seen in the analysis conducted in Section 4.4, which also proposes a model that takes into account 

the effect of the void ratio on the air-entry pressure of the macrostructure. This was also studied 

for three active clays with different characteristics, the MX-80 bentonite, the FEBEX bentonite 

and the Boom clay. In the three cases, the differentiation between macro- and microstructure gives 

better results in the predictions, as shown in Figs. 4.4.6 and 4.4.9. In addition, the microstructural 

part is fundamental for the description of the mechanical behaviour of the microstructure and, 

therefore, also for the macrostructure due to the interaction that exists between both structural 

levels. The model also proposes an adaptation of the microstructural model to take into account 

the effect of exchangeable cations and the cation exchange capacity of bentonite (Section 4.3). 

This gives the possibility to simulate different types of natural MX-80 bentonites with different 

proportions of sodium and calcium. The results obtained in the reproduction of different water 

retention curves give confidence to the proposed model. The effect of differentiation between 

macro- and microstructural water contents is also evident in free swelling tests, as can also be 

seen in Section 4.2. The use of a global model makes the prediction of the water content to be 

overestimated. To correct this fact, the suction is overestimated, which results in a higher final 

swelling strain, which could also be corrected by a reduction of the elastic stiffness. These 

modifications can cause significant calculation errors. 

The use of the Comsol Multiphysics calculation platform, which is a multiphysics partial 

differential equation solver that is based on the application of the finite element method with 

Lagrange multipliers, was very useful. This program allows the selection of state variables, the 

introduction of state functions and the definition of differential equations to be solved. In addition, 

it includes symbolic algebra to improve the numerical performance of the implemented numerical 

models. The application of the mixed method proposed by Navarro et al. (2014a), in which 

stresses and hardening parameters are considered as state variables, also allows solving the 

problems derived from elastic-plastic or non-linear elasticity models, in which the definition of 

the state function of the stresses is implicit and the derivatives cannot be obtained directly. To 

improve the efficiency of the simulation, two modifications of the mechanical model were 

proposed in this Thesis. A change in the hardening law was proposed to reduce the errors due to 

drift. Using a modified Cam-Clay model to simplify the formulation, it was found that this 

proposal allows a better prediction of the normal vector to the yield surface and therefore a faster 

convergence in the explicit integration of the stresses. Furthermore, a smoothing of the transition 

from purely elastic to elastic-plastic behaviour when the yield surface is reached was presented, 

which also allows a more realistic reproduction of the experimental results.  
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The model is not only capable of simulating tests under low confinement conditions. In this Thesis 

the formulation was also contrasted with other types of tests and, therefore, of boundary 

conditions. First, in Section 6.2, the swelling pressure tests performed by Karnland et al. (2005, 

2006) for different salinities in MX-80 bentonites were simulated. As shown in Figs. 6.2.4 and 

6.2.5, the fits were very satisfactory. Likewise, the correlation coefficients reached are higher than 

99.9%. With this approach it is possible to obtain “physically based” predictions of the swelling 

pressure as a function of changes in salinity, compared to other procedures based on empirical 

estimates. However, the results obtained for salinities of 3 M and high dry densities are worse 

than in the case of lower salinities. This is because the effect of water activity was not taken into 

account in these simulations. However, the expected salinities in e.g. repositories like Olkiluoto 

(Finland) will not exceed 1 M (Hellä et al., 2014).  

In addition, squeezing tests on MX-80 bentonites were simulated and analysed, as described in 

Section 6.3. The results obtained from the simulations performed allowed to verify that the 

squeezing pressure is relevant, since when high pressures are used, the presence of microstructural 

water in the extract is greater, producing distortions in the resulting concentrations (Fig. 6.3.8). 

