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ABSTRACT

This work presents a fully coupled formulation developed to handle engineering problems
in unsaturated (and saturated) soils that present two dominant void levels. The proposed
framework assumes the presence of two porous media linked through a mass transfer term
between them. In its more general form, the proposed approach allows the consideration
of non-isothermal multiphase flow coupled with the mechanical problem. The double
porosity formulation was implemented in a finite element code and it has been used to
analyze a variety of engineering problems. The approach is especially suitable for cases in
which the material exhibits a strong coupling between the mechanical and the hydraulic
problems in both media, as for example swelling clays. For those types of problems the
proposed formulation is used in conjunction with the mechanical double structure model
already proposed by the authors. This paper presents the coupled formulation and the
application of the proposed approach to problems involving expansive unsaturated clays.

Very satisfactory results were obtained in these analyses.
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INTRODUCTION

Often, saturated and unsaturated soils exhibit a double porosity. For example, in many
compacted soils (especially when compacted on the dry side) the fabric is composed by an
assembly of quasi-saturated aggregates forming a rather open structure that must be
distinguished from the soil microstructure itself. Expansive clays typically exhibit a clear
dual porosity with two dominant void sizes, namely: the macropores (or inter-aggregate
voids) and the micropores (or intra-aggregates voids). In other cases, the double structure is
directly related to the material manufacturing, for instance in seals composed of high-
density clay-pellets (Fig. 1). The need to distinguish between different kinds of voids can
also be found in other type of engineering problems involving fractured rocks and/or
fissured soils, where the distinction between the pore levels associated with matrix and

joints is necessary to achieve a good representation of the problem.

The analysis of problems like the ones listed above is generally performed using single
porosity models, assuming average material properties over an elementary representative
volume. However, such kind of approaches fall short in properly capturing the behavior of
soil that exhibits a clear double porosity. In this paper, an existing fully coupled Thermo-
Hydro-Mechanical (THM) formulation for single porosity media (Olivella et al., 1994) is
extended to double porosity media with the aid of the double porosity theory (e.g.
Barrenbaltt et al., 1960; Warren and Root, 196; Aifantis, 1980). Double porosity models
consider the porous medium as two interacting continuous media coupled through a
leakage term that controls the mass transfer between them. This simple idea allows
extending many of the concepts and laws typically used in single porosity models to
problems in which it is necessary to account for the different type of void levels present in

the material.
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The double porosity theory has been extensively used in different fields. The earlier
applications are related to the modelling of ground water and oil flow in fractured
reservoirs. Barrenblat et al. (1960) and Warren and Root (1963) used the double porosity
theory to model saturated flows in non-deformable media. Later on, this theory was
extended to deformable media by Aifantis (1980), and was widely used to model problems
involving deformable fractured/fissured porous media (e.g. Wilson and Aifantis, 1982;
Ellsworth and Bai, 1992; Musso and Federico, 1993; Bai et al., 1994; Ghafouri and Lewis,
1996; Khalili et al., 1999; Callari and Federico, 2000). The double porosity theory has been
extended to the case of multiphase flow, in particular to applications related to oil
production in fractured media (e.g. Lewis and Ghafouri, 1997). The effect of temperature
has also been considered in dual porosity media (e.g. Master et al., 2000, Khalili and
Selvadurai, 2003). The double porosity models have also been widely used to solve solute-
transport problems in which the matrix diffusion is a relevant phenomenon (e.g. Carrera et
al., 1997; Birkholzer et al., 2000). Double structure concepts have been used to describe the
mechanical behavior of swelling materials (Alonso et al., 1991, 1998; Hueckel, 1992; Gens
and Alonso, 1992; Sanchez et al., 2005, 2012.b; Masin, 2013). More recently, Borja and
Koliji  (2009) applied double porosity concepts and continuum principles of
thermodynamics to derive an expression for the effective stress tensor in multiphase
porous media displaying two porosity scales. The double porosity theory/concept has been
extensively used in the past. Therefore, the review presented above does not pretend to

cover all the published works in this subject.

Concerning the treatment of the mechanical problem, different assumptions have been

made in double porosity theories. For instance, in some problems the compressibility of

4
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the fractured/fissured media was ignored and only the deformation of the matrix domain
was considered (e.g. Ghafouri and Lewis, 1996; Lewis and Ghafouri, 1997; Master et al.,
2000). Another common hypothesis considered when modeling the consolidation
processes in fractured or fissured materials is that the behavior of the whole medium is
elastic and average mechanical properties of the media are adopted (e.g. Wilson and
Aifantis, 1982; Ellsworth and Bai, 1992; Bai et al., 1994; Musso and Federico, 1993).
Previous double porosity formulations, and their applications, have been limited to elastic
media. The formulation presented in this work is capable of considering independent
mechanical constitutive laws models for each medium, including nonlinear and elasto-
plastic mechanical models. It is also able to consider unsaturated flow under non-
isothermal conditions. Special attention is paid to the incorporation of the hydro-
mechanical couplings in the governing equations. The proposed double porosity
formulation has been implemented in the finite element program CODE_BRIGHT
(Olivella et al., 1996), and it has been used to analyze a variety of problems, including the
behavior of unsaturated clay barriers and seals intended for the isolation of nuclear waste

using an advanced elasto-plastic mechanical model.

THEORETICAL FRAMEWORK

A good schematic representation of the double porosity concept is presented in Fig. 2a) for
the case of fractured/fissured porous media, where two ovetlapping continua are
distinguished: i) a porous medium ‘1°; accounting for the discontinuities; and ii) a porous
medium 2’; representing the porous matrix. The mass transfer between both sub-domains
is controlled by a leakage term. A similar conceptual model can be adopted for expansive

materials in which two different structure of pores can generally be distinguished (Fig.2b): a
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medium ‘1’, associated with the macro (or interaggregate) pores between the clay

aggregates, and ii) a medium 2’ associated with the clay matrix.

The concepts described above have been used in this work to extend an existing fully
coupled THM formulation for single porosity media to deal with problems involving
materials presenting two porosity scales. The starting point is the THM formulation
proposed by Olivella et al. (1994) and the associated finite element program
CODE_BRIGHT. This formulation and code have been widely validated and satisfactorily
applied in different geo-engineering problems (e.g. Gens et al., 1998; 2009; Alonso et al.,

2005; Sanchez et al., 2012.a, 2011.b).

The main basic assumptions of the double porosity formulation presented in this paper are

summarized as follows:

e Two overlapping porous media have been considered, with the definitions of two

different global porosities:

a>¢1:%; ) ¢2=%; 5 b =0 +0, M

where ¢1, ¢, ¢ are the porosities related to medium 1, 2 and total, respectively.

