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A new double-porosity macroscopic model of bentonite free swelling 

Vicente Navarro *, Virginia Cabrera , Gema De la Morena , Laura Asensio , Ángel Yustres , 
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A B S T R A C T   

A macroscopic model based on a double-porosity approach is proposed to simulate the swelling caused by the 
subdivision of particles and aggregates that occurs when bentonites are hydrated under a high water content and 
low confinement. In the model, it is assumed that although the water that occupies this new porous structure can 
be considered mobile (associated with the macrostructure), its contribution to variations in the energy of the 
system is similar to that caused by the immobile water that occupies the microstructure. Assuming isothermal 
conditions, a functional relationship between the increase in the void ratio and the decrease in internal energy 
was defined from the Clausius-Duhem equation. From this functional relationship, a macroscopic constitutive 
model was derived to determine the macrostructural swelling as a function of the decrease in the microstructural 
effective stress. The model was applied to simulate both tests with a large void ratio (up to 50) and processes with 
a notable variation in salinity (from deionized water to 1 M solution), and satisfactory results were obtained in all 
cases. This study proposes a simple strategy to incorporate the model into the equations generally used to solve 
hydro-chemical-mechanical boundary problems at the engineering scale and is thus of direct practical interest.   

1. Introduction 

The use of compacted bentonite as a barrier element is an option 
considered by various administrative bodies for the deep geological 
storage of high-intensity radioactive waste (Bennett and Gens, 2008). 
The efficiency of these barriers is largely determined by the swelling 
capacity of the bentonite. Thus, for example, swelling under low 
confinement conditions will be key for the sealing of potential prefer-
ential flow pathways associated with natural or technological gaps 
(Sellin and Leupin, 2013). Therefore, it is of interest to have a macro-
scopic model of swelling that can be implemented in numerical models 
simulating the long-term evolution of the repositories. 

Microstructural testing techniques (see, for example, Delage and 
Tessier, 2021; Sun et al., 2019; Manca et al., 2016; Romero, 2013; 
Monroy et al., 2010) have demonstrated the importance of the multi- 
porous nature of compacted bentonites in their hydration and 
swelling. Therefore, it is advisable to use conceptual models that are 
based on at least a double-porosity approach, the simplest of multi- 
porosity conceptualizations, as a macroscopic basis for simulation. The 
works of authors such as Moyne and Murad (2003), Mainka et al. (2014), 
Qiao et al. (2019) and Schreyer Bennethum et al. (1997) provide a 
robust conceptual foundation for the development of double-porosity 

models. The conceptual framework that defines the Barcelona Expan-
sive Model (BExM; Alonso et al., 1999), which has been applied with 
satisfactory results by various authors (Sánchez et al., 2005, 2016; 
Guimarães et al., 2013; Navarro et al., 2017, 2019; for instance), is 
adopted in this study. 

In the BExM, the behaviour of soil is simulated assuming the coex-
istence of two superimposed continuous media that interact but are 
different. According to the original proposal of Gens and Alonso (1992), 
the microstructural modelling level (m-ML) allows simulation at the 
macroscopic scale of the effect of the processes that occur inside clay 
particle aggregates. It is assumed that the existing voids in this space are 
fundamentally occupied by immobile water (in the sense of Van Gen-
uchten and Wierenga, 1976) linked to the soil skeleton. The macro-
structural modelling level (M-ML) introduces the effect of processes that 
occur in the rest of the pore structure. If an additive formulation is 
adopted, the rearrangement of the system (characterized by the total 
strain increase vector, dε, where, as throughout the paper, Voigt's form is 
adopted) is modelled by the superposition (sum) of the ordering change 
induced by the restructuring of the microstructure (strain increment 
vector dε m) and the strains caused by the change in the arrangement of 
the M-ML voids (dεM). To determine dεm, models are selected that are 
elastic, incremental (Sánchez et al., 2005) or based on the 
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characterization of the microstructural void ratio em (= volume of voids 
associated with m-ML per volume of solids) through a state surface 
(Fig. 1; Navarro et al., 2021a). dεM can be defined using the Barcelona 
Basic Model (BBM; Alonso et al., 1990). In addition, as noted, the 
interaction dεMm between m-ML and M-ML will be added to dεM and dεm. 