Furthermore, it was also found that the higher the initial macrostructural salinity, the better the 

representativeness of the extract (Fig. 6.3.5). The analysis of the evolution of sodium, calcium 

and chloride concentrations in the macro- and microstructural solutions allowed to observe that 

during squeezing, water can be extracted from the microstructure (Fig. 6.3.8), and the strain of 

the microstructure changes the surface charge density and the chemical composition of the 

macrostructural and microstructural solutions, and therefore changes the extract. The chemical 

composition of the extract is the response of the system to a boundary problem with different 

coupled processes. For high initial dry densities, the composition of the extract may be very 

different from the initial macropore composition, and therefore not representative. This is less 

influential in tests with low initial dry densities (Fig. 6.3.9). The exchange process between the 

two structural levels is more complex if, instead of initial saturated conditions, the bentonite is 

partially saturated.  

The model was used to simulate erosion processes by pinhole testing, both under low salinity 

conditions (Section 6.4) and for different salinity conditions (Section 6.5). After fitting the 

parameters of the erosion model, the results of mass loss per unit height of Figs. 6.4.9b and c were 

obtained. The distribution of water content is also well reproduced (Fig. 6.4.10). The simulations 

performed proved the complexity of the process, in which, depending on the swelling and erosion 

rates, the hole radius increases or decreases, and an arch effect can be induced, causing an increase 

in the circumferential stress. On the other hand, as it happened with the free swelling tests, the 
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effect of salinity in this type of tests is also of great importance. To compensate for the fact that 

salinity is not taken into account, the erodibility coefficients must be increased for higher 

salinities, which would not be necessary when considering the complete Hydro-chemo-

Mechanical model (Fig. 6.5.9). The formulation can capture the higher mass loss for higher 

salinities while producing a better fit for the time evolution of the mass loss.  

Although most of the analyses performed in the Thesis focused on MX-80 bentonites, the 

adaptation of the model to a GMZ bentonite was also proposed in Section 6.6. In this adaptation, 

only Hydro-Mechanical aspects were considered, leaving the chemical adaptation pending. After 

fitting the different mechanical and hydraulic parameters, including the state surface that controls 

the deformation of the microstructure, with tests independent of those used in the simulations, the 

validity of the model was checked against constant stress swelling and swelling pressure tests. 

The results obtained from the evolution of the strains and swelling pressures, which can be seen 

in Figs. 6.6.5 and 6.6.9, are very satisfactory. Furthermore, after performing these simulations, 

the water contents, dry densities and total, macro- and microstructural void ratios were analysed 

along the tests in different parts of the specimen, which had not been measured experimentally, 

allowing a better understanding of the swelling process to be obtained. Thus, when studying the 

swelling pressure tests, it was found that the homogenisation of the specimen at the end of the 

tests was not achieved. 
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8 Conclusions 

The model presented in this Thesis allows the Hydro-chemo-Mechanical simulation of different 

bentonite swelling problems. Although the analysis performed was focused on MX-80 bentonites, 

some changes were also proposed to characterise GMZ and FEBEX bentonites and Boom clay. 

This model includes the effect of water salinity in the characterisation of bentonite swelling. Thus, 

the incorporation of osmotic terms at both the micro- and macrostructural levels in the formulation 

allowed to model the reduction in swelling capacity with increasing salinity, as well as the 

increase in the swelling rate observed experimentally in free swelling tests. Additionally, the 

characterisation of the strains caused in the macrostructure due to the destructuring of the 

microstructure under low confinement conditions led to very satisfactory results in the simulation 

of free swelling processes. This was achieved not only in the averaged values of the swelling 

strain, but also in the distribution of strains and water content along the process. In addition, it is 

also noteworthy that the parameters used in the model were obtained from independent tests. 

A proposal of significant interest that arises from this Thesis is the formulation of an effective 

microstructural stress, understood as the magnitude that controls the microstructural strains. The 

thermodynamic swelling pressure proposed in Eq. (3.3.8) is based on the chemical potentials of 

the water in the macro- and microstructures, allowing to integrate coherently the water content, 

the total stress and the salinity of the surroundings. Moreover, for conditions of negligible salinity, 

this effective stress is equal to the sum of the net stress and the macrostructural suction. If one 

also adds that the medium is saturated, the effective macrostructural stress is obtained. This makes 

this definition robust and thermodynamically consistent. 