V1, V52 and 17 are the volume of voids medium 1, 2 and total, respectively.

e Fluid pressures, permeability, partial saturation and other properties can be
(separately) considered for each porous medium.

e Stress-small strain constitutive laws can be defined for each porous medium.

e Multiphase flow is considered for each domain.

e Mass transfer between the porous media is controlled through leakage terms.
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e Thermal equilibrium between phases and media is assumed.

e The relevant THM phenomena are considered in a fully coupled way.

e The boundary conditions can be prescribed on both media.
It is also assumed that the porous media are made up of three phases: solid, liquid and gas.
The liquid phase contains water and dissolved air whereas the gas phase is made up of dry
air and water vapor. The problem is approached using a multi-phases, multi-species
formulation that expresses mathematically the main coupled THM phenomena in terms of:
balance equations, constitutive equations and equilibrium restrictions. In the following

sections these three main components of the formulation are presented.

BALANCE EQUATIONS

The compositional approach was adopted to establish the mass balance equations. This
implies that mass balances of species (rather than phases) are established. In this way the
phase change terms do not appear explicitly in the governing equations (Olivella et al.,
1994). The subscript identifies the phase (s for solid, / for liquid and g for gas), while the
superscript indicates the species (w for water, and « for air). It has been assumed that the

mineral coincides with the solid phase. The rest of the notation is indicated in notation.
SOLID MASS BALANCE EQUATION

The balance of the mineral can be expressed as (Olivella et al., 1994):

0

2 (6.0-4)+V (0, (1-9)3 |0 ®
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where p; is the solid density and u is the solid velocity vector. A more convenient form of

the balance equations is obtained considering the definitions of material derivate with
respect to the solid velocity (i.e. Olivella et al., 1994):

D 1-¢) Dp, * (1-9¢) Dp, .

Do _UA1D, 1 pyva= D0 (1)

=~ u=-—->" €
Dt p, Dt p, Dt ©)

where V.u =g, is the increment of the total volumetric strain. This equation shows that
the variation of porosity in time is related to the porosity changes induce by the variations
in solid density, plus the porosity variations caused by volumetric deformation of the soil

skeleton. Considering Eq. (1c) and assuming that the total volumetric strain can be written

as the sum of contributions from each medium (i.e.&, =&n+¢€w), Eq. (3) can be expressed

as:

Dy_D¢, Do, (1-9)Dp, . . .\
Dr Dr Dr . p Di +(1-¢ ¢2)(8”1+8’/2j @

WATER MASS BALANCE EQUATION

Applying double porosity concepts, the water mass balance equation for each medium ;

(=1,2) can be expressed as:

a w w o aw JH w
g(eﬁsﬁq)ﬁegsg/q)/ﬁv.(,ﬁ+1g/.)+(—1)/ = =12 )

where 0,” and 0,” are the mass of water per unit volume of liquid and gas phases of

medium j; Sqj is the volumetric fraction of the pore volume occupied by the a phase (a=/,



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

2 in medium / j;” and j,” denote the total mass fluxes of water in the liquid and gas phases
in medium ; with respect to a fixed reference system; /" is the external mass supply of water
per unit volume of medium j; and I is the term related to the mass exchange term

between the two porous media. A quasi-steady model (e.g. Huyakorn, 1983) was adopted in

this work for the mass transfer term, as follows:
I"=y(P,-Pb,) ©)

where y is the leakage parameter. A more refined treatment of this term can be made

through unsteady models (e.g. Huayakorn et al., 1983, Kazemi et al., 1970).

The water flux in each phase of a medium /is expressed as:

', +0,5,0, u=j"7+0,5,0 u; ;=12 )

sw o __ sw
j; =i, +6; 59,

W __ W w w N g — e ° . P 8
jr =i’ +07q" +0"5 0 u=j"+6"5 ¢ u; ;=12 ®)

where ij” and i,” are the non-advective fluxes of water in the liquid and gas phases; j’;” and
j’y" denote the total mass fluxes of water in the liquid and gas phases in the medium ; with
respect to the solid phase that are obtained as the sum of non-advective (i.e. i)” and i,”") and

advective (Dracys’) fluxes (ie. q; and qg) associated with the motion of the phases in

each medium ;. Equations (7) and (8) also account for the movement of the water induced

by the solid displacement u (i.e. the water that is dragged by the soil during deformation).



188  After applying the concept of material derivative, and following an approach similar to the
189  one described in Olivella et al. (1994), the following form of the water mass balance
190 equations is obtained:
D o5 rors Vulors vors )| [ (=000 )
q)jE(OySﬁ+6g.5g.)+(6,/.5ﬁ+6g.5g) +e, |+

p, Dr )

A c\w P +1 w w .
+V.(1ﬁ+1g/)+(—1)/ =7 j=12
191 AIR MASS BALANCE EQUATION

192 The equations for the mass balance of air are obtained following an analogous procedure

193 to the explained above:

(1_¢) &](1—/) .

¢j%(625ﬁ+6259)+(625ﬁ+9;5g.)[ i +&, |+

(10)

V(i )+ ()= g j=12

194  where 0, and 0, are the masses of air per unit volume of liquid and gas respectively in the
195  medium; j;* and j,* denote the relative mass fluxes of air in the liquid and gas phases, with
196 respect to the solid phase; /" is the external mass supply of air per unit volume of / medium;
197  and I is the term related to the air mass exchange between the two media. In a similar

198  way, a quasi-steady model was also adopted for the air transfer term, as follows:
r=y(Pi=P.) an

199 The air flux in each phase of the medium /is expressed as:

~10 -



j; =i; +0,q; + 05,0, u=j";+0;5,¢ u; j=1,2 (12)
jo =it +6°q" +0° 5, 0 u=j"+6:5 ¢ u; ;=12 (13)

200 where ij* and i, are the non-advective fluxes of air in the liquid and gas phases; j°;* and j’,
201 denote the total mass fluxes of air in the liquid and gas phases in the medium ; with respect

202 to the solid phase; which are obtained as the sum of non-advective (i.e. i)' and i," ) and
203 advective (Dracys’) fluxes (ie. q; and qy;) associated with the motion of the phases in each

204 medium ;. The equations (12) and (13) also account for the movement of the air induced by

205  the solid displacement u (i.e. the air that is dragged by the soil during deformation).
206  ENERGY BALANCE EQUATION

207  The balance of energy is expressed in terms of internal energy. Thermal equilibrium
208  between phases and media is assumed. Therefore, at a given material point, the temperature
209  is the same for all the phases and only one equation related to the total energy for the
210 whole porous medium is required. Generally, the flow in porous media is very slow
211 (especially in clayed soils/rocks), therefore this assumption can be considered valid in many
212 applications. However, if the complexity of the problem (e.g. fluid injection in highly
213 fractured rocks) justifies the necessity of a more detailed treatment of this equation, the
214 formulation can be upgraded to consider different temperatures in the two media and

215 phases.