In hydration processes, depending on the level of confinement, there 
are two different interaction situations. Under confined conditions, if the 
soil is packed (overconsolidated soil), the swelling tendency of the ag-
gregates causes the system to restructure, producing a plastic strain dεp

M- 

m; this magnitude has been satisfactorily modelled from dεm using the 
interaction functions proposed by Alonso et al. (1999), developed, 
among others, by Sánchez et al. (2005). On the other hand, free swelling, 
dεFS

M-m, is produced when bentonite is hydrated under low confinement 
(or unconfined) conditions. Regardless of the level of confinement, hy-
dration is initially mainly located inside the aggregates, i.e., the m-ML 
pore space. However, if confinement is reduced, as the water content 
increases, the swelling involves different levels of organization (Saiyouri 
et al., 2004). That is, the M-ML pore space also increases. As indicated by 
Cases et al. (1992), when studying sodium montmorillonite, for a high 
water content (relative humidity greater than 72%), the free swelling “is 
mainly due to the strong entropic effects linked to the change in the 
structural organization of the soil, leading to the formation of gel”. 
Saiyouri et al. (2004) also provided an interesting description of the 
process, noting that swelling is more a subdivision of quasi-crystals than 
a homogeneous increase in interlayer distances. Salles et al. (2009) and 
Laird (2006) proposed similar ideas. In the experimental results ob-
tained by Wang et al. (2014) and Cui (2017), a new medium-pore family 
appeared when swelling was allowed during hydration. 

Despite all this valuable information, there is no macroscopic 
simulation tool that allows describing dεFS

M-m for very high values of 
swelling (void ratios even higher than 20) comparable to those used to 
describe dεp

M-m, dεM and dεm. Recently, Navarro et al. (2021b) proposed 
a formulation that allows the simulation of swelling tests performed 
under different salinity conditions. However, the proposed formulation 
is markedly heuristic, which compromises its scope. This article pro-
poses a new model with a more solid thermodynamic foundation and, 
therefore, a more consistent functional structure. 

Next, after synthesizing the experimental information used, the 

conceptual bases and assumed hypotheses are described. Subsequently, 
the foundation of the constitutive formulation is proposed, and several 
free swelling tests are simulated to illustrate the scope of the proposed 
model. 

2. Material and methods 

2.1. Experimental data used 

The first set of experimental swelling data used is that measured by 
Studds et al. (1998) when saturating a Wyoming bentonite powder with 
chloride salt solutions of different ionic strengths (Fig. 2). The material 
was mainly formed of Na-montmorillonite, with a liquid limit of 354, a 
plastic limit of 27, a cation exchange capacity (CEC) of 95 mEq/100 g, 
and a specific gravity equal to 2.751. More data on the material can be 
found in Studds et al. (1998). In the tests, different chloride solutions 
with ionic strengths of 0.01, 0.1 or 1 M were used, and practically the 
same results were obtained for each ionic strength regardless of the 
chloride solution used. 

Subsequently, the results obtained by Dvinskikh and Furó (2009) 
when saturating cylindrical pellets with a diameter D of 8 mm and 
height H of 3 mm under conditions of radial confinement and free ver-
tical displacement were analysed. The material used was an MX-80 
bentonite that, according to Dvinskikh et al. (2009), was similar to the 
WyR1 bentonite used by Karnland et al. (2006), so the material pa-
rameters estimated by Navarro et al. (2021b) could be used for the 
material. The pellets initially had a bulk density of 1.8 Mg/m3 and a 
water content of 23%. In Figs. 3 and 4, among the different tests per-
formed by Dvinskikh and Furó (2009) with the natural MX-80 bentonite, 
the most relevant one for the model has been simulated, that is, that in 
which the material was saturated with deionized (DI) water and pre-
sented the greatest swelling and, consistently, higher void ratios. As 
indicated by Dvinskikh et al. (2009) in the magnetic resonance image 
investigation of soils, the measured porosity is associated with mobile 
water, so it was identified in terms of the porosity of the M-ML, eM (=

Fig. 1. Variation in the microstructural void ratio em with the microstructural 
effective stress π. Adapted from Navarro et al. (2021a). 

