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a b s t r a c t

This work describes the development of a numerical module with a multiphysics structure to simulate
the thermo-hydro-chemo-mechanical behavior of compacted bentonites. First, the conceptual model,
based on the state-of-the-art formulation for clay-based engineered barriers in deep geological re-
positories, is described. Second, the advantages of multiphysics-based modules are highlighted. Then, the
guidelines to develop a code using such tools are outlined, presenting an example of implementation.
Finally, the simulation of three tests that illustrate the behavior of compacted bentonites assesses the
scope of the developed code. The satisfactory results obtained, and the relative simplicity of imple-
mentation, show the opportunity of the modeling strategy proposed.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The safe disposal of high level radioactive waste is an environ-
mental issue of the utmost importance, key in the integral and
responsible conception of nuclear fission technology for energy
supply [1]. Among the different strategies considered, the most
established is the disposal in deep geological repositories, whose
design includes natural barriers and engineered barrier systems
(EBS) to isolate the radioactive particles from the biosphere [2].
Clay-based barriers, made of compacted bentonite, will be a part of
the EBS in different repository concepts in crystalline and argilla-
ceous host rock, often termed as buffer and/or backfill [3,4]. Since
the safety of deep geological repositories for high level radioactive
waste must be ensured for hundreds of thousands of years, nu-
merical simulation is a useful strategy to obtain plausible estima-
tions of the future behavior of the system.

The behavior of the bentonite barriers will be strongly influ-
enced by the initial heterogeneities that may occur in the contact
between the different components considered in their design
(compacted blocks, foundation layers and pellets), or that may be

caused by errors in the manufacture and/or installation of these
components. For this reason, obtaining a reliable prediction of the
evolution of the heterogeneities is essential for a consistent
assessment of the repository functionality. Since homogeneity is
dependent on the continuous distribution of density, and density
defines the packing of the soil skeleton, changes in homogeneity
are caused by the changes in the soil skeleton arrangement, that is,
by the soil strains. Thus, the numerical model must be able to define
the evolution of the spatial distribution of strains to characterize
the evolution of homogeneity. Therefore, a mechanical (M) model
that allows the estimation of displacements, and thus strains, must
be adopted. Themodel must also be able to estimate the stress state
to compute the confinement stress, or swelling pressure, which
conditions the barrier functionality [5].

In bentonites like those to be used in EBS, the coupling between
hydraulic andmechanical behavior is very strong. Then, an adequate
characterization of the mechanical behavior of the system needs a
coupled hydraulic (H) model. Given the important role that an in-
crease in gas pressure (caused by the saturation of bentonite, or
associated with the production of gas that could derive from pro-
cesses such as the corrosion of the metal canister containing radio-
active waste) can play in both the flow and the mechanical problem,
the hydraulic model should be understood as an extended flow
model that, together with water, includes the analysis of gas flow.
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Besides, under low confinement conditions, such as those usu-
ally associated with initial heterogeneities, the swelling caused by
the hydration of bentonite aggregates can play a significant role. It
is therefore advisable to adopt a double porosity approach capable
of modeling not only the change of the inter-aggregates porosity
(macroporosity), but also the change of the intra-aggregate
porosity (microporosity) due to hydration. Since this hydration
process is conditioned by the salinity of the system [6], the model
needs to include a geochemical formulation (c, for chemical), even
if it is a simplified one (lowercase c), thus allowing to analyze the
sensitivity of volumetric strains to salinity.

Last, all the described hydro (flow) -chemo-mechanical pro-
cesses affect and are affected by temperature. For this reason, to
characterize the temperature distribution (T problem), a coupled
heat transfer analysis is needed.

In summary, a THMc conceptual and numerical model based on
a double porosity framework should be used for the assessment of
the complete performance of the system.

The broad experience in the application of HM and THM for-
mulations for the characterization of the field behavior of EBS (see,
for instance Refs. [7,8]), and the developments to solve problems
including the effect of salinity (for instance Refs. [9,10]), provide the
necessary background. They define the THMc conceptual model to
be adopted, providing the set of equations to formalize this con-
ceptual model in a mathematical object, formulated as a boundary
value problem, whose resolutionwill allow describing the behavior
of the system.

When conceiving a numerical tool to solve such boundary value
problems, it is of interest to consider the evolution experienced
recently by the Multiphysics Partial Differential Equations Solvers
(MPDES). It is not straightforward to model complex geochemical

systems with them. However, if a simplified geochemical model is
assumed (“lowercase c”), as it is done in this paper, these solvers are
flexible and versatile enough to couple or disable other physical
problems under consideration, allowing the user to adapt the nu-
merical tools to the conceptual approximation desired to treat each
problem. Some programs, as, for instance, Comsol Multiphysics
(CM) [11], use a symbolic algebra interface to treat the differential
equations introduced by the user, and apply automatic symbolic
differentiation techniques that improve the numerical performance
(see, for instance Ref. [12]). In addition, the state functions used in
the differential equations are introduced as text lines. Thus, the
numerical implementation is not very different from using a
notebook and requires little effort. Therefore, disregarding the
modeling of localization processes (such as cracking or the devel-
opment of preferential flow paths), the continuum MPDES offer an
opportunity to obtain an efficient numerical tool to model the
THMc behavior of clay-based EBS.

The aim of this work is to outline the guidelines to develop a tool
of such kind. This way, numerical simulation techniques will be
made more accessible for other research groups linked to the
analysis of EBS, especially emerging groups, making it easier for
them to contribute to the characterization of the behavior of clay-
based EBS.

2. Conceptual model

2.1. System abstraction

Based on the bimodal distribution of porosity observed using
porosimetry techniques [13] (see Fig. 1a), a double porosity
approach is proposed to model the compacted bentonites behavior

Fig. 1. (a) Typical pore size distribution result of a mercury intrusion porosimetry (PDF, Pore Distribution Frequency). (b) Idealization of soil phases.
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(see, for instance Refs. [9,14]). As noted, in this approach, the
macrostructure is associated with the space between bentonite
particle aggregates, while the microstructure (which is usually
assumed to be saturated [14,15]) is associated with their internal
voids. Each structural level is assigned to a different continuum
medium, while both media occupy the same spatial domain [16]
(Fig. 1b).

The mass exchange between the two structural levels can be
interpreted as a phase change process governed by the difference
between chemical potentials [17]. Based on this idea, Navarro et al.
[17,18] proposed a non-linear formulation that obtained good re-
sults when modeling free swelling processes in MX-80 bentonite
[10]. This is the mass exchange formulation adopted in this paper.
The approach uses the adsorbed water density, rm. However,
although some authors have noted that rm may be greater than the
density of free water rW (see Ref. [19], for instance), rm ¼ rW is
assumed for modeling purposes [20].