In the proposed model, the differentiation between macro- and microstructural water (obtained 

from data of water retention curves) allowed a better characterisation of the hydration of the 

bentonites than if only the total water content was taken into account without any differentiation. 

This effect was proven in free swelling tests, where, to fit the experimental strains obtained, the 

soil stiffness would have to be reduced considerably to correctly predict the behaviour of the 

bentonite. Likewise, it was also found useful to consider different retention mechanisms for the 

two structural levels of the double porosity bentonites in the reproduction of water retention 

curves of MX-80 and FEBEX bentonites and Boom clay. The inclusion of the dependence of the 

air-entry pressure of the macrostructure with the void ratio was also proved to be a very useful 

tool to improve the results of the simulations. 
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In addition, the characterisation of the water content and the void ratio of the microstructure taking 

into account the content of sodium and calcium as exchangeable cations and the cation exchange 

capacity of the bentonite was a useful tool to characterise a considerable range of natural MX-80 

bentonites. Furthermore, it is interesting for modelling the volumetric deformability of the 

microstructure of these bentonites, which is fundamental for the stress-strain simulation in active 

clays with double porosity. 

The influence of the formulation of the activity of the chemical species dissolved in the solution 

present in the bentonite porosity was studied. It was concluded that this fact has an important 

influence on the simulation of free swelling processes in bentonites, since when modelling the 

activity in the macrostructure with a simple model such as the extended Debye-Hückel, the results 

of the simulations are better than if the activity coefficient is taken equal to 1 and therefore the 

activity is not taken into account. In particular, the increase in swelling rate at the beginning of 

the tests for higher salinities is better estimated. 

The use of the Comsol Multiphysics platform, in which the model proposed in this Thesis was 

implemented, has proved to be very effective. The program is able to apply automatic symbolic 

differentiation techniques to obtain the derivatives needed to define the iteration matrix, which 

improves the computational convergence rate. To avoid problems when the formulation includes 

a state function that is defined implicitly, the formulation was implemented using a mixed method. 

In addition, to correctly simulate the high strains caused by swelling, a Lagrangian definition was 

adopted in the definition of the equilibrium and mass balance equations. The process of 

implementing the formulation is relatively simple, and once the process is completed, the program 

can be made more flexible, choosing the equations that should be solved for the problem under 

consideration, and easily adding new physics if necessary. 

On the other hand, two simple changes to the mechanical formulation were proposed with the aim 

of improving the efficiency in the explicit integration of the constitutive stress-strain model. Thus, 

it was found (illustrated using a Modified Cam-Clay model) that by changing the hardening law 

so that at each calculation step the yield surface is forced to contain the stress state when yielding 

occurs, the errors due to drift are reduced, improving in this way the calculation of the normal 

vector to the yield surface and, therefore, the convergence. Likewise, an internal constitutive 

surface was introduced to allow a gradual transition from purely elastic behaviour inside the yield 

surface to the occurrence of plastic strains when this is reached. In this way, a smooth elastic-

plastic transition is achieved, which, in addition to improving convergence, allows better 

simulation of the experimental results of isotropic compression tests and triaxial tests. 
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The model proposed in this Thesis was also used to model boundary value problems different 

from the free vertical swelling tests proposed at the beginning. Thus, good results were achieved 

also for swelling pressure tests at different salinities, which gives more confidence to the model. 