Fig. 2. Swelling of Wyoming bentonite powder when saturated with chloride 
salt solutions of different ionic strengths. Adapted from Studds et al. (1998). 
Symbols, experimental results. Dashed lines, ideal response associated with 
each salinity. Continuous line, estimation of the void ratio variation without 
free swelling. 
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void volume associated with the M-ML per volume of solids). Both 
Dvinskikh et al. (2009) and Dvinskikh and Furó (2009) can be consulted 
for more details of the tests performed. 

To analyse the ability of the model to simulate the effect of salinity, 
the experimental results of the swelling tests described by Navarro et al. 
(2017) were considered (Fig. 5). In these tests, cylindrical specimens of 
MX-80 bentonite (similar to the WyR1 of Karnland et al., 2006; again, 
the parameters estimated for this material have been used) with a D of 
50 mm and H of 40 mm were saturated under conditions of radial 
confinement and free vertical displacement with solutions of different 
salinities. In addition to a reference test with DI water, solutions of 10 g/ 
L (6.47 g/L NaCl +3.53 g/L CaCl2) and 35 g/L (16.75 g/L NaCl +18.25 

g/L CaCl2) were applied. According to Hellä et al. (2014), the first so-
lution simulates the salinity of brackish-saline water that is usually 
found in Olkiluoto (location of the deep geological repository of spent 
nuclear fuel in Finland), while the 35 g/L solution simulates the 
maximum expected salinity. In all cases, the initial bulk density was 
2.05 Mg/m3 with a water content of 17%. More details on the experi-
ments can be found in Navarro et al. (2017). 

2.2. Conceptual bases of the model 

As indicated in the introduction, free swelling is understood as a 
large increase in porosity that is experienced by bentonite with low or 
zero confinement in conditions close to saturation. Before free swelling 
develops, the increase in the water content of bentonite is essentially 
associated with the hydration of clay particle aggregates, modelled by 
the strain dεm of the m-ML. As hydration advances and free swelling 
begins, the subdivision of particles and aggregates occurs, generating 
pore space in the M-ML. Although the water that occupies this space 
(“macrostructural swelling water”, MSW) is not immobile, flows in 
response to hydrodynamic gradients, it has been assumed that it causes a 
variation in the energy per unit of matter in the system similar to that 
due to the immobile water of the m-ML. Therefore, a macroscopic 
approach is adopted in which free swelling is defined by part of the 
water of the M-ML, the MSW, having the chemical potential μm of the m- 
ML. Consistent with Karnland et al. (2005) and Low and Anderson 
(1958), μm can be calculated as 

μm = μVO +
WMM

ρw
(p − π)+ΔμmNCC (1)  

whereμVO is the chemical potential of free pure water (energy per unit of 
substance, J/mol SI units), WMM (mass per unit of substance, kg/mol SI 
units) and ρW (mass per unit of volume, kg/m3) are, respectively, the 
molecular mass and density of water, p is the net mean stress (Pa ≡ J/ 
m3), ΔμmNCC (J/mol) is the increase in chemical potential due to the ions 
(cations and anions) in the microstructure in excess of the CEC (that is, 
the effect of extra salinity or non-charge-compensating ions on the 
chemical potential of the microstructural water), and π is the thermo-
dynamic swelling pressure (confinement pressure for a clay in equilib-
rium, μm = μVO, with free pure water, ΔμmNCC = 0, so that em does not 

Fig. 3. Comparison between experimental (symbols) and numerical (solid line) 
swelling in the test by Dvinskikh and Furó (2009). 

Fig. 4. Comparison of the spatial distribution of the experimental (symbols) and numerical eM macrostructural void ratio. Solid thick lines, “num”, results obtained 
with the model proposed in this work. Thin solid lines, “Liu”, results from Liu et al. (2011) at different times for the Dvinskikh and Furó (2009) test. 
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change; Pa ≡ J/m3), defined by Navarro et al. (2018) according to the 
microstructural effective stress of bentonite. The chemical potential of 
the rest of the water in the M-ML is characterized by the chemical po-
tential of the free water μM (Edlefsen and Anderson, 1943). 