216 Extending the approach adopted by Olivella et al. (1994) to double porosity media, the
217  total internal energy per unit volume of porous medium was calculated by adding the

218  internal energy of each phase in each media, as follows:
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2
E=Ep, (1-9)+ Y (Ep,5,9, + E;p,S,9,) =12 (14)

=1

where E; is the specific internal energies corresponding to the solid phase; E; and E,; are
the specific internal energies corresponding to the liquid and phases, respectively, of the
medium 7 and p; and p, are the liquid and gas phase densities. The gas phase internal
energy equation adopted by Olivella et al. (1994) can be extended to double porosity media
as:

Ep, = (E;co;. + E“g’m;) p,=E'0" +E0° j=12 (15)

g

where E”, and E“ are the specific internal energies of water and air in the gas phase,

W

respectively; ®",; and ®‘; are the mass fractions of water and air in the gas phase,
respectively, per medium ;. As in Olivella et al. (1994), this additive decomposition is also

used for the liquid phase, and extended here for double porosity media:
Ep, =(Eo) + Elo) )p, = E/0] + E20]  j=12 (16)

where E”, and E“ are the specific internal energies of water and air in the liquid phase,

w

respectively; ", and @’ are the mass fractions of water and air in the liquid phase,

respectively, per medium ;. The specific internal energies for the individual species are
(Batchelor, 1983; Pollock, 1983, and Gens and Olivella, 2001): E”; =4180.0 (1-13) [J/kg];
E”, =2.5¢°+1900.0 (T-Ty) [J/kg]; E*, =1006.0 (T-T,) [J/kg], and E‘, =1006.0 (T-Ty) [J/kg].

In these expressions Tj is the reference temperature and T'is [°C]. It can be noted that the

12 -
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specific internal energy of the vapor (i.e. water in gas phase) contains an additional term
that represents the latent heat in vapor. The thermal consequences of
evaporation/condensation are therefore taken into account in a straightforward way (Gens
and Olivella, 2001). As for the internal energy per unit mass of the solid phase, the law

suggested in the FEBEX Report (1998) was adopted in this work:

E =ET+¢,T" 17)

where the two models parameters are: E’, = 732.52 [J/kg/T] and ¢ =1.38 [J/kg/T7|
(FEBEX Report, 1998). This law was adopted here because of the type of problems

presented in this paper, but it can be replaced in problems dealing with other materials.

Using the specific internal energies and the species mass fluxes, the energy fluxes due to the

motion of phases can be written as:

jES = Esps(1_¢)ltl (18)
jE,j =J"|V,-V El‘J{v "‘jlﬁ EI? + Eljpljslj¢j u :jIEIj + Eljp|js|j¢j u; J=12 (19)
Je, =1y B +17 By +BypoySydu=1i'c +EypySydius /=12 (20)

where j’r; and j’r, are the advective energy fluxes with respect to the solid phase.

Considering the hypothesis and equations discussed above, the internal energy balance

equation is expressed as:
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8[ ]+_ i(EﬁpﬁSﬁd)jJrEgpgSgd)/‘) +
Ot

J=1

2 2
+V.{i[+jm+Z(]‘H/+j@)}=2ﬁ" j=1,2

J=1 J=1

(21)

where i, is the conductive heat flux; and £ is the energy supply per unit volume of medium
J-

This equation is also transformed following a similar procedure to the one explained in
before for the mass balance of energy, the final form of the energy balance equation is

given by:

2

D
Zq) (E 0,5, +E{g/pg/.Sg/.)+(l—(l))EErpI+

J=

py J=1

2 5 )
[if+im+2(ia+i@)}=2f} j=12

/’:] j=1

E (Ep,8, +E,p,5,)-E.p, j( —9) Dpf+22:( Ep,S, +E,p,S, )+ @)
V.

—+

MOMENTUM BALANCE (EQUILIBRIUM)

If inertial terms are neglected, the balance of momentum for the porous medium reduces

to the equilibrium equation for total stresses:

Vo, +b=0 (23)

where b the vector of body forces, and Gt is the total stress tensor (which is common for

both porous media). However, effective/net stresses and fluids pressutes are different for

14 -
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each medium. Therefore strain-rates per each porous medium are computed. A possible

decomposition of strains is:

Jj=12 (24)

where € and &' are the medium ; elastic and plastic strain-rates, respectively. The total

strain rate (8) is related to solid velocities through the compatibility condition:
. _ 1 v . V .T
€= 5 u+Vu (25)

CONSTITUTIVE EQUATIONS
The constitutive equations establish the link between the unknowns (i.e. P, P, T and u)

and the dependent variables.
THERMAL CONSTITUTIVE EQUATIONS

Heat conduction is assumed to be governed by Fourier’s law. As mentioned above, thermal
equilibrium between phases and media was assumed, therefore the following equation can

be used to calculate the conductive heat:

i =AVT (26)

where A is the global thermal conductivity of the porous medium. In this paper the global
thermal conductivity proposed for the FEBEX bentonite based on the geometric mean of

the thermal conductivities of the three phases was adopted (FEBEX Report, 2000):
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A= ;%(1—¢);L/¢x, 7\‘(;1)(1_5/) — 7\';”5/7\'0/@'(1_5/) @7)

where A, M and A, are the thermal conductivities of the solid, liquid and gas phases,

respectively; Age and Aay are the thermal conductivities of the fully saturated and fully dry

soil, respectively; they can be calculated through:

h =0 gy = A0S @)

and:

o580,

’ 29
5 (29)

The thermal conductivity law can be modified/changed based on the particular materials
involved in the case to be analyzed.

HYDRAULIC CONSTITUTIVE EQUATIONS

Advective fluxes of fluid phases in each medium are computed using a generalized Darcy’s

law:
=K., (%, -p,0) &

where Pgj is the o phase pressure in medium /; and Kqj is the permeability tensor of the a

phase in medium j, evaluated as:

~16 -
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@ T 1
/ j“(xj a=/g; j=12 (3D

where Hoj is the dynamic viscosity of the a phase in the medium j; and 4:qj is the phase

relative permeability of the phase a in the medium ; (expressed generally as a function of
the phase degree of saturation, see Eq. (33)); k; is the intrinsic permeability tensor for
medium ; that depends on its pore structure (generally expressed through the medium
porosity). Different laws are available to model this dependence, which may be selected
according to the problem to be handled. For example, an exponential law (Eq. 32) was
adapted to model the dependence of medium permeability on medium porosity for the

compacted clay studied in the application case presented later on in this paper.