In addition, the fact that it is possible to obtain physically based swelling pressure results reduces 

the uncertainty of the results when analysing the sensitivity of the swelling pressure to possible 

changes in the salinity conditions of the system. The analysis of the simulation of squeezing tests 

allowed a better understanding of the complex Hydro-chemo-Mechanical coupling that occurs in 

these tests. In this way, it was found that the geochemical coupling between the macro- and 

microstructures is significant, especially for high dry densities, in which the water extracted by 

this procedure is a mixture of the water from both structural levels, being predominantly 

microstructural when the void ratio of the macrostructure becomes almost zero. However, the 

analysis of the results showed that, even under these conditions, the representativeness of the 

water extracted is acceptable, since the water initially in the macrostructure is transferred to the 

microstructure. For low dry density conditions, the water extracted comes mainly from the 

macrostructure. In addition, it should be noted that the model was also adapted to simulate erosion 

processes by analysing pinhole tests. First, tests with low salinity water and low hydraulic shear 

stress were analysed, obtaining good results. Next, the effect of salinity was analysed, 

demonstrating the importance of chemical effects on the behaviour of bentonite in the face of 

erosion processes. The results obtained show that these effects can be derived from differences in 

hydration and swelling behaviour, therefore the role of swelling in erosion would be crucial.  

Given the relevance of analysing the applicability of the model to bentonites different to an MX-

80, it was adapted to describe the hydro-mechanical behaviour of a GMZ bentonite, of which 

numerous characterisation tests have been published in recent years. The results obtained in the 

simulation of constant stress swelling and swelling pressure tests are positive, especially taking 

into account that the model parameters were identified using completely independent tests. 

 

8.1 Future research work 

The formulation presented in the model, while obtaining suitable results in the problems analysed, 

can still be extended in different aspects. First, coupling with the thermal formulation is necessary 

to analyse processes in which the isothermal hypothesis is not valid, such as when analysing the 

short-term near-field of the canister. In this way, a complete Thermo-Hydro-Chemo-Mechanical 

model would be developed. In addition, although the main chemical species in the system are 

calcium, sodium and chloride, it is of great interest to extend the model to a more complex 



Hydro-Chemo-Mechanical model of bentonites applied to swelling processes 

 
330 

 

geochemistry and, therefore, closer to the reality of the bentonites studied. The coupling of this 

new geochemistry with the mechanical part of the model is of great interest, being currently a 

major topic in the research field.  

The simplified geochemistry adopted in this paper may be a good starting point for this extension 

of the model. Thus, some of the aspects studied, such as the effect of exchangeable cations on 

water content and the void ratio of the microstructure, are very useful. Nonetheless, this procedure 

could be extended to other species that are also found in non-negligible proportions in bentonites, 

such as potassium and magnesium. On the other hand, since the importance of the formulation of 

the chemical activity was proven, a more extensive study of the existing models should be made 

and a formulation that is also applicable for higher molarities should be adopted, such as the 

WATEQ Debye-Hückel or even the Pitzer model.  

The extension of the model to other bentonites than the MX-80 is also a point of great interest. 

Although some aspects of this extension were proposed in this Thesis for GMZ and FEBEX 

bentonites and for Boom clay, further work in this direction would be necessary. Therefore, 

although the hydraulic model was already studied in this Thesis, its complementation with the 

mechanical behaviour of the macrostructure, as well as the chemical coupling should be studied 

in more detail to ensure a correct adaptation of the model to these bentonites. 

Although the model developed to determine the strain induced in the macrostructure due to the 

destructuring of the microstructure in swelling processes under very low confinement conditions 

was successfully applied in this Thesis, a more extensive analysis of the proposed formulation 

would be necessary, including other tests in which this process is relevant. 

In addition, the proposed model should be used for repository-scale problems. Although this work 

was performed by the research group before, achieving suitable results, the inclusion of such 

problems was not considered for this Thesis. On the other hand, the simulation of different 

boundary value problems beyond the laboratory tests analysed is still under development, 

including also a formulation that takes into account the triple porosity that occurs when the 

backfill area in a repository, usually filled with pellets or granular material, is analysed. 
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8 Conclusiones 