μM = μVO −
WMM

ρw
(sM + sMO) (2)  

where sM is the macrostructural suction (defined as the capillary suction, 
sM = PG - PL, where PG and PL are the gas and liquid pressures, respec-
tively) and sMO is the osmotic suction of water in the macrostructural 
aqueous solution. 

Consequently, under isothermal conditions, the dissipation dD 
(defined as indicated in Houlsby and Puzrin, 2000) associated with free 
swelling can be calculated by adapting the version of the Clausius- 
Duhem equation proposed by Coussy (2007). 

dD = σ⋅dε+(μm − μM)dn − dF ≥ 0 (3)  

where dF is the free energy of the system, σ is the total stress vector, and 
dn is the increase in molar content of swelling water. Under saturated 
conditions, the increase in M-ML porespace will be equal to the increase 
in MSW, dn. Therefore, when analysing free swelling processes close to 
full saturation, this equality will be assumed as a working hypothesis. 
Then, if a Lagrangian description is adopted in which the energies are 
expressed with respect to the volume of the solid skeleton, and a 
fundamentally volumetric swelling process is assumed (an issue to be 
analysed in future works, as it implies ignoring that the direction of 
swelling may be conditioned by the orientation of the stress tensor), so 
that the contribution in the strain work of the deviatoric component of 
dεFS

M-m is assumed to be negligible (it is null under isotropic conditions or 
in uniaxial conditions), 

σ⋅dε+(μm − μM)dn = − (p+ ρW⋅(μM − μm) )deM-m (4)  

where p is the mean effective stress, μm and μM are expressed as energy 
per unit mass, and deM-m is the variation in void ratio associated with dn 
(increase in MSW). That is, deM-m = − dεFS

M-m,V (1 + eO), where eO is the 
initial value of the total void ratio e (total volume of voids per volume of 
solid skeleton) and dεFS

M-m,V is the volumetric component of dεFS
M-m. As 

proposed by Cases et al. (1992), it is assumed that free swelling is an 
isoenthalpic process. Consequently, at constant temperature T, the 
dissipation will be equal to T⋅dS, where dS is the entropy variation. 
Therefore, Eqs. (3) and (4) will allow defining the variation of the 

internal energy of the system per unit volume of solid skeleton, dU, as 

dU = − (p+ ρW⋅(μM − μm) )deM-m (5) 

Assuming saturated conditions, Eq. (4) should be formulated in 
terms of the effective stresses (Houlsby and Puzrin, 2000). Hence, ac-
cording to Eqs. (1) and (2), it can be written as 

dU = − (π − πBS)deM-m (6)  

where πBS = sMO − ΔsmNCC, where ΔsmNCC is the expression of ΔμmNCC in 
units of energy per unit volume (ΔsmNCC = ρW⋅ΔμmNCC / WMM). 

The function πBS represents the “saline boundary pressure” (Navarro 
et al., 2021b). When the water in the M-ML and the m-ML is at equi-
librium, μm = μM, and, consequently (Eqs. (1) and (2)), π = πB = πBHM +

πBS, where πBHM = p + sM (where “HM” indicates “hydromechanical”). If 
the equality between chemical potentials is violated, a mass exchange 
between the macro- and microstructure will occur. Navarro et al. (2018) 
introduced πB to describe this exchange through a mechanical analogy. 
If, for example, the chemical potential of micro water is lower than that 
of macro water, π (the pressure “exerted” by the microstructure) will be 
greater than πB (the pressure exerted by the macrostructural boundary, 
“B”, on the microstructure), and water will move from the M-ML to the 
m-ML, increasing em. Otherwise, water passes from the m-ML to the M- 
ML, and em decreases. 

In the free swelling processes analysed here, in addition to this mass 
exchange, a difference between μm and μM will lead to an increase in 
MSW, deM-m. According to Eq. (6), the scope of this process is funda-
mentally controlled by πBHM, the value towards π − πBS tends. Eq. (6) 
also shows that, in accordance with the experimental observations of 
authors such as Alawaji (1999) and Navarro et al. (2017), the higher the 
salinity is, the faster the swelling. In fact, for the same reduction of in-
ternal energy, the lower π − πBS is, the greater its inverse will be, and, 
consequently, the greater deM-m will be. 