Both macrostructural and microstructural water can have dis-
solved chemical species. Since the salinity will condition the soil's
deformational behavior [21], geochemical couplings are needed in
the model. An idealized geochemical configuration is proposed,
which simplifies the system, in addition to the clay mineral, to two
cations (for instance, Naþ and Ca2þ) and only one anion (generally,
Cl�). Although this kind of models have limitations to reproduce
realistic conditions [22], they obtain satisfactory results in the
simulation of complex processes such as the free swelling of MX-80
bentonite subject to relevant salinity changes [10,23]. Conse-
quently, even if their simulation capacity is limited, they are valid
tools to evaluate the sensitivity of the system to salinity changes.

The Donnan equilibrium approach [20,24] is proposed to be
applied, see Table 1. Hence, dissolved ions in themacrostructure are
assumed to be in equilibrium with those in the microstructure,
introducing the effect of the charged clay particles (that is, their
cationic exchange capacity) through the Donnan potential, an
electrostatic potential that is assumed zero (reference value) in the
macrostructure. Anion exclusion is not imposed [20]. Therefore, Cl�

may be present in the microstructure, and its distribution between
macrostructure and microstructure is only conditioned by the
electrochemical equilibrium, determined from the equality of
electrochemical potentials. Analogously, the distribution of Naþ

and Ca2þ between both structural levels will also be determined
from the equality of electrochemical potentials, and thus it will
condition cationic exchange.

In addition, electroneutrality is assumed in the macrostructure
and the microstructure (Table 1). This leads to three chemical
equilibrium equations (equilibrium between macrostructural and
microstructural Naþ, Ca2þ and Cl�) and two electroneutrality
equations. Among the seven variables defining the salinity in this
system (six concentrations of three ions in macrostructure and
microstructure, and the Donnan potential), it is possible to select
two degrees of freedom. The formulation is simplified if, as pro-
posed by Navarro et al. [10], the macrostructural Ca2þ concentra-
tion and the microstructural Cl� concentration are selected as state
variables to characterize salinity.

To formulate a conceptual model as simple as possible, gas is
assumed to consist only of water vapor and “dry” air, or simply air
(see Fig. 1b), both considered to be perfect gases. Since the micro-
structure is assumed saturated, gas will only be present in the
macrostructural voids. As noted in Posiva [25], a large part of the
gas flow can occur through a network of pathways induced by the
gas pressure. The simulation of the development of these flow
paths (that is, the aperture or “break-through”, and sealing or
“shut-in”) is complex. For this reason, as stated in the Introduction,
the simulation of the gas flow is considered only in a continuum,
with a variable homogeneity, but where the existence of potential
preferential flow paths would require the explicit definition of the
path geometry. To include the possible development of preferential
flow paths along existing or pressure-dependent discontinuities
the work by Olivella and Alonso [26] should be of interest.

Given the existing strong thermo-mechanical and thermo-
hydraulic couplings, heat transfer should be introduced in the
model. For this purpose, there are three primary mechanisms to be
considered: convection, conduction and radiation. Radiation is
generally neglected with respect to conduction [27]. Although in
some cases convection is also neglected with respect to conduction
[27,28], it is advisable to take this term into account to correctly
simulate the partially saturated behavior of the system.

Finally, local thermal equilibrium is assumed between the soil
constituents [8,29]. This means that, although the value of tem-
perature can be different at each point of the domain, all the phases
and species are at the same temperature in a determined point.
Hence, only one heat transfer equation is needed.

2.2. State variables, balance and field equations, and state functions

Following the system abstraction proposed in the previous
section, the soil conditions are defined by seven state variables: u,
vector of the solid skeleton displacements; em, microstructural void
ratio (volume of intra-aggregate voids per volume of the mineral),
which defines the packing of the microstructure; PL, macrostruc-
tural liquid pressure; PG, gas pressure; CCaM, molar calcium con-
centration in the macrostructure; CClm, molar chloride
concentration in the microstructure; and T, temperature. To
compute their values, six balance equations (whose associated
state variables are in Table 2) and the mechanical equilibrium
equation (which will determine u) must be solved.

2.2.1. Balance equations. Flow, transport and heat transfer model
All balance equations follow the same structure (see, for

instance Refs. [8,29]):

vm*

vt
þ V,l* ¼ r* (1)

where the expressions “v ( )/vt” and “V$( )” define the partial time
derivative and the divergence operator, respectively; m* is the
volumetric density of the magnitude balanced (see Table 3), and r*
represents a mass source term. This term is null except when

Table 1
Equations used tomodel the salinity condition. Ci,M and Ci,m (“i”: Cl�, Naþ, and Ca2þ) are the molar concentrations
in both structural levels,JD is the Donnan potential, CEC is the cationic exchange capacity, rmineral is the mineral
density, and em is the microstructural void ratio (see Section 2.2).

Donnan equilibrium (adapted from Ref. [20])
Ci;M ¼ Ci;m,exp

�
zi,F,JD

R,T

�

Macrostructural electroneutrality CNa;M þ 2,CCa;M � CCl;M ¼ 0
microstructural electroneutrality CNa;m þ 2,CCa;m � CCl;m � q ¼ 0
Surface charge (eq/L)

q ¼ CEC,rmineral
em
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balancing macrostructural water mass, where rW ¼ �rW cm (cm is
the macrostructural water volume moving to the microstructure
per soil unit volume; see Ref. [18]), andmicrostructural water mass,
where rm ¼ rW cm. Vector l* defines the flow associated with each
balance equation (Table 3). In the five first cases in Table 3, it is a
mass flow per unit surface area per time. In the last case, it is an
energy flow. These flows are given by the solid skeleton velocity
vector v (time derivative of u), and the field equations in Table 4.
The macrostructural liquid water specific discharge qML is
computed using the advective formulation proposed by Pollock
[30], although different state functions are proposed to be used.
Hence, the macrostructural degree of saturation for water SrM
(function of the macrostructural suction sM, identified as the
capillary suction, and therefore calculated as the difference be-
tween gas and liquid pressures) is proposed to be calculated using a
van Genuchten [31] retention curve, but applying the approach of
Navarro et al. [18] to obtain differentiated models of the intra-
aggregate (microstructural) and inter-aggregate (macrostructural)
water content. The macrostructural liquid relative permeability kML
can be modeled using the Brooks and Corey [32] formulation,
assuming an exponent value of 3 for the macrostructural degree of
saturation for water [7]. The macrostructural liquid intrinsic
permeability kML is assumed to be isotropic and the model pro-
posed by Gens et al. [7] is applied. All these functions are presented
in Table A1 (Appendix A), which includes all the state functions
involved in the flow model.