El modelo presentado en esta Tesis ha permitido la simulación Hidro-químico-Mecánica de 

diferentes problemas de hinchamiento de bentonitas. Aunque el análisis realizado se ha centrado 

en una bentonita MX-80, también se han propuesto algunas modificaciones para caracterizar 

bentonitas GMZ y FEBEX y la arcilla Boom. Este modelo incluye el efecto de la salinidad del 

agua en la caracterización el hinchamiento de bentonitas. Así, la inclusión de términos osmóticos 

tanto a nivel micro- como macroestructural en la formulación ha permitido modelizar la reducción 

de la capacidad de hinchamiento al aumentar la salinidad, así como el incremento de la tasa de 

hinchamiento observada experimentalmente en ensayos de hinchamiento libre. Adicionalmente, 

la caracterización de las deformaciones causadas en la macroestructura debidas a la 

desestructuración de la microestructura bajo condiciones de bajo confinamiento ha dado lugar a 

resultados muy satisfactorios en la simulación de procesos de hinchamiento libre. Esto se ha 

logrado no solamente en los valores promediados del hinchamiento, sino también en la 

distribución de deformaciones y contenido de agua a lo largo del proceso. Además, también 

destaca que los parámetros utilizados en el modelo se han obtenido a partir de ensayos 

independientes. 

Una propuesta de gran interés que se desprende de esta Tesis es el planteamiento de una tensión 

efectiva microestructural, entendida como la magnitud que controla las deformaciones 

microestructurales. La presión de hinchamiento termodinámica propuesta en la Eq. (3.3.8) está 

basada en los potenciales químicos del agua de la macro- y la microestructura, permitiendo 

integrar de forma coherente el contenido de agua, la tensión total y la salinidad del entorno. 

Además, para condiciones de salinidad despreciable, esta tensión efectiva es igual a la suma de la 

tensión neta y la succión macroestructural. Si a esto se añade que el medio está saturado, se 

obtiene la tensión efectiva macroestructural. Esto hace que esta definición sea robusta y 

termodinámicamente consistente. 

En el modelo propuesto, la diferenciación entre el agua macro- y microestructural (obtenidas a 

partir de datos de curvas de retención) permite una mejor caracterización de la hidratación de las 

bentonitas que si solo se tuviera en cuenta el contenido de agua total sin diferenciar. Este efecto 

se ha comprobado en ensayos de hinchamiento libre, en los que, para ajustar las deformaciones 

obtenidas experimentalmente, la rigidez del suelo habría tenido que reducirse considerablemente 

para predecir correctamente el comportamiento de la bentonita. Asimismo, también se ha 

comprobado la utilidad de considerar distintos mecanismos de retención para los dos niveles 
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estructurales de las bentonitas de doble porosidad en la reproducción de curvas de retención de 

bentonitas MX-80 y FEBEX y la arcilla Boom. La inclusión de la dependencia de la presión de 

entrada de aire de la macroestructura con el índice de poros ha resultado asimismo una 

herramienta muy útil para mejorar los resultados de las simulaciones.  

Por otro lado, la caracterización del contenido de agua y el índice de poros de la microestructura 

teniendo en cuenta el contenido de sodio y calcio como cationes de intercambio y la capacidad de 

intercambio catiónico de la bentonita ha sido útil para caracterizar un rango considerable de 

bentonitas MX-80 naturales. Además, es una herramienta de interés para modelizar la 

deformabilidad volumétrica de la microestructura de estas bentonitas, fundamental para la 

simulación tenso-deformacional en arcillas activas de doble porosidad. 

Se ha estudiado la influencia de la formulación de la actividad de las especies químicas disueltas 

en la disolución presente en la porosidad de la bentonita. De ello se ha concluido que este hecho 

tiene una importante influencia sobre la simulación de procesos de hinchamiento libre en 

bentonitas, ya que al modelizar la actividad en la macroestructura con un modelo sencillo como 

el Debye-Hückel extendido, los resultados de las simulaciones son mejores que si el coeficiente 

de actividad se toma igual a 1 y por tanto no se tiene en cuenta la actividad. En particular, se 

aproxima mejor el incremento en la tasa de hinchamiento al comienzo de los ensayos para 

salinidades más altas. 