This characteristic of macrostructural swelling should not be 
confused with another important effect of salinity: the increase in 
swelling obtained by reducing salinity. Although, as will be seen in the 
following section, this behaviour is also associated with the increase in 
MSW, it is largely controlled by the effect that salinity has on the vari-
ation in em. If salinity decreases, sMO andπB will be lower (μM will be 
larger). At equilibrium, π becomes larger than πB (μm is smaller than μM), 
and e m grows as can be seen in Fig. 1. This phenomenon is only 
“microstructural swelling”. Modelling such swelling does not require 
dεFS

M-m to be defined since it is obtained directly from dεm. 

0

10

20

30

40

50

60

0 100 200 300 400

)
m

m(
gnille

wSlacitreV

Time (h)

0

10

20

30

40

50

60

0 100 200 300 400

Ve
rt

ic
al

Sw
el

lin
g

(m
m

)

Time (h)
0 100 200 300 400

Time (h)

(b)(a) (c)

Fig. 5. Comparison of experimental (symbols) and numerical vertical swelling (lines) in the tests of Navarro et al. (2017). Symbols, experimental results. The dashed 
lines correspond to numerical results obtained without considering the macrostructural swelling (eM-m = 0). (a) DI water, (b) 10 g/L, (c) 35 g/L. 

V. Navarro et al.                                                                                                                                                                                                                                



Engineering Geology 305 (2022) 106725

5

3. Results and discussion: development and scope of the model 

3.1. Constitutive model 

In Fig. 2, the responses associated with each salinity obtained by 
Studds et al. (1998) are approximated by the dashed lines, while the 
variation in void ratio that would occur without macrostructural 
swelling is characterized by the continuous line. Therefore, the distance 
between the two lines defines the free swelling associated with each 
salinity for each confinement. As noted in Section 2.1, for each ionic 
strength IS, practically the same results were obtained regardless of the 
kind of chloride solution used. Therefore, to simplify the analysis, in this 
study, it is assumed that the results correspond to a sodium chloride 
solution; the ionic strength is calculated from the molal concentration of 
chloride and sodium ions in the macrostructure, so sMO can be calculated 
as (Garrels and Christ, 1965) 

sMO = −
ρw

WMM
R T Ln (1 − 0.034 IS ) (7)  

where R is the universal gas constant. Similarly, ΔsmNCC can be estimated 
as (Navarro et al., 2021b) 

ΔsmNCC = −
ρw

WMM
R T Ln

(
1 − 0.017

[
cCl,m + cNa,m-NCC

] )
(8)  

where cCl,m is the molality of chloride in the microstructure and cNa,m- 

NCC is the microstructural non-charge-compensating molal concentra-
tion of sodium. Assuming electroneutrality for the two modelling levels, 
both concentrations can be obtained from the macrostructure values 
using the Donnan equilibrium approach (Navarro et al., 2021b). For this 
calculation, it is necessary to determine the microstructural electric 
charge q 

q =
CEC⋅ρmineral

em
(9)  

where, as noted in Section 2.1, CEC is the cation exchange capacity and 
ρmineral is the mineral density, equal to 95 mEq/100 g and 2751 kg/m3, 
respectively (Studds et al., 1998). Consequently, for each point in Fig. 2, 
at equilibrium, em (a function of π) will be given byπ BHM (equal to the 
effective stress in the saturated conditions of the test) andπ BS, which is 
in turn a function of ΔsmNCC. If the nonlinear equation defined by this 
implicit dependence is solved, then the values of em, eM-m, πBS and π can 
be obtained for each salinity and effective stress when estimating the 

free swelling as indicated at the beginning of this section. This calcu-
lation was achieved by using Eq. (6) to determine the reduction in in-
ternal energy dU caused by macrostructural free swelling. Fig. 6 a shows 
the relative value of U as a function of the variation in the microstruc-
tural effective stress, Δπ. In all cases, a very good linear correlation is 
obtained, fulfilling 

dU = κFSW dπ (10) 

Therefore, taking into account Eq. (6), we deduce the relationship 

deM-m = −
κFSW

(π − πBS)
dπ (11)  

for the constitutive model adopted in this work. In the equation, the 
slope κFSW, a log-linear function of salinity (Fig. 6 b), defines the speed 
with which U is reduced when π also decreases. 