Like the macrostructural liquid water specific discharge, the
advective gas flow qG is proposed to be modeled with a generalized
Darcy's law [33]. Given the small value of gas density, the gas
pressure gradient VPG can be taken as driving force, neglecting the
gravitational term (g Vz, where g is the gravitational acceleration
and z is the vertical coordinate upward oriented) in the gas flow
equation [34]. If the intrinsic permeability is assumed to be a soil
property linked to its structure, the gas intrinsic permeability kG
should be equal to that of water. However, experimental issues [35],
the slip flow (or Klinkenberg effect) and the presence of inertial
effects [33] might cause the gas intrinsic permeability to be greater

than that of macrostructural water. To take this into account, is it
advisable to consider assigning different values to water and gas
intrinsic permeabilities. This is the case in Table A1, where the
expressions of the intrinsic and relative (kG) permeabilities derived
from Yoshimi and Ostenberg [34] has been adopted for the gas.

The vapor flow is usually simulated using an advective/disper-
sive model [36]. The advective component is linked to the advective
flow of the whole gas phase, described in the previous paragraph.
Assuming that the magnitude of this flow is not high, the hydro-
dynamic dispersion term of diffusion can be disregarded, then
identifying diffusion with molecular diffusion iV. The binary diffu-
sion coefficient of water vapor in gas DV can be calculated as pro-
posed by Pollock [30] and Philip and De Vries [37], while the soil
tortuosity to vapor flow tV can tentatively be assumed equal to 1,
like Olivella and Gens [38] (see Pintado et al. [39] for information on
how to identify higher quality tV values). To determine the density
of water vapor rV, the psychrometric law can be applied [40], using
the formulation in Ewen and Thomas [41] to calculate the density of
saturated water vapor rVO (Table A1).

As gas is assumed to consist of only two components, the sum of
their diffusion terms must be zero [29]. Consequently, the diffusion
of air iA is a vector of the same magnitude of iV and opposite
direction.

There is an additional advective term in themodeling of air flow,
the one corresponding to the air dissolved in the macrostructural

Table 2
Problem ID: balance equation and associated state variable.

ID Balance State variable

1 Macrostructural water mass Macrostructural liquid pressure, PL
2 Microstructural water mass Microstructural void ratio, em
3 Air mass Gas pressure, PG
4 Total Ca2þ mass Macrostructural molar concentration of Ca2þ, CCaM
5 Total Cl� mass Microstructural molar concentration of Cl�, CClm
6 Enthalpy Absolute temperature, T

Table 3
Volumetric density and flow terms associated with the balance equations in Table 2.

ID m* l*

1 mW ¼ mML þmV ¼

¼ rW
eM SrM
1þ e

þ rV
eMð1� SrMÞ

1þ e

lW ¼ mWvþ ðrWqMLÞþ ðrVqG þ iVÞ

2 mm ¼ rW
eM

1þ e
lm ¼ mmv

3
mA ¼ rA

eMð 1þ SrMð1� HÞÞ
1þ e

lA ¼ mAvþ rAqG þ iA þ rAH qML

4
mCa ¼ CCaM SrM eM þ CCam em

1þ e
lCa ¼ mCav þ CCaMqML � DCaMVCCaM�

�DCamVCCam
5

mCl ¼ CClM SrM eM þ CClm em
1þ e

lCl ¼ mClv þ CClMqML � DClMVCClM�
�DClmVCClm

6
h ¼ rmineralhmineral

1þ e
þmMLhML þmVhVþ

þmmhm þmAhA

lh ¼ h v þ rWhMLqML þ hVðrVqG þ iVÞþ
þhAðrAqG þ iA þ rAH qMLÞ�
�lVT

Table 4
Field equations used to calculate flows l* in Table 3.

ID Equation

1, 4, 5, 6 qML qML ¼ � kMLkML
mML

ðVPL þ rWg VzÞ
1, 3, 6 qG qG ¼ � kGkG

mG
VPG

1, 3, 6 iV iV ¼ � tV fMð1� SrMÞrG DVV

�
rV
rG

�

3, 6 iA iA ¼ � iV
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water (Table 3). The amount of dissolved air in the macrostructural
water is calculated using Henry's constant H or volumetric coeffi-
cient of solubility of air inwater [29]. This dimensionless coefficient
is in fact a function that changes with temperature [42] (see
Table A1).

As usual in transport formulations (see for instance Ref. [43]),
the total mass flow of Ca2þ and Cl� is computed as the sum of
advective flow plus the dispersive flow. The advective mass flow is
calculated as the product of the macrostructural liquid water spe-
cific discharge by the macrostructural concentration of the ions.
Because the modulus of this flow is usually small, mechanical
dispersion is neglected, and the total diffusion is assumed to be
equal to the molecular diffusion, modeled using Fick's law, see
Table 4. The formulation by Bourg et al. [44] is proposed to deter-
mine the molecular diffusion coefficients Di* (i ¼ Ca or Cl), both in
the macrostructure (* ¼ M) and the microstructure (* ¼ m). The
values used by Cussler [45] can be taken as a first approximation of
the self-diffusion coefficients, DOi (i ¼ Ca or Cl).

Fourier's law is used to define the conductive flow of enthalpy
(variable used in this work to define the balance and flow of energy,
see Table 3). The thermal conductivity l is assumed, like the
intrinsic permeability, to be isotropic. As a first option, l can be
computed as the volume-weighted average of the thermal con-
ductivity of dry soil, macrostructural water, water vapor and air
[29]. However, it could be of interest to assess the application of
different formulations, such as those used by S�anchez et al. [8] and
Pollock [30], which are based on averaging the conductivities of dry
and saturated soil. The advective flow of enthalpy can be calculated
as the sum of the products of the specific enthalpies of macro-
structural water (hML), vapor (hV) and air (hA) by their respective
volumetric flows (Table 3). These specific enthalpies, and those of
the soil mineral and microstructural water (both necessary for the
energy balance, see Table 3), can be computed using the linear laws
proposed by Pollock [30]. This reference also provides the value of
the latent heat of vapor, which plays a very important role in heat
transfer.

As illustrated in Sections 5.1 and 5.2, if a multiphysics numerical
solver is used to implement the numerical model, it is fairly easy to
modify any of the state functions involved in any field equation. In
consequence, the functions previously described, as well as any of
those described in the document, can be modified if desired.