The non-advective fluxes of species inside the fluid phases, in each porous medium are

computed through the Fick’s law as:

i;j = —D;/V(x)fl/ ; i=wya; o=/g j=12 (32)
where D'y is the dispersion tensor, and ®oj are the mass fractions (Olivella et al., 1994).
Finally, the soil water retention curve (SWRC) establishes the link between the phase
saturations of the medium ; and the corresponding medium suction (a specific SWRC

model is presented when studying the application case in a following section).
MECHANICAL CONSTITUTIVE EQUATION

A general form of the mechanical law showing (explicitly) the contributions of strains,

temperature and fluid pressures is:
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o, =D g;+f s+t T;; j=1,2 (33)

where G; is the constitutive stress (net or effective stress tensor), € is the strain, s, is the
suction, D; is the constitutive stiffness matrix, f; is the generic constitutive vector relating
the changes in the fluid pressures and stresses and t; is the constitutive vector relating

stresses and temperature (a specific mechanical model is presented in the application case).

EQUILIBRIUM RESTRICTIONS

It is assumed that the phase changes are rapid in relation to the characteristic times of the
flow problem. Therefore, they can be considered in local equilibrium giving rise to a set of
equilibrium restrictions that must be satisfied at all times. Equilibrium restrictions are given
by the concentration of water vapor in gas phase (computed through the psychometric
law), and for the concentration of dissolved air in liquid phase (evaluated by means of the
Henry’s law). The formulation is completed with the equations related to properties of the

phases for each medium .

NUMERICAL APPROACH

The equations for double porosity media quoted above were implemented in the finite
element program CODE_BRIGHT. One unknown (or state variable) is associated with
each one of the balance equations presented above, as follows: Py are related to the water
mass balance equations (Eq. 9) for medium ; (/=1,2); P, are related to the air mass balance
equations (Eq. 10) for medium ; (/=1,2); T is related to the balance of internal energy
equation (Eq. 22); and U is related to momentum balance equation (Eq. 23) The unknowns

are obtained by solving simultaneously the system of PDE’s (Partial Differential Equations)

~18 -
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numerically in a fully coupled way. From state variables, the dependent variables are

calculated using the constitutive equations or the equilibrium restrictions.

The same procedure suggested in Olivella et al. (1996) was followed for the numerical
treatment of the different terms of the balance equations. In summary, it can be mentioned
that the numerical approach can be viewed as divided into two parts: spatial and temporal
discretization. Galerkin finite element method is used for the spatial discretization while
finite differences are used for the temporal discretization. The discretization in time is
linear and an implicit scheme is used. Finally, since the problem presented here is non-

linear, the Newton-Raphson method was adopted as iterative scheme.

Linear and quadratic interpolation functions were implemented. Analytical integration was
adopted for segments, triangles and tetrahedrons. Numerical integration is used for
quadrilateral, triangular prisms (6 points) and quadrilateral prisms (8 points). For the
mechanical problem, selective integration was used for quadrilateral and quadrilateral
prisms. Finally, for all elements the flow equations are solved using element-wise and cell-
wise approximations (Olivella et al., 1996). The program has an automatic discretization of
time. More details can be found elsewhere (e.g. Olivella et al., 1996; CODE_BRIGHT

User’s Manual, 2015).

ANALYSIS OF AN EXPANSIVE SEAL MATERIAL
In this section the hydration under confined conditions of a seal material intended for the
isolation of nuclear waste is analyzed. The sample was made up of a mixture of clay-pellets

and clay-powder. The pellets are generally fabricated at the factory from highly expansive

clay, obtaining heavily compacted granulated materials (dry density, p;~2.0 Mg/m?).
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The clay-pellet mixtures have been actively studied in the context of the high level waste
repository design (Alonso et al, 1995, 2011; Volckaert et al., 2000; Pasquiou, 2001;
Hoffmann et al., 2007; Gens et al.,, 2011). This material exhibits the typical response of
expansive soils, among others: large swelling strains under wetting, high swelling pressures
under confinement conditions, macro-structural collapses, more than one swelling stages,
and irreversible behavior. These types of mixtures have a number of convenient
characteristics (and properties) that made them very interesting for constructing barriers
and seals. For example, thanks to the high-density of the clay-pellets, it is possible to
achieve target densities of the barrier with a low compaction effort. This is particularly
useful when a small and/or irregular volume needs to be sealed. Furthermore, these
mixtures are able to satisfy the basic properties imposed to engineered barriers and seals,
such as: very low permeability, mechanical stability for the waste canister, and ability to seal

discontinuities in the emplacement boreholes and drifts.

In these types of mixtures it is possible to distinguish two basic pore levels:

¢ Medium 1: corresponds to the granular skeleton of the clay mixture
(macrostructure). It is composed by the arrangements of the clay-pellets, the clay

powder (if any), and the macropores between them (Fig. 2b).

e Medium 2: corresponds to the high density pellets and the small pores inside them

(microstructure).

Obviously it may be possible to include more pore levels in the analysis, for example, one

could consider that inside the clay-pellets there are clay-aggregates, with their inter-
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aggregate and intra-aggregate pores space. In this case three different types of pores can be
distinguished: 1) the inter-pellets pores (i.e. the big macro pores between pellets), ii) the
inter-aggregates pores (i.e. pores between clay aggregates inside the pellets); and iii) the
intra-aggregates pores (i.e. the pores inside the clay aggregates). However, in the analysis
presented hereafter, only two basic structural levels were considered, and the pores types ii)
and iii) were associated with the microstructure. If deemed convenient, the approach can

always be extended to include one or more additional pores levels.

In order to propetly handle this complex mechanical behavior the double structure (DS)
approach proposed originally by Gens and Alonso (1992) was adopted in this work. This
framework was then upgraded by (among others): Alonso et al. (1999) and Sanchez et al.
(2005). This last version was adopted in this work. The DS model is very appropriate for
analyzing this type of problem, because it explicitly contemplates the two porous media

identified above, as explained below.

DS MECHANICAL MODEL

The double structure constitutive model adopted in this work has been discussed in detail
in previous publications (e.g. Gens and Alonso 1992; Alonso et al., 1999; and Sanchez et
al., 2005, 2012). For sake of completeness, only the main model components are briefly
introduced as follows. The model consists of three main components: i) constitutive
equation for describing the behavior of the macrostructure; ii) a model for describing the
response of the microstructure; and iif) a law for modeling the interaction between the

macro and micro structures.