3.2. Numerical model 

Once deM-m is defined, dεFS
M-m,V can be obtained: 

dεFS
M-m,V = −

deM-m

(1 + eO)
(12) 

Furthermore, assuming some spatial distribution of this volumetric 
magnitude (the simplest is the isotropic condition), dεFS

M-m can be 
calculated. This strain must be considered in the same way that dεp

M-m, 
dεm, dεS

M (strain induced by suction changes in the M-ML), dεP
M (plastic 

strain caused by the M-ML; generally defined as the strain produced in 
contact with the load-collapse surface in the BBM; Alonso et al., 1990) or 
dεσ

M (elastic strain induced by stress changes in the M-ML) when 
modelling the mechanical behaviour of the system. If a displacement- 
based finite element formulation is used, the first five strains will be 
subtracted from the total strain of the system dε (obtained through the 
gradient of the displacement field, u, a state variable of the problem) to 
obtain dεσ

M 

dεσ
M = dε −

(
dεp

M + dεS
M + dεm + dεp

M-m + dεFS
M-m

)
(13) 

With this strain and the elastic matrix DM of the M-ML, the increase 
in the constitutive stresses dσ can be calculated 

dσ = DM⋅dεσ
M (14) 

For each calculation, the principle of virtual work is applied to solve 
the mechanical problem (calculation of u). The mass balance equations 

Fig. 6. (a) Variation in internal energy U with decreasing microstructural effective stress π from the research of Studds et al. (1998), Fig. 2. (b) Variation in the slopes 
of the previous lines as a function of salinity expressed as πBS. 
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to obtain PL, PG and the concentrations of the different chemical species 
considered (state variables in addition to u) are also defined for the 
resolution of the coupled flow and transport problem. Many of the 
currently existing numerical models (see, for example, Sánchez et al., 
2005, 2016; Guimarães et al., 2013; Navarro et al., 2017, 2019) are 
based on this calculation strategy. Therefore, the necessary information 
is available to calculate all the magnitudes involved in Eqs. (1) and (2) 
(see, for example, Navarro et al., 2021b). Consequently, once a mathe-
matical model ofκFSW has been selected (in this work, we have adopted 
the model defined in Fig. 6b), it is sufficient to implement Eqs. (11) and 
(12) to calculate dεFS

M-m by modifying the calculation of dεσ
M according to 

Eq. (13) to adapt existing programs to simulate free swelling processes 
through the macroscopic formulation proposed here. 

3.3. Model scope. Simulation of processes with a large increase in void 
ratio 

As indicated in the previous section, Eq. (11) was introduced into the 
calculation program developed by Navarro et al. (2019) using the 
formulation and material parameters of Navarro et al. (2021b). To 
analyse the scope of this new numerical model, the test of Dvinskikh and 
Furó (2009) described in Section 2.1 was simulated. As in Dvinskikh 
et al. (2009), magnetic resonance imaging allowed the quantitative 
spatial description of the variations in clay density and water content in 
bentonitic pellets at void ratios up to and greater than 50. To the best of 
the authors' knowledge, this test is one of the few tests involving the 
measurement of high expansion values throughout the test time, not 
only post-mortem. Therefore, this test is a very demanding simulation 
exercise for the model. However, it is important to note that the pro-
posed formulation is not intended to simulate the extreme values of void 
ratio obtained in the test, assuming a maximum value of 50. When e =
50, Eq. (11) does not apply, assuming deM-m = 0. 

Fig. 7 outlines the boundary conditions adopted to simulate the test. 
The initial conditions were consistent with the initial water content and 
dry density. The vertical free swelling represented in Fig. 3 was thus 
obtained. Despite the great expansion observed, the fit to the experi-
mental data is highly satisfactory, especially when taking into account 
the use of material parameters that were not directly estimated. 