2.2.2. Mechanical model
In the model, mechanical equilibrium is met by applying the

Principle of Virtual Works, which is the weak form of the me-
chanical equilibrium equation:

V,s� r g Vz ¼ 0 (2)

where s is the total stress vector (the engineering or Voigt notation
is used for both stress and strain tensors), and r is the bulk soil
density. Although s defines the equilibrium, it does not determine
the deformability of the soil. Focusing on the macrostructure, if it is
assumed that the volume of the microstructure remains constant, it
is usual to consider that the macro-strains dεM are caused by the
changes of two “significant stresses”, the macrostructural matric
suction sM and the net stress s′′ ¼ s� PG$m (wherem is the vector
form of the Kronecker delta), and by the changes of T. However, in
general, the volume of the microstructure will change, and the
increase of total strain dε is computed using an additive
formulation:

dε ¼ dεm þ dεMm þ dεM (3)

where dεm is the increase of microstructural strain caused by the

change in volume of aggregates, and dεМm defines the rearrange-
ment of the macrostructure as a consequence of dεm. It is accepted
that the rearrangement of the macrostructure does not affect the
arrangement of the microstructure [46].

Under isothermal conditions, the critical state model presented
by Alonso et al. [47], known as Barcelona Basic Model or BBM, is
proposed to compute dεM. The model, formulated in terms of two
significant stresses, net stress and macrostructural suction, has
become the reference model in unsaturated soil modeling. Most of
the researchers working within unsaturated soil mechanics use the
BBM or formulations derived from it, or structure their models
having the BBM as a reference (see the reviews by Refs. [48,49], for
instance).

The thermo-mechanical coupling in the macrostructural strain
behavior can be introduced using an elastic model like that of Ma
and Hueckel [50]. The nonlinear law by S�anchez et al. [8] can be
used to compute the macrostructural bulk modulus for changes in
temperature.

If dεm is assumed isotropic its value is given by the variation of em.
To calculate this variation, the definition of the microstructural void
ratio given in Fig. 2 (based on the analysis of the change of the
microstructural water content, or microstructural void ratio, for a
wide number of MX-80 samples [18]) is taken into account. In the
figure, p defines the thermodynamic swelling pressure [51], and emR
is the remaining microstructural void ratio under dry conditions.

The tensor dεMm is also proposed to be assumed isotropic. Then,
its volumetric value dεМm

V will be enough to characterize it. Ac-
cording to Navarro et al. [10], two components can be distinguished
in the coupling between macrostructural and microstructural
strains. The first, dεМm

V
1, occurs because of changes in the macro-

structural packing. It can be computed as proposed by Alonso et al.
[56] when adapting the BBM to reproduce the behavior of double
porosity expansive soils, giving rise to the Barcelona Expansive
Model (BExM). The second component, dεМm

V
2, describes the free

swelling caused in the macrostructure (generation of macrostruc-
tural void ratio eM, defined as the volume of inter-aggregate voids
per volume of the mineral) by the microstructure destructuration
under conditions of low confinement. Under such conditions, the
breaking up of clay particles and aggregates into smaller units
generates new void space [57]. This magnitude is proposed to be
computed using the formulation presented Navarro et al. [10],
which, as illustrated in Section 5.3, obtains satisfactory fits when
simulating free swelling processes under variable salinity

Fig. 2. Microstructural void ratio em as a function of the thermodynamic swelling
pressure p. Symbols: data from Dueck and Nilsson [52] (grey and black dots), Kahr et
al. [53] (triangles), Sane et al. [54] (squares), Wads€o et al. [55] (diamonds).
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conditions.

3. Numerical model. Use of a multiphysics implementation
environment

The group of equations defined in the previous section defines
a nonlinear system of coupled partial differential equations, to be
solved applying numerical techniques. Given the multiphysics
nature of the problem, the use of a MPDES is highly recom-
mended. As indicated in the Introduction, with tools of this kind,
the user can focus on the definition of the governing balance
equations and constitutive formulation, and the software takes
automatic control of assembling the system of equations and
solving it.

In addition, the physical processes included in the resolution of
the problem can be adapted to the desired model. With no addi-
tional implementation effort, any of the balance equations can be
decided not to be considered. In the resulting numerical problem,
the corresponding state variables (Table 2) will not be solved for.
The variables will still be defined and will remain constant at their
initial value. Therefore, the numerical model can be simplified to
match the desired conceptual model. In the same way, the model
can be made more complex by adding new physical processes that,
if solved, are automatically coupled to the rest. Then, in the future,
the geochemistry of the soil, for instance, could be characterized in
more detail by introducing new chemical species into the model.
Both are capacities of interest. The first makes it easy to analyze the
sensitivity of a problem to the consideration of different magni-
tudes (e.g., gas pressure gradients, temperature gradients). The
second allows the code to evolve whenever more physical pro-
cesses are deemed necessary to improve the conceptual model of
the system.

Among the existing MPDES, CM [11] is considered a very
convenient option for the coupled problems discussed. As
mentioned in the Introduction, this software, based on the appli-
cation of the finite element method with Lagrange multipliers,
applies automatic symbolic differentiation techniques [12] to
obtain the derivatives needed to define the iteration matrix. This
significantly improves the computational convergence rate [58].
However, the use of a symbolic iteration matrix may cause prob-
lems when the formulation includes a state function that is defined
implicitly. In this case, the chain rule cannot be applied, the pro-
gram cannot define the derivatives involving that state function,
and the calculation process cannot be started. That would be the
case of implementing an elastoplastic formulation, as that previ-
ously described, or a non-linear state surface, as that used in the
exercise in Section 5.2. Navarro et al. [59] proposed the use of a
mixed method to avoid this problem, introducing the stresses and
plastic variables as new state variables. Efficient and accurate so-
lutions were obtained using this method [10,59,60], without
finding the stability problems described in some cases of applica-
tion of mixed methods [61].

CM includes different strategies of spatial discretization of the
differential equations considered. In particular, discontinuous
Galerkin methods can be used to reduce the problems with local
mass balance conservation that are sometimes associated with the
finite element method. To improve the simulation of front prop-
agation, the program includes adaptive mesh refinement [11].
Likewise, finite strains associated with swelling problems can be
simulated using Arbitrary Lagrangian-Eulerian techniques with
remeshing [11]. Furthermore, given the versatility of the pro-
gramming platform offered by CM, the user can implement a
Lagrangian formulation of the problem [62]. To end this section, it
should be noted that the finite element mesh definition capabil-
ities in CM, as well as the remeshing option itself, can help to solve

numerical oscillation problems associated with the advective
flow.

4. Guidelines for implementing a multiphysics numerical
solver

To implement the conceptual model described in Section 2, the
seven tasks defined in Fig. 3 must be completed. The first task is to
create a library that includes all those variables with a defined
functional dependence (generically, “dependent variables”, DV),
and related to the balance equations. This library, identified as “B-L”
(balance library), contains the field equations in Table 4, the state
functions in Table 3 and the variables linked to these functions. As
indicated in the Introduction, in some MPDES, like CM, symbolic
algebra allows to introduce these functions in text form, and the B-L
can be simply imported from a text file. The part of the B-L corre-
sponding to flow would consist of the text in Table A1 (after
pertinently writing algebraic operations), which contains the flow
DV as an example. Consulting the references in Section 3, the DV
corresponding to transport and heat transfer can be written anal-
ogously. This way, the B-L would be complete.