A modified Barcelona Basic Model (BBM) (Alonso et al., 1990) is adopted for the

macrostructure. The BBM considers two independent stress variables: the net stresses (G),
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computed as the excess of the total stresses over the gas pressure (0-Ip,), and the matric
suction associated with medium 1 (s57), computed as the difference between the gas and
liquid pressures (s;=p- pi). The elasto-plastic BBM allows the extension of the modified
Cam-Clay model to the unsaturated condition by including a dependence of the yield

surface on matric suction (Fig. 3.a):

FLCZBJZ_{%} MZ(P+P;)(]30_P)=O (34)

where M is the slope of the critical state; p, is the apparent unsaturated isotropic pre-
consolidation pressure at a specific value of suction; g(0) is the Lode’s angle function; and p;

considers the dependence of shear strength on suction and temperature. When yielding

take places, the increment of plastic deformations is evaluated through:

§ oG
e, = Ao % (35)

where Aic is the plastic multiplier and G is the plastic potential (Eq. (A.1), Appendix). The
hardening law is expressed as a rate relation between the volumetric plastic strain and the

saturated isotropic pre-consolidation stress ‘p*o’ (Fig. 3a)):

]5_;_ (1+e) (c:'f’

r (Ag-x) (36)

0
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where ¢ is the void ratio; & is the volumetric plastic strain; i is the elastic compression

index for changes in p; and Ay is the stiffness parameter for changes in p for virgin states of
the soil in saturated condition. The trace of the yield surface on the isotropic p-5; plane is
called the L.C' (Loading-Collapse) yield curve and it represents the locus of activation of
irreversible deformations due to loading increments or wetting collapse (Fig. 3b). More

details about the BBM are presented in the Appendix.

It is assumed that the behavior of the high-density clay-pellets (medium 2, microstructure)

is mainly volumetric and controlled by a non-linear elastic law:
P 37)
KZ

where K; is the bulk modulus of medium 2 (see Appendix) and p is a generalized effective

stress:

P=pt s, (38)

where p. is the net mean stress; and s is the suction related to medium 2 (i.e. p-pr). The
framework can be extended to consider plastic behavior of the pellets as well, however in

this case, and for the sake of the simplicity, a nonlinear elastic behavior was assumed.

It was assumed that ¥ is a constant (} > 0). Fig. 3b) shows a schematic representation of
the model on the p-s plane. In these plots s is a generic suction, which can be s or s
depending on if medium 1 or 2 is analyzed, respectively. In the p-5» plane the line
corresponding to constant p is referred to as Neutral Line (Fxr), since no microstructural

deformation occurs when the stress path moves on it.
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The interaction between the two pore levels is considered by assuming that elastic volume
changes of the pellets (microstructure) may modify the global arrangement of the material
(macrostructure) in an irreversible manner (e.g. Gens and Alonso, 1992). The associated

plastic irreversible deformations are computed according to:

Y I 39
81! 152 fgz'z ( )

where f is an interaction function that depends on the degree of openness of the

macrostructure through the ratio p/p, (e.g. Gens and Alonso, 1992).
The total plastic macrostructural strain (gP ) used in Eq. (36) is obtained as:

P _ sP 4
gﬂ - gp LC + gl’ 152 (40>

The coupling between macro and micro levels is given by p,” (the hardening variable of the
macrostructure, Fig. 3a), which depends on the total plastic volumetric strain (36). In this
way it is considered that the microstructural changes can affect the global arrangements of

clay aggregates. More details can be found elsewhere (e.g. Alonso 1998; Sanchez et al.,

2005).

HYDRAULIC MODEL

Darcy’s generalized law (Eq. 30) rules the unsaturated flow in the two porous media. Note
that both porous media contain interconnect porosity and the flow will depend basically on
the permeability of each media and the corresponding gradient of pressures. The saturated

permeability of expansive clays shows a strong dependence on porosity. Fig. 4a) shows
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experimental data related to the Serrata clay, also known as FEBEX bentonite (Volckaert et
al. 2000; and Huertas et al., 20006). The following exponential law was adapted to model the

dependence of permeability on medium porosity:
kj=k,exp(b(¢;~4,))  j-12 (41)

where ko is the reference permeability tensor at the reference porosity ¢, and 4 is a model
parameter. It should be noted that both media have the same parameters with the only

difference being the value of the actual (medium) porosity.

The well-known cubic law was adopted for the relative permeability model:
kiy =S Q=12 (42)

A SWRC based on a modified van Genuchten model was adopted in this study:

1 T S. &
S\t _ f, :(1——Jj
S =f |1+ EJ ; with Py j=12 (43)

where P, and A, are models parameter. The function f; is included to improve the model
prediction at high suctions, P, being a parameter related to the suction when §~0 (P, being
~1100 MPa), and A, is a model parameter. When A, =0 the original van Genuchten (1980)
model is recovered. Fig. 4b) presents tests results for FEBEX bentonite alongside the
adopted SWRC models. Finally, it was assumed that the gas pressure in both media is the
same (and equal to the atmospheric pressure). In this case only one mass transfer term (i.e.

for water) was considered.
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MODELING

This section presents the analysis of the test coded as ‘Reseall6’ by Volckaert et al. (2000).
The sample was made up from Serrata clay by mixing (in weight) 50% of clay-pellets and
50% of clay-powdet, achieving a global density of 1.55 Mg/m’. The dry density of the
pellets was 2.05 Mg/m’ and Gs=2.70. The test was catried out in a cell with hydration
from both ends in a cylindrical sample 5 cm high and 12cm diameter. The experimental
data generated in the context of the Reseal project (Volckaert et al. 2000) and FEBEX
projects (Huertas et al., 2000), was used to identify the main model parameters. The
parameters related to the water retention curves and permeability law were obtained
independently from single elements tests performed on compacted samples prepared at
different densities. The experimental data was presented in Figures 4a) and 4b). As for the
DS model, the BBM parameters Ko, &, A¢), &, 7, P, were adopted from independent tests
performed in Serrata clay and suggested values reported in Volckaert et al. (2000). The
elastic parameters of the microstructure are equal to ones of the elastic part of the BBM.
The parameters related to the interaction functions were obtained from model calibration.
An initial relative humidity close to 22 % was measured (Volckaert et al. 2000), and
therefore an initial suction of 210 MPa was adopted for both media. According to the
SWRC the initial saturation in medium 2 (clay-pellets) is S = 0.59. This implies an initial
water content of the clay-pellets~6.9%, which is very close to the reported one (~6.4 %).
As for medium 1, the initial S = 0.06. Based on the experimental data, the following macro
and micro porosity values were adopted: ¢ = 0.335, and ¢. = 0.097. The test was simulated
as a 1-D boundary value problem. Tables 1 and 2 list the parameters related to the