The adjustment of the macrostructural void ratio is represented in 
Fig. 4. The adjustment was performed as in Navarro et al. (2021b), but 
without performing any parameter estimation to improve the simula-
tion. The fit for pore indices lower than 50 is comparable a to that ob-
tained by Liu et al. (2011) when simulating the test with a model 

specifically targeting free swelling but that lacks the capacity for 
macroscopic simulation at an engineering scale and that does not take 
into account the behaviour of compacted bentonite in confined or 
partial-saturation conditions. When implemented in a macroscopic 
model for solving boundary problems at an engineering scale, the pro-
posed formulation can remarkably reproduce not only the trend of the 
clay volume fraction distribution, but also fits the values over time. 

It is interesting to note that the structure of Eq. (11) can reproduce 
the location of the swelling zone on top of the system where the 
confinement is lower (in the analysed problem, the effective tension at 
the top is null) and the increase in void ratio is greater and faster. While 
Eq. (11) is applied throughout the entire system, it plays the most 
relevant role at the free edges, where macroscopic swelling is most 
important. 

3.4. Model scope. Analysis of salinity effects on swelling 

The results shown in the previous section demonstrate the ability of 
the model to simulate processes with high expansion. However, for the 
model to be of practical interest, it must also be able to simulate the 
effect of salinity on bentonite swelling. To determine whether this is the 
case, the vertical free swelling tests of Navarro et al. (2017) described in 
Section 2 were simulated. In the new simulations, the boundary condi-
tions outlined in Fig. 7 were taken, with initial conditions consistent 
with the initial dry density and water content; the results obtained are 
presented in Fig. 5. The figure shows that greater swelling is obtained 
with a lower-salinity soil saturation solution. As indicated in Section 2, 
the ability to reproduce this behaviour is not only a merit of the eM-m 
model but also a consequence of the em model. However, macrostruc-
tural swelling plays a more important role than microstructural swelling 
in the production of these differences. If there were no increase in MSW, 
the relation eM-m = 0 would hold, and the increase in e in the entire 
domain, but especially in the external boundary, would be considerably 
lower. The variation in void ratio is represented in Fig. 8b, d and f would 
occur (for comparison, the initial sample height is used as a reference), 
so the microstructural swelling would be similar to that indicated by the 
dashed lines in Fig. 5, much lower than the experimental values. Eq. (11) 
can reproduce the real behaviour of bentonite and estimate the varia-
tions in pore indices represented in Fig. 8a, c and e and the swelling 
model represented by a continuous line in Fig. 5. Notably, Eq. (11) 
correctly introduces the reduction in swelling with salinity into the 
model. Perhaps more importantly, it can also simulate the increase in the 
swelling rate (Fig. 5) because it reproduces the rapid expansion that 

Fig. 7. Boundary conditions adopted when simulating the test of Dvinskikh and Furó (2009) of Fig. 3.  
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occurs in the external contours when salinity is high. This process is 
observed in not only Fig. 8a, c and e but also Fig. 9, which shows the 
variation in the total void ratio at a point initially located 1.2 mm from 
the top of the sample. 

4. Conclusions 

A double-porosity macroscopic model has been proposed to simulate 
the free swelling of bentonites under low confinement conditions. The 
model is based on the assumption that when hydration increases under 
these conditions and the subdivision of particles and aggregates occurs, 
the water that occupies the generated space has a chemical potential 
that is closer to that of the water of the microstructure than that of the 
macrostructural bulk water. If isothermal conditions are also assumed, 
the relevant Clausius-Duhem equation can be used to derive a formal 
structure to relate the increase in porosity to the decrease in internal 
energy. Based on this structure and using experimental data from Studds 
et al. (1998), a constitutive model has been proposed that can determine 
the increase in void ratio associated with macrostructural swelling as a 

function of the decrease in microstructural effective stress. According to 
the implementation strategy described here, the formulation was 
introduced into a numerical model to solve hydro-chemical-mechanical 
contour problems at the engineering scale. The developed tool satis-
factorily simulated both the total swelling of a specimen and the dis-
tribution of the strain when the bentonite reached a void ratio of 50. In 
addition, both the reduction in swelling with salinity and the increase in 
swelling rate with increased salinity of the hydration solution were 
correctly simulated. 
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