El uso de la plataforma de cálculo Comsol Multiphysics, en la que se ha implementado el modelo 

propuesto en esta Tesis, ha resultado ser muy efectivo. El programa es capaz de aplicar técnicas 

de derivación simbólica automática para obtener las derivadas necesarias para definir la matriz de 

iteración, lo que mejora la velocidad de convergencia. Para evitar problemas cuando la 

formulación incluye una función de estado que se define implícitamente, la formulación ha sido 

implementada utilizando un método mixto. Además, para simular correctamente las altas 

deformaciones causadas por el hinchamiento, se ha adoptado una definición Lagrangiana en las 

ecuaciones de equilibrio y de balance de masa. El proceso de implementación de la formulación 

es relativamente sencillo, y una vez completado el proceso, el programa puede flexibilizarse, 

eligiendo las ecuaciones que deben ser resueltas para el problema considerado, pudiendo añadir 

con facilidad nuevas físicas si es necesario. 

Por otro lado, se han propuesto dos modificaciones simples de la formulación mecánica con el 

objetivo de mejorar la eficiencia en la integración explícita del modelo constitutivo tenso-

deformacional. Así, se ha podido comprobar (ejemplificando en un modelo Cam-Clay 

Modificado) que cambiando la ley de rigidización, de tal forma que en cada paso de cálculo se 
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fuerce a la superficie de fluencia a estar sobre el estado tensional cuando se alcanza la 

plastificación, se reducen los errores debidos a la deriva plástica, mejorando de esta forma el 

cálculo del vector normal a la superficie de fluencia y, por lo tanto, la convergencia. Asimismo, 

se ha introducido una superficie constitutiva interna de tal forma que se permita un paso gradual 

desde el comportamiento puramente elástico en el interior de la superficie de fluencia a la 

aparición de deformaciones plásticas cuando ésta es alcanzada. De esta forma, se consigue una 

transición elasto-plástica suave, que además de mejorar la convergencia, permite una mejor 

simulación de los resultados experimentales de ensayos de compresión isótropa y ensayos 

triaxiales. 

El modelo propuesto en esta Tesis también ha sido utilizado para modelizar problemas de 

contorno diferentes a los ensayos de hinchamiento vertical libre propuestos al principio. Así, se 

han conseguido buenos resultados también para ensayos de presión de hinchamiento a diferentes 

salinidades, lo que otorga mayor confianza al modelo. Además, el hecho de poder obtener 

resultados físicamente basados de presión de hinchamiento, reduce la incertidumbre de los 

resultados cuando se analiza la sensibilidad de la presión de hinchamiento a posibles cambios en 

las condiciones de salinidad del sistema. El análisis de la simulación de ensayos de squeezing ha 

permitido comprender mejor la complejidad acoplada Hidro-químico-Mecánica que ocurre en 

estos ensayos. De esta forma, se ha comprobado que el acoplamiento geoquímico entre la macro- 

y la microestructura es significativo, especialmente para densidades secas altas, en las que el agua 

extraída mediante este procedimiento es una mezcla del agua de ambos niveles estructurales, 

siendo predominantemente microestructural cuando el índice de poros de la macroestructura se 

hace prácticamente cero. No obstante, con el análisis de los resultados se ha podido determinar 

que, aun en estas condiciones, la representatividad del agua extraída es admisible, ya que el agua 

inicialmente en la macroestructura es transferida a la microestructura. Para condiciones de 

densidad seca baja, el agua extraída procede principalmente de la macroestructura. Por otro lado, 

se debe destacar que el modelo también ha sido adaptado para simular procesos de erosión, 

analizando ensayos de pinhole. En primer lugar, se han analizado ensayos con agua con baja 

salinidad y baja tensión de corte hidráulica, obteniendo buenos resultados. A continuación, se ha 

analizado la influencia de la salinidad, demostrando la importancia de los efectos químicos en el 

comportamiento de la bentonita frente a procesos de erosión. Los resultados obtenidos muestran 

que estos efectos pueden ser derivados de las diferencias de comportamiento en la hidratación y 

el hinchamiento, por lo que el papel del hinchamiento en la erosión sería clave.  