mechanical and flow problems, respectively.
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Fig. 5a) presents the comparisons between experimental (symbols) and model (line) results.
This test (as all the other tests reported by Volckaert et al. (2000)) showed two swelling
steps, with the three main stages: 1) an initial stage, related to a (quite fast) swelling; ii) a
transition stage, with a moderate swelling; and iii) a second and final swelling. The model
was able to reproduce this behavior by distinguishing each swelling phase according to the
structural level involved in it. The first swelling is ascribed to the medium 1. The water
flowing through the (big) interconnected macropores hydrated first the periphery of the
clay-pellets and the clay-powder, inducing an initial expansion of the sample. This swelling
tends to close the macropores and also to induce an increase of the swelling pressure (stage
1). Once the more accessible clay minerals were hydrated, the rate of swelling decreases
(stage 2). This stage is related to the delayed transfer of water from the macro level (1), to
the clay-pellet (intraaggregate) level (2). This stage is mainly control by the leakage term
(Eq. 20). Then, the swelling rate increased again (third stage), induced by the delayed
hydration (and associated swelling) of the high-density clay-pellets. The model results in
terms of water intake are also quite satisfactory. Fig. 5b) shows the time evolution of the
two media porosities (scaled respect their initial porosities) for a point located at the center
of the sample. It is observed that the macroporosity tends to increase at the beginning of
the hydration (i.e. around between 1 and 3 days) because of the initial hydration quoted

above, but decrease substantially afterwards when the microstructure swells.

Fig. 5¢) presents the time evolution of the suctions (associated with each porous media) at
two different positions: i) a point located at the hydration boundary (identify as ‘sup’), ii) a
point at the center of the specimen (coded as ‘cent’). Initially the water flow took place

predominantly through the macropores (medium 1) by advection. At the same time water
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was slowly transferred from the macropores to the clay-pellets (medium 2), via the leakage

term, leading to an equilibration of both suctions in the long term.

Fig. 6a) presents the evolution of the intrinsic permeability of each medium in a zone close
to the hydration boundary. Initially, there was a significant permeability contrast between
the two porous media, which implies that the macropores acted as preferential path-ways.
However, as the pellets were hydrated (through water mass transfer term between media)
they expanded and compressed the macropores, leading to a more homogeneous material
at the end of the test, with similar permeability values in both media. According to Fig. 6b),
the model predicts that this homogenization took place in zones close to hydration front
mainly, because in zones away from it (i.e. near the center of the sample) the two different
pore levels still remained. This result is in agreement with the observations of the

postmortem test of this sample reported by Volckaert et al. (2000).

It has been shown that proposed double porosity formulation was able to reproduce the

main relevant physical phenomena observed in this test involving a clay mixture.

ANALYSIS OF CELL INFILTRATION TESTS

The behavior of the unsaturated compacted FEBEX bentonite during infiltration cell tests
is studied in this section under thermal gradient and isothermal conditions. The next
section focuses on the material and the results from the swelling pressure tests. Afterwards,

the infiltration tests are presented together with the associated modeling.
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MATERIAL AND SWELLING PRESSURE TESTS

The FEBEX bentonite was selected by ENRESA (Spanish Agency for Radioactive Waste
Management) for backfilling and sealing functions in nuclear waste repositories. The
montmorillonite content of this clay is higher than 90%. Its liquid and plastic limits are
102% and 53%, respectively. The relatively low values of the Atterberg’s limits can be
attributed to the significant quantity of ‘silt-sized aggregates’, which are pseudomorphs of
the volcanic minerals transformed into smectite (Villar, 2002). Fig. 7a) shows the
(granulated) raw material used in the experiments. Fig. 7b) shows the uniaxially and
statically compacted samples in the oedometer ring used to determine the swelling pressure
of this material. The inner diameter and length of the specimens were 5.0 and 1.2 cm
respectively. Nominal dry densities (p) vatying between 1.40 and 1.70 Mg/m’ were

obtained by this method.

Fig. 7c) shows the clear bimodal pore size distribution observed from mercury intrusion
porosimetry (MIP) tests performed on two samples of FEBEX bentonite compacted at
two different pz 1.5 Mg/m’ and 1.8 Mg/m’. The dominant pore size around 10 nm
corresponds to the pores inside clay aggregates (i.e. small ‘intra-aggregate’). The larger pore

size depends on the dry density and ranges from 10 pm (for p,=1.8 Mg/m”) to 40 um (for

p~1.5 Mg/m’). These larger voids would cotrespond to the ‘inter-aggregate’ pores. This
double structure was also detected using other techniques, such as Scanning Electron
Microscope and water retention curve tests (Lloret et al., 2003). The two dominant pore
sizes could be associated with two basic structural levels (Fig. 2b)): i) the macrostructure,
related to the global arrangements of clay aggregates (with macropores between them); and
ii) the microstructure, which corresponds to the active clay minerals (with micropores

inside the clay aggregates).
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The samples were hydrated at constant volume through the bottom surface with deionized
water injected at a pressure of 0.6 MPa, while the upper outlet remained open to
atmosphere. At the same time, the load cell measured the swelling pressure exerted by the
clay. The small vertical deformations of the specimen, arising mainly from the load cell and
frame deformability, were measured by LVDTs. The actual density after the tests differed
slightly from the nominal one due to the small displacement allowed by the equipment (e.g.
about 0.4 mm when the vertical stress was 7 MPa). The tests were performed at a constant
temperature of around 27£2°C. Fig. 8a) shows a photo of the high pressure oedometer,
while Fig. 8b) presents a scheme of the apparatus indicating its main components. The
FEBEX bentonite has been extensively investigated during the last few years and detailed
information about this material can be found elsewhere (e.g. Villar, 2002; Huertas et al.,

20006; Lloret et al.; 2003; Gens et al., 2009).

Typical results of the swelling-pressure tests are presented in Fig. 9. Swelling pressure
started to increase as soon as the water was in contact with the clay, but it did not develop
at a constant rate. After a sharp initial increase, there was a period of time in which the
pressure increased more slowly (or even remained fairly constant for some hours), and then

increased again, in a second and final swelling period. This behavior is more apparent in

samples of lower pa.