Note that not all DV are used in all problems. For instance, if only
isothermal problems are to be solved, the B-L does not need to
include those DV related only with equation (or “problem ID”)
number 6 (enthalpy balance) in Table 2.

The second task (Fig. 3) is to develop a “mechanical library” (M-
L), which includes the functions needed to define the increment of
net stress ds′′, and dpO*, increment of the saturated pre-
consolidation stress pO*, plastic parameter of the BBM. The
computation of these increments depends on the value of both
variables [59]. As stated above, to avoid problems with the auto-
matic symbolic differentiation, it can be assumed that s′′ and pO*
are state variables (or “main unknowns”, MUs). To this end, two
new equations must be defined, in which the new MUs are the
variables solved for. Unlike the rest of MUs (u, em, PL, PG, CCaM, CClm,
and Twhich are computedwith partial differential equations, PDEs:
Eqs. (1) and (2)), these are proposed to be computed with an or-
dinary differential equation (ODE) each. In the first, the time de-
rivative of s′′ will be set as the value of ds′′ defined in the M-L. In
the second, analogously, the time derivative of pO* will be set as the
value of dpO* in the M-L. In CM, it is possible to define these
equations as ODEs. In other solvers that do not have this option,
they can be substituted by PDEs in which the flow term is made
identically null [59]. The updating of s′′ and pO* using the values of
ds′′ and dpO* defined in the M-L is the third task in the develop-
ment of the numerical model (Fig. 3).

The value of s′′ obtained after task 3 must meet a consistency
criterion. When used together with PG (or PL in a saturated case) to

Fig. 3. Tasks to be performed to develop a THMc numerical model in a multiphysics
programming environment that uses symbolic algebra-based calculations.
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calculate s, the total stress computedmust be statically admissible.
This is, in combination with the estimation of the total strain ob-
tained from u must meet the Principle of Virtual Works in a
weighted way. Checking that this consistency criterion is met is the
fourth task in the implementation of the model (Fig. 3).

The fifth task is introducing the PDEs in Table 2 into the MPDES
(Fig. 3). Usually, MPDES offer an interface to introduce PDEs that
presents a certain structure. If that structure meets the structure of
Eq. (1), the implementation is simple, given that m* (mW, mm, mA,
mCa, mCl, h), l* (lW, lm, lA, lCa, lCl, lh) and r (rW and rm) are defined in
the B-L. In that case, these terms only need to be indicated (refer-
ring to the library) in the interface equation editor. However, the
structure can be different in other cases. For instance, the general
structure of a PDE in CM is given by the following expression:

F*
vU*

vt
þ V,l* ¼ f* (4)

where U* is the state variable for the analyzed physical process, l* is
defined in Eq. (1), and F* and f* are two functions to be defined.
Adapting Eq. (1) to this structure is simple: the chain rule must be
applied to obtain the time derivative ofm* as a function of the time
derivatives of the MUs, and the definition of l* in Tables 3 and 4
must be considered. As an example, for the mass of macrostruc-
tural water, U* ¼ PL, and the following will hold:

FW ¼ vmW

vPL
; fW ¼ rW �

 X
U*

vmW

vU�
vU*

vt
þ V,ðmWvÞ

!
(5)

where, in this case, U* ¼ u, em, PG, CCaM, CClm, and T. The partial
derivatives, with respect to both the MUs and time, can be
computed by the code thanks to its ability to make symbolic
computations. The definition of FW and fW, and of Fm, fm, FA, fA, FCa,
fCa, FCl, fCl, Fh and fh must be included in the B-L for them to be
directly used as DV in the PDE editor.

The two last tasks needed to develop the numerical model are
simpler than the previous tasks. First, a library with the physical
parameters used in the equations must be created (PP-L, Task 6 in
Fig. 3). It will include magnitudes like those in Table A2, which are
related to the flow problem. Finally, the value of the material pa-
rameters relevant for each analysismust be defined and collected in
a material parameters library (MP-L, Task 7, Fig. 3). Table 5 presents
an example of the information to include.

5. Application examples. Basic code qualification

Following the guidelines suggested in the previous section, a
THMc numerical solver has been developed using CM as the pro-
gramming platform. This section presents three application

examples. For each exercise, the initial and boundary conditions
applied, and the material parameters used, are detailed. Therefore,
in addition to illustrating the scope of the developed code, these
exercises can be used by other researchers for a first qualification of
their developed code.

5.1. Unsaturated infiltration test

This verification exercise analyzes the hydration of a cylindrical
sample with a diameter of 20 cm and a height of 10 cm. The initial
matric suction is 1 kPa (PL¼ 99 kPa), there is no lateral flow, and the
liquid pressure is set to zero at both the top and the bottom
boundaries (see Fig. 4). A simplified conceptual model is adopted.
The microstructural void ratio is assumed constant (disabling the
PDE of the balance equation (2) in Table 2) and nearly zero.
Therefore, a single porosity medium is analyzed. Balance equations
(3)e(6) are also disabled (that is, constant gas pressure, set at the
atmospheric pressure; constant salinity, set practically to zero;
isothermal problem, with a constant temperature equal to 20 �C). In
addition, the medium is treated as non-deformable, and the me-
chanical problem is not solved. Then, the total porosity, virtually
equal to the macrostructural porosity, remains constant at a value
of 0.32. Therefore, it is a problemwhere there is only water flow in a
non-deformable medium. This illustrates the capacity of the nu-
merical tool to be adapted to the constitutive model desired. In CM,
disabling a PDE (and, in this case, also the two ODEs: the stress field
and the preconsolidation stress are not updated since the medium
is treated as non-deformable) only needs a click in the corre-
sponding control box.

The example includes even more simplifications. Instead of
using a retention curve based on van Genuchten [31] model, SrM is

Table 5
Material parameters used in Exercise 5.3. Parameter values from Navarro et al. [63].

Magnitude Definition Value

Mechanical model k Slope of the increase in cohesion with suction 0.1
kp Saturated elastic stiffness for changes in p 0.1
kS Elastic stiffness for changes in sM 0.05
n Poisson's ratio 0.35
pC (kPa) Reference stress of the net mean yield stress 10
l (0) Saturated slope of the virgin compression curve 0.15
r Parameter of the macro-compressibility of the soil 0.8
b (kPa�1) Parameter of the macro-compressibility of the soil 2.0 � 10�5

M Slope of the critical state line 1.07
Flow model a (kPa�1) van Genuchten parameter 1.15 � 10�4

m van Genuchten parameter 0.733
bM Intrinsic permeability parameter 9.911
fMO Intrinsic permeability parameter 0.047
kO (m2) Intrinsic permeability parameter 2.339 � 10�21

Fig. 4. Initial and boundary conditions of Exercise 5.1. Dimensions in mm.
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computed using the linear law # 1 from Table 6. In addition, the
hydraulic conductivity will be assumed constant and equal to
3.1 � 10�12 m s�1. These changes are attained by modifying the B-L.