Dada la importancia de analizar la aplicabilidad del modelo a bentonitas diferentes a las MX-80, 

éste se ha adaptado para describir el comportamiento hidro-mecánico de una bentonita GMZ, de 
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la cual se han publicado numerosos ensayos de caracterización en los últimos años. Los resultados 

obtenidos en la simulación de ensayos de hinchamiento a tensión vertical constante y presión de 

hinchamiento son positivos, especialmente teniendo en cuenta que los parámetros del modelo se 

han identificado utilizando ensayos completamente independientes. 

 

8.1 Futuras líneas de investigación 

La formulación presentada en el modelo, aunque ha permitido obtener buenos resultados en los 

problemas analizados, aún puede ser ampliada en diferentes aspectos. En primer lugar, el 

acoplamiento con la formulación térmica es necesaria para analizar procesos en los que no sea 

válida la hipótesis isotérmica, como por ejemplo al analizar el campo próximo al canister de 

residuos radiactivos a corto plazo. De esta forma, se desarrollaría un modelo Termo-Hidro-

Químico-Mecánico completo. Asimismo, aunque las especies químicas principales en el sistema 

son el calcio, el sodio y el cloro, resulta de gran interés ampliar el modelo para adaptarlo a una 

geoquímica más compleja y, por lo tanto, más cercana a la realidad de las bentonitas estudiadas. 

El acoplamiento de esta nueva geoquímica con la parte mecánica del modelo resulta de gran 

interés, siendo actualmente un tema puntero en el campo de estudio.  

La geoquímica simplificada adoptada en este trabajo puede ser un buen punto de partida para esta 

extensión del modelo. Así, algunos de los aspectos estudiados, como el efecto de los cationes de 

intercambio en el contenido de agua y el índice de poros de la microestructura, son de gran 

utilidad. No obstante, este procedimiento podría ser ampliado a otras especies que también se 

encuentran en proporciones no despreciables en las bentonitas, como el potasio y el magnesio. 

Por otro lado, dado que se ha comprobado la importancia de la formulación de la actividad 

química, se debe hacer un estudio más extenso de los modelos existentes y adoptar una 

formulación que también sea aplicable para molaridades más elevadas, como por ejemplo el 

WATEQ Debye-Hückel o incluso el modelo de Pitzer.  

La extensión del modelo a otras bentonitas diferentes a la MX-80 también es un punto de gran 

interés. Si bien en esta Tesis se han propuesto algunos aspectos de esta ampliación para bentonitas 

GMZ y FEBEX y para la arcilla Boom, un trabajo más profundo en este sentido sería necesario. 

Así, aunque el modelo hidráulico ha sido estudiado ya en esta Tesis, su complementación con el 

comportamiento mecánico de la macroestructura, así como el acoplamiento químico deben ser 

estudiados con mayor detalle para asegurar una buena adaptación del modelo a estas bentonitas. 
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Aunque el modelo desarrollado para determinar la deformación inducida en la macroestructura 

debida a la desestructuración de la microestructura en procesos de hinchamiento en condiciones 

de muy bajo confinamiento ha sido aplicado con éxito en esta Tesis, sería necesario un análisis 

más extenso de la formulación propuesta, incluyendo otros ensayos en los que este proceso sea 

relevante. 

Además, el modelo propuesto debe ser empleado en problemas en escala de repositorio. Aunque 

este trabajo ha sido realizado por el grupo de investigación con anterioridad, alcanzando buenos 

resultados, no se ha considerado la inclusión de ninguno de estos problemas para esta Tesis. Por 

otro lado, aún está en desarrollo la simulación de distintos problemas de contorno más allá de los 

ensayos de laboratorio analizados, incluyendo asimismo una formulación que tenga en cuenta la 

triple porosidad que se tiene cuando se analiza la zona del “backfill” en un almacenamiento, 

generalmente relleno de pellets o material granular. 
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