These tests were simulated as a boundary value problem using a 1-D model. The same
constitutive laws presented in the previous section were used in the simulations. Table 3
contains the main parameters adopted in the modelling. According to Gens and Alonso

(1992), the dependence of swelling pressure on initial density can be taken into account

- 30 -



558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

through po". Three stages were detected in the tests: i) an initial swelling, that can be
associated with the hydration and swelling of the more accessible clay minerals., ii) a
transition stage between the first and the second swelling; and iii) a final swelling
corresponding to the eventual hydration of the clays aggregates (i.e. the ‘silt-sized
aggregates’ mentioned above), modeled in this framework through the microstructural law
(Eq. 28). The transition stage is related to the water transfer from the macro to micro
structure. In low density (high-porosity) samples, the flow and hydration through the
macropores took place very fast, when compared against the time needed for the hydration
(and swelling) of the clay aggregates. Because of this, there is a clear differentiation between
the first and second swellings. In denser (low permeability) samples, the two characteristic
times (.e. flow through the macropores and aggregates hydration) are similar, and this is
why there is not a marked difference between the first and second swellings. This aspect is
properly controlled through the leakage term used in this formulation. It can be seen that
the model is able to reproduce quite satisfactorily the three observed stages, both in terms

of kinetics of swelling and also maximum swelling pressure values.

INFILTRATION TESTS

Two infiltration tests were performed by CIEMAT (Spain) in cylindrical cells 40 cm long
and 7 cm diameter. They were made of Teflon® to minimize lateral heat conduction, and
were externally covered with steel semi-cylindrical pieces to prevent the deformation of the
cell by bentonite swelling. In one of the tests (GT40) the clay was heated through the
bottom surface at a constant temperature of 100°C. The other test (IT40) was carried out at
isothermal conditions. The cells were instrumented with relative humidity and temperature
sensors placed inside the clay at three different levels separated by 10 cm. The relative

humidity and temperature evolution at different levels inside the clay were recorded. The
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FEBEX clay was compacted with its hygroscopic water content (around 14 %) at an initial
nominal dry density of 1.67 Mg/m”’. Granitic water was injected through the upper part of
the cells (in both tests) at a pressure of 1.2 MPa. Fig. 10a) shows a photo of the cells during
operation, while Fig. 10b) illustrates the experimental setup showing its main components.

More details can be found in Villar and Gémez-Espina (2009).

The tests were modeled with two different THM approaches: i) a single porosity model,
using an equivalent porosity, and ii) a double porosity model that distinguishes the two
basic pore levels present in this material (i.e. Fig. 7c). As for i), the model known as
Operational Base Case (OBC) was adopted in this study. The OBC model was used in a
number of simulations related to other FEBEX experiments, and it can be considered as a
‘standard’ approach to analyze this type of problem. The OBC has been extensively
reported in the literature (e.g. Villar et al.,, 2008; Gens et al., 2009, Sanchez et al., 2012.a,
2012.b). The main constitutive laws and model parameters of the OBC model are
presented in Table 4. As for the double porosity/structure model (coded as ‘DS’), the same

constitutive equations presented in the previous sections were adopted in this analysis.

Fig. 11a) presents the results in terms of relative humidity for the cell IT40; Fig 11b) shows
similar results for the cell GT40; and Fig 11c) presents the time evolution of temperature
for test GT40. In these three plots the experimental data is represented with symbols, the
OBC results with dash lines, and the DS outputs with solid lines. All the results are
presented for a period of 10 years. As for the relative humidity, it can be seen that the OBC
model predict a relatively quick saturation of the clay, faster than the experimental values in
both cells. A similar trend was observed in the ‘mock-up test’, which is a large clay-barrier

heating test that is being carried out at CIEMAT facilities in the context of the FEBEX
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project (e.g. Sanchez et al.,, 2012.a). The results from the DS model are quite close to the
actual observations for all the positions analyzed and for both cells. As for the evolution of
temperature, both models reproduce quite well the thermal field in the GT40 cell. The
OBC model tends to predict higher temperatures, particularly at advanced stages of the
test. This is because of the higher saturation predicted by this model and the associated

higher thermal conductivities impacting in the predicted thermal field.

In this type of clay, the water flow takes place through the macropores mainly. During clay
hydration the stiffer clay-aggregates tend to expand and to close the soft-macropores (this
is particularly critical under confined conditions); which lead to a reduction of the
permeability associated with the macropores. The swelling of the microstructure is also
associated with an increase of the microporosity and permeability related to this pore
structure. However, the water at the microstructural level is strongly attached to the clay
minerals. Therefore this water does not move easily under pressure gradients. For example,
some works have reported that density of the absorbed water can be around 1.38 Mg/m’
(Skipper et al, 1991), and the water viscosity can be higher up to a factor of seven
(Ichikawa et al., 2002). This implies that the water mobility through the micropores is very
limited. This clay-water behavior (i.e. high water density and viscosity) implies that the
coefficient of permeability of the microstructure is around one order of magnitude smaller
than the one of the macrostructure. The final outcome of these two phenomena (i.e.
reduction of macroporosity induced by the expansion of the stiff-clay-aggregates and the
limited mobility of the microstructural water) is that during wetting the pore structure of
the bentonite evolve, affecting the kinetic of hydration and leading to a global decrease of

the soil permeability.
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Figures 12 presents the variation of the pore spaces during hydration in terms of void
ratios for the test GT. Fig. 12a) presents the distribution of global void ratio (i.e.

e:V_v:elJrez _VYutVe) at different times. As expected, the model predicts higher void

V. V.

S S

ratios near the hydration front due to clay swelling; and shrinkage near the heater. Fig 12b)
shows that he micro-porosity tend to increase during hydration due to the wetting and
swelling of the active clay minerals (which are associated with the microstructural level in
this model). This microstructural expansion under confined conditions, tend to compress
the macropores (Fig 12c¢)) and therefore, to reduce the clay permeability, delaying the
hydration process. It can be observed that the double porosity model in conjunction to the
double structure mechanical law plays an instrumental role in propetly predicting the clay

barrier behavior.

CONCLUSIONS AND REMARKS

In many engineering problems the use of a double porosity formulation is more realistic
because it is possible to take explicitly into account the different phenomena that take place
in each void level, with their respective constitutive laws, parameters and also their mutual
interactions. In this work a fully coupled THM formulation for dual porosity materials was
proposed. The formulation is very general and able to incorporate different constitutive
laws for the mechanical, hydraulic and thermal problem for each pore level considered. The
formulation was implemented in the finite element program CODE_BRIGHT and it was
used with success to solve problems related to double structure media, involving
heterogonous man-made soils made up from high-density clay-pellets mixtures, and also

compacted expansive soils.
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It was observed that the double porosity framework was able to capture features of soil
behavior that is not possible to reproduce with single porosity approaches. In particular,
the double porosity model was capable to simulate the presence of more than one swelling
stages in expansive materials, and explain the kinetic of swelling observed in samples
prepared at different dry densities. It was also able to model the slow rate of hydration
observed in infiltration tests. Experiments at constant temperature and with thermal
gradient were analyzed. Thanks to the explicit inclusion of the two pore levels (very
characteristic of expansive clays) in the analysis, the model was able to simulate the
expansion of clay minerals under confined conditions, with the consequent reduction of

macroporosity and its effect on permeability.
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APPENDIX