As a result, this exercise shows the simplicity not only of scaling
the complexity of the conceptual model but also of modifying the
constitutive model by changing the state functions in the B-L. If it is
of interest, the same can be done with the stress-strain model (see
next section).

The simplifications introduced mean that the solved problem
has an analytical solution. Fig. 5 compares the numerical solution
with the analytical solution presented by Carslaw and Jaeger [64].
The fit is very satisfactory, constituting a first verification of the
program developed.

5.2. Thermo-hydraulic cell test

This validation exercise simulates the thermohydraulic test # 8
performed by Villar et al. [65]. The material tested was a bentonite
from Almeria (Spain) (95% montmorillonite; cation exchange ca-
pacity, CEC, 88 meq/100 g; exchangeable cations: Ca2þ, 42 meq/
100 g; Mg2þ, 26 meq/100 g; Naþ, 18 meq/100 g; Kþ, 2 meq/100 g;
liquid limit, 213%; mineral density, 2.78 g/cm3 [65]). A compacted
sample (initial conditions: water content, 11.8%; dry density, 1.66 g/
cm3; temperature, 20 �C) was placed in a cylindrical stainless-steel
cell with an internal diameter of 15.0 cm and an internal height of
14.6 cm. The cell had a 10.0 cm high central heater, resulting in a
temperature gradient in both horizontal and vertical directions. The
bentonite sample was wetted by its lower end. The test configu-
ration and boundary conditions are shown in Fig. 6.

As in the previous exercise, the computation of the evolution of
microstructure and salinity has been disabled in the numerical
model. Water salinity and em are assumed constant and almost zero.
In this case, the deformability of the macrostructure, the flow of
water and air and heat transfer have been included in the analysis.

After the experimental work of Villar et al. [65], three modifi-
cations have been introduced in the B-L to show how easily the
constitutive equations can be modified in the proposed numerical
solver. First, the macrostructural degree of saturation for water is
computed as indicated by equation # 2 in Table 6. Second, the
intrinsic permeability for macrostructural liquid kML is defined by
the exponential law identified as # 3 in Table 6. In addition, the
relative permeability for macrostructural liquid kML is computed
with equation # 4 of Table 6. Last, instead of obtaining the thermal
conductivity of the soil as a weighted average of all the species
present, it was computed as l ¼ 1.3 SrM þ 0.7 (1 e SrM) W$m�1 K�1

(where 1.3 W m�1 K�1 is the thermal conductivity of saturated
bentonite, and 0.7 W m�1 K�1 is that of dry bentonite). For the gas
flow, the parameters aG ¼ 4 and bG ¼ 10�12 are used (see Table A1).

The M-L has also been modified. A non-linear elastic behavior of
the soil has been assumed, and the macrostructural void ratio eM is
defined with the logarithmic state surface identified as equation #
5 in Table 6, where p” is the net mean stress (defined as p” ¼ p�PG,
where p is the total mean stress). Poisson's ratio is taken as 0.33,
and the thermo-mechanical coupling is disregarded.

Concerning the boundary conditions, the temperature of the
heater (boundary C4 in Fig. 6) linearly increased from 20 �C to
96.5 �C along the first 30 min of the test. Afterward, this temper-
ature remained constant until the end of the test (2401.6 h). At
boundary C1 (Fig. 6), the water pressure increased to a constant
value of 1100 kPa. For modeling purposes, this increase has been
assumed to occur in the first minute of the test. According to
Navarro and Alonso [29], the heat loss at boundaries C1, C2 and C3
has been computed as q* ¼ �9 (T�293.15) W$m�2, where T (K) is
the temperature of the sample at the contact with the boundary. In
addition, displacements normal to the boundaries were prevented
in all of them.

Given the test configuration, the analysis performed is
axisymmetric. Fig. 7a compares experimental and numerical re-
sults for the water intake along the test. The fit obtained is very
satisfactory, as well as the results for SrM at the end of the test,
Fig. 8a.

The fit of T in Fig. 8b also represents its spatial distribution. In
this case, the results are represented at 25.6 h from the beginning of
the test, to show that the spatial distribution of the system behavior
is reproduced not only at the end but also along the test. This is
clearer in Fig. 7b, which plots the time evolution of temperature at
the thermocouples installed in the sample (see Fig. 6).

5.3. Simulation of a vertical free swelling test

The quality of the results obtained in the two previous exercises
contribute to the confidence in the capacity of the model to
reproduce the THM behavior of compacted bentonites. However,
those tests did not include the effect of salinity. This new validation

Table 6
Constitutive simplifications introduced in Examples 5.1 and 5.2

Equation # Law Section

1 SrM ¼ 1� 4:13� 10�3sM; sM in kPa 5.1
2 SrM ¼ 0:95� 0:596 tanhð9:4� 10�6sMÞ; sM in kPa 5.2
3 kML ¼ 0:97931� 10�24 � 105 eM ; kML in m2 5.2
4

kML ¼
�
SrM � 0:05

0:95

�3 5.2

5 eM ¼ 1:64047� 0:31 log10ðp
00 Þ � 0:155 log10ðsMÞþ

þ0:048 log10ðp
00 Þ log10ðsMÞ; p00

and sM in kPa
5.2

Fig. 5. Exercise 5.1. Temporal evolution of liquid pressure; analytical (markers) and
numerical (lines) results.
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exercise does, which analyzes free swelling, one of the processes
with a strongest chemo-mechanical coupling in bentonites.

The vertical free swelling tests presented by Navarro et al. [10] are
simulated. The experiments tested a Wyoming MX-80 bentonite

(87.6% smectite; CEC, 84 meq/100 g; exchangeable cations: Ca2þ, 25
meq/100 g; Mg2þ, 8 meq/100 g; Naþ, 58 meq/100 g; Kþ, 2 meq/
100 g; liquid limit, 510%; mineral density, 2.78 g/cm3 [66]). Cylin-
drical samples were prepared with deionized water and compacted
to a height of 4 cm and a diameter of 5 cm, with an initial bulk
density of 2.05 g/cm3 and awater content of a 17%. Subsequently, the
samples were tightly fitted at the bottom of a transparent tube. Thus,
the swelling caused after adding an aqueous solution of a deter-
mined concentration over the samples was only vertical. The anal-
ysis focuses on the hydrationwith three solutions: deionizedwater, a
10 g/L solution (6.47 g/L of NaCl and 3.53 g/L of CaCl2), and a 35 g/L
solution (16.75 g/L of NaCl and 18.25 g/L of CaCl2). Fig. 9 outlines the
test layout and the boundary conditions applied in the simulation. As
noted at the end of Section 3, a Lagrangian formulation is used to
model the finite strains associated with swelling. The geochemical
model assumed in this work is deemed as a valid conceptual frame to
reproduce the tests, since the analyzed bentonite ismainly sodic, and
the hydrating solutions only include calcium, sodium and chloride.
Therefore, the solution of the balance of calcium and chloride char-
acterizes the evolution of salinity along the test. To simulate the
swelling caused by the destructuration of microstructure, em needs
to be solved. In addition, the kinetics of the process is directly linked
to the hydration of the sample, and consequently the macrostruc-
tural water mass balance is also solved. On the other hand, the air
mass balance has been disabled, and the gas pressure is set to the
atmospheric pressure. The enthalpy balance has also been disabled,
and isothermal conditions are assumed (T equals 20 �C). The me-
chanical problem is solved (themedium is deformable), and the time
integration of net stresses and preconsolidation stress is solved.
Table 5 includes the parameters used for the mechanical, flow and
transport models.

Fig. 10 compares the free swelling obtained with the model and
the experimental measurements. The fit is very satisfactory. How-
ever, like water intake in the exercise in Section 5.2, swelling is an
integratedmagnitude, providing only one value at each time for the
whole sample. In this case, space distributed values are not avail-
able for different times. Only the final (post-mortem) values of
water content w and dry density rD, measured following conven-
tional procedures (following standards ASTM D2216-10 [67], for w,
and ASTM D7263-09(2018)e1 [68], for rD), are available. Never-
theless, and even if the softness of the soil made it impossible to
take samples to determine rD at the top of the sample, the fits
represented in Figs. 11 and 12 are also satisfactory. Although the
conceptual model for free swelling is still under development, the
framework of MPDES allows to implement the existing models,
with encouraging results, and contributes to the development of
new models by making their numerical implementation easier.

Fig. 6. Exercise 5.2: (a) test configuration (dimensions in mm) and position of thermocouples (points); (b) hydraulic boundary conditions; (c) thermal boundary conditions.

Fig. 7. Exercise 5.2: (a) Water intake evolution with time. (b) Temperature evolution
(experimental, markers, and numerical, lines) with time in the thermocouples defined
in Fig. 6.
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6. Conclusions

This paper presents a conceptual model based on the review and
selection of the reference formulations used to simulate the
thermo-hydro-chemo-mechanical behavior of compacted benton-
ites. The model is able to characterize the main features of the

behavior of the clay-based engineered barriers considered for deep
geological repositories of high level radioactive waste. However, to
estimate the behavior of these barriers reasonably, numerical tools
are necessary that, after having implemented the mentioned
models, are capable to simulate the response of the system under
different conditions and analysis.

Fig. 8. Exercise 5.2: comparison of experimental (numbered points) and numerical (contours) results. (a) Final distribution of the degree of saturation. (b) Temperature distribution
after 25.6 h.

Fig. 9. Exercise 5.3: (a) test configuration, and (b) flow and transport and (c) mechanical boundary conditions considered in the simulation. Dimensions in mm.
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The guidelines proposed in Section 4 (Fig. 3) outline the devel-
opment of such tools that use multiphysical partial differential
equations solvers as implementation platforms. This is illustrated
by the code developed, which obtained the results presented in
Figs. 5 and 7 and 8 and 10e12. The multiphysics environment en-
ables an easy scaling of the tool, to adapt it to the conceptual model
desired for each problem. This way, the same tool can be used to
approach the same problem at different complexity levels. The
simulations performed, especially that in Section 5.1, are an
example of this scaling capacity. Without overlooking the difficulty
of these solvers to implement complex geochemical models and to
simulate localization processes, new physical processes and

constitutive models can be introduced in the future to improve the
conceptual model adopted.

Besides, thanks to automatic symbolic differentiation, the sys-
tem iteration matrix is of high quality, which improves the nu-
merical performance of the solver. In addition, symbolic algebra
offers a friendly programming environment, as the code imple-
mentation is based on writing functions in a text format, consti-
tuting “libraries” that can be read from a text file (Section 4). Then,
to change a constitutive model or a state function, it is enough to
edit the corresponding library and write a new function with the
text processor. This was done in the exercises in Sections 5.1 and
5.2.

This shows that multiphysics partial differential equations
solvers able to perform symbolic computations, such as Comsol
Multiphysics, are a tool of value to research groups interested in
having a code to simulate the behavior of clay-based engineered
barriers. For these groups, while it is always advisable to comple-
ment the verification and validation effort, the three application
exercises presented are a notable qualification approach, providing
a good starting point for building confidence in the models
developed.
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Appendix A. Flow problem

Table A1 contains the dependent variables that control the flow
problem, which are involved in the state functions in Table 3 and
the field equations in Table 4. In the last column, if applicable, the
references that describe the proposed formulation are included.
Table A2 contains the physical parameters used in the flow model.

Fig. 10. Experimental (markers) and numerical (lines) results of the free swelling tests
in Exercise 5.3., when hydrating bentonite with deionized water, 10 g/L concentration
solution and 35 g/L concentration solution.

Fig. 11. Experimental (markers) and numerical (lines) results for the water content
distribution at the end of the tests in Exercise 5.3., when hydrating bentonite with
deionized water, 10 g/L concentration solution and 35 g/L concentration solution.

Fig. 12. Experimental (markers) and numerical (lines) results for the dry density
distribution at the end of the tests in Exercise 5.3., when hydrating bentonite with
deionized water, 10 g/L concentration solution and 35 g/L concentration solution.

V. Navarro et al. / Nuclear Engineering and Technology 51 (2019) 1047e1059 1057



References

[1] European Commission, Geological Disposal of Radioactive Wastes Produced
by Nuclear Power: from Concept to Implementation, European Commission,
Luxembourg, 2004.

[2] OECD-NEA, Engineered Barrier Systems and the Safety of Deep Geological
Repositories, State-Of-The-Art Report, OECD-NEA, Paris, 2003.

[3] R. Pusch, The performance of clay barriers in repositories for high-level
radioactive waste, Nucl. Eng. Technol. 38 (6) (2006) 483e488.

[4] P. Sellin, O.X. Leupin, The use of clay as an engineered barrier in radioactive-
waste management - a review, Clay Clay Miner. 61 (6) (2013) 477e498.

[5] Posiva, Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto - Syn-
thesis 2012, Posiva 2012-12, Posiva Oy, 2012, www.posiva.fi/files/2987/
Posiva_2012-12web.pdf. accessed: January 2019.

[6] O. Karnland, A. Muurinen, F. Karlsson, Bentonite swelling pressure in NaCl
solutions - experimentally determined data and model calculations, in:
E.E. Alonso, A. Ledesma (Eds.), Advances in Understanding Engineered Clay
Barriers: Proceedings of the International Symposium on Large Scale Field
Tests in Granite, Sitges, Barcelona, 12-14 November 2003, Taylor and Francis
Group, London, 2005, pp. 241e256.

[7] A. Gens, B. Vallej�an, M. S�anchez, C. Imbert, M.V. Villar, M. van Geet, Hydro-
mechanical behaviour of a heterogeneous compacted soil: experimental ob-
servations and modelling, Geotechnique 61 (5) (2011) 367e386.

[8] M. S�anchez, A. Gens, M.V. Villar, S. Olivella, Fully coupled thermo-hydro-
mechanical double-porosity formulation for unsaturated soils, Int. J. Geo-
mech. 16 (6) (2016).

[9] L.D.N. Guimar~aes, A. Gens, M. S�anchez, S. Olivella, A chemo-mechanical
constitutive model accounting for cation exchange in expansive clays, Geo-
technique 63 (3) (2013) 221e234.

[10] V. Navarro, �A. Yustres, L. Asensio, G. De la Morena, J. Gonz�alez-Arteaga,
T. Laurila, X. Pintado, Modelling of compacted bentonite swelling accounting
for salinity effects, Eng. Geol. 223 (2017) 48e58.

[11] COMSOL, COMSOL Multiphysics Reference Manual, 2015 version 5.12015.
[12] J.R.R.A. Martins, J.T. Hwang, Review and unification of methods for computing

derivatives of multidisciplinary computational model, AIAA J. 51 (11) (2013)
2582e2599.

[13] E. Romero, A. Gens, A. Lloret, Water permeability, water retention and
microstructure of unsaturated compacted Boom clay, Eng. Geol. 54 (1e2)
(1999) 117e127.

[14] A. Gens, E.E. Alonso, A framework for the behaviour of unsaturated expansive
clays, Can. Geotech. J. 29 (6) (1992) 1013e1032.

[15] R.N. Yong, Overview of modeling of clay microstructure and interactions for
prediction of waste isolation barrier performance, Eng. Geol. 54 (1e2) (1999)
83e91.

[16] T.A. Hueckel, Water-mineral interaction in hygromechanics of clays exposed
to environmental loads: a mixture-theory approach, Can. Geotech. J. 29 (6)
(1992) 1071e1086.

[17] V. Navarro, E.E. Alonso, Secondary compression of clays as a local dehydration
process, Geotechnique 51 (10) (2001) 859e869.

[18] V. Navarro, L. Asensio, G. De la Morena, X. Pintado, �A. Yustres, Differentiated
intra-and inter-aggregate water content models of mx-80 bentonite, Appl.
Clay Sci. 118 (2015) 325e336.

[19] A.C. Jacinto, M.V. Villar, A. Ledesma, Influence of water density on the water-
retention curve of expansive clays, Geotechnique 62 (8) (2012) 657e667.

[20] C. Tournassat, C.A.J. Appelo, Modelling approaches for anion-exclusion in
compacted Na-bentonite, Geochem. Cosmochim. Acta 75 (13) (2011)
3698e3710.

[21] P.G. Studds, D.I. Stewart, T.W. Cousens, The effects of salt solutions on the
properties of bentonite-sand mixtures, Clay Miner. 33 (4) (1998) 651e660.

[22] �A. Yustres, A. Jenni, L. Asensio, X. Pintado, K. Koskinen, V. Navarro, P. Wersin,
Comparison of the hydrogeochemical and mechanical behaviours of com-
pacted bentonite using different conceptual approaches, Appl. Clay Sci. 141
(2017) 280e291.

[23] V. Navarro, G. De la Morena, �A. Yustres, J. Gonz�alez-Arteaga, L. Asensio, Pre-
dicting the swelling pressure of MX-80 bentonite, Appl. Clay Sci. 149 (2017)
51e58.

[24] F. Helfferich, Ion Exchange. Series in Advanced Chemistry, McGraw-Hill, New
York, 1962.

[25] Posiva, Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto - Fea-
tures, Events and Processes 2012, Posiva 2012-07, Posiva Oy, 2012, www.
posiva.fi/files/2994/Posiva_2012-07.pdf. accessed: January 2019.

[26] S. Olivella, E.E. Alonso, Gas flow through clay barriers, Geotechnique 58 (3)
(2008) 157e176.

[27] D.G. Fredlund, H. Rahardjo, M.D. Fredlund, Unsaturated Soil Mechanics in
Engineering Practice, John Wiley and Sons, Hoboken, New Jersey, 2012.

[28] K. Ikonen, J. Kuutti, H. Raiko, Thermal Dimensioning for the Olkiluoto Re-
pository e 2018 Update, Posiva Working Report 2018-26, Posiva Oy, 2018,
www.posiva.fi/files/4973/WR_2018-26_web.pdf. accessed: January, 2019.

[29] V. Navarro, E.E. Alonso, Modeling swelling soils for disposal barriers, Comput.
Geotech. 27 (1) (2000) 19e43.

Table A1
Dependent variables of the flow problem

Magnitude Expression Refs

aM 1� 0:017
P

ciM [69,70]
ciM CiM

rW
DV

5:9� 10�6T
2:3

PG

[30]

H
7:121183� 10�11 T rW exp ð1997:392

T
Þ [42]

kML kO expðbMð4M � 4MOÞÞ [7]
kG bGðeMÞaG [34]
n 1

1�m
[31]

PA PG � PV
PV rVR T

WMM
sMTOT sM þ sMO
sMO � rW

WMM
R T Ln ðaMÞ

SrM 1
ð1þ ða sMÞnÞm

[31]

kML Sr3M [7]

kG ð1� SrMÞaG [34]
fM eM

1þ e
rA AMM PA

R T
rG rA þ rV
rV

rVO exp
�
� WMM

rWR T
sMTOT

�
[40]

rVO exp ð0:06374 ðT þ 273:15Þ � 0:1634� 10�3 ðT þ 273:15Þ2Þ
194:4

[41]

Table A2
Physical parameters

Magnitude Definition Value

AMM Molar mass of air 28.97 g mol�1

g Gravitational acceleration 9.81 m s�2

R Universal gas constant 8.31 J K�1 mol�1

WMM Molar mass of water 18.02 g mol�1

rW Density of free liquid water 1000 kg m�3
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