The BBM model is adopted to describe the behavior of medium 1, also identified as
macrostructure. The corresponding yield surface (Fic) is given by (25) and the plastic

potential (G) is expressed as:

G=a63ﬁ{gf_(fgoj M (p+p,)( 2= 1)=0 (A1)

where o is determined according to (Alonso et al., 1990) . The dependence of the tensile

strength on suction and temperature is given by:

b= ks ™ (A2)
where £ and p are model parameters. The dependence of py on suction is given by:

Aoy~

@) p, = 1. (};ijwk ; b) pi, = py +2(@ AT +a, AT |AT]) (A3)

where p. is a reference stress, a1 and @ are models parameters. A ¢ is the compressibility
parameter for changes in net mean stress for virgin states of the soil. This parameter

depends on suction according to:

ﬂ(;) = /1(0) |:r+(l—r)exp(—§51 )] (A4)

where 7 is a parameter which defines the minimum soil compressibility (at infinite suction)
and Cis a parameter which controls the rate of decrease of soil compressibility with

suction. The macrostructural bulk modulus (K) for changes in mean stress is evaluated with

the following law:
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=, (a9
where K'is evaluated according to.
K=k, (1+a,s,) (A6)

The macrostructural bulk modulus for changes in suction is computed considering the
following law:

g - re)l*pe) -

K

5

where k; is evaluated according to.
K, =1<I0(1+ocfplnp/pw) (AS)

The microstructural bulk modulus (K») can be calculated according to the two possible

equations as follows, depending on the microstructural model adopted (Sanchez, 2004):

-a, p ¢
' B (1+€2)
a) K, = eﬂm : b)K, = .

V. (A9)

where @, and f, are model parameters for the exponential model A9a), and k2 is a model

parameter for the model A9b).

The global bulk modulus can be calculated as follows:

-1

11

K=| —+— (A10)
Kl KZ

The shear modulus is calculated through:

_40 -



~3(1-2u)K
816 G,_—Z(Hﬂ) (A11)

817  The macrostructural bulk modulus for changes in temperature is computed considering the

818 following law:

1

819 K, =— ——
" (a, +a,AT)

(A12)

820  where &, and o, are parameters related to the elastic thermal strain.
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Notation
o phase index, s solid, I liquid, g gas. FaL Neutral Line
Ol parameter related to the plastic potential f interaction function between structural
levels
o0 parameter for elastic thermal strain fij external mass supply per unit volume of
medium (i=w,a,; j=1,2)
ol parameter that relates p,”~ with T fg Internal/external energy supply per unit
volume of medium (j=1,2)
o parameter for elastic thermal strain g gravity vector
o3 parameter that relates p,”~ with T G plastic potential
Olm parameter controlling the microstructural soil Gt shear modulus
stiffness
Os parameter related to the soil stiffness g lode angle function
Y Fn slope I identity matrix
AT temperature increment (T- To) iaj non-advective mass flux (i=w,a; o=1,g;
1=1.2)
T 1 H Hp—
€ strain vector. {8,\(,8‘},,8%, v W?’W}/R} lej non-advective heat flux (j=1,2)
. . . J 2" stress invariant of deviatoric stress
g elastic strain increment due to stress changes
tensor
3 J'Ej advective energy flux in a—phase with
€ plastic strain increment due to stress changes respect to a fixed reference system
(=1.2)
? . . . .
g . . . . - vective energy flux in hase with
'l plastic volumetric strain of medium 1 Ve advective ene gy_ ! a_—p ase wit
respect to the solid phase (j=1,2)
sz jlaj total mass flux of i-species in a—phase
plastic volumetric strain of medium 2 with respect to a fixed reference system
(=1.2)
Tsi elasto-plastic vector associated with suctionj | jy; total mass flux of i-species in a—phase
(i=12) with respect to the solid phase (j=1,2)
¥r elasto-plastic vector associated with Kej permeability tensor (e=l,g9; j=1,2)
temperature
I mass exchange term (i=w,a) K; intrinsic permeability tensor ( j=1,2)
% leakage parameter Kraj a—phase relative permeability (o=l,g;
j=1.2)
¢, ¢j porosity , medium porosity (j=1,2) K global bulk modulus
o reference porosity Ks bulk modulus for changes in suction
(medium 1)
Ko saturated elastic stiffness parameter for changes | Kt bulk modulus for changes in temperature
in stress
K elastic stiffness parameter for changes in stress | K; bulk modulus for changes in mean stress
at current suction for medium j (j=1,2)
K macrostructural elastic stiffness parameter for | k parameter describing the increase in
changes in suction cohesion with suction
A global thermal conductivity LC Loading-Collapse yield surface (BBM )
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thermal conductivity of the o phase (a=s, |, )
thermal conductivities of the fully saturated soil
thermal conductivities of the fully dry soil

macrostructural stiffness parameter for changes
in net mean stress for virgin states of soil at
suction s;

retention curve parameters

Poisson’s coefficient

dynamic viscosity of a—phase (e=1,g9; j=1,2)
Lode’s angle

(= pm.o);j )mass of i-species in a—phase per unit

volume of a—phase (i=w,a; a=1,g; j=1,2)
mass fraction of i-species in a—phase (i=w,a;
a=1,9; j=1,2)

parameter that relates cohesion and T

solid density

mass of a—phase per unit of volume of
a—phase (e=1,9; j=1,2)

,
total stress vector. {Gx 50,505,750, 5T }

I3

net stress vector (o, — Ipg)

parameter controlling the rate of increase of
macrostructural soils stiffness with suction.
elastic matrix

elasto-plastic matrix

internal energy of a—phase per unit mass of «
phase

internal energy of i-species in a—phase per unit
mass of i-species ( j=1,2)

void ratio of medium j (j=1,2)

BBM vyield surface

c
m

Paj

Po, Pd

-OKU)

bo

Po

pOT

Qoj

Uj

V, Vy
Vvl, Vv2

plastic mechanism related to BBM
auxiliary unit vector m"™ = (1,1,1,0,0,0)
slope of critical state line

fluid pressure of the a—phase (a=l,g;
1=1.2)

retention curve parameters

generalized effective stress of medium?2

mean net stress

reference stress

net mean yield stress at current suction
and temperature

net mean yield stress for saturated
conditions at reference temperature

net mean yield stress for saturated
conditions at current temperature
volumetric flux of a—phase with respect
to the solid (e=l,g9; j=1,2)

parameter defining the maximum
macrostructural soil stiffness
volumetric fraction of pore volume
occupied by a—phase (e=l,g; j=1,2)
suction of medium j (pg-p;; j=1,2)

temperature (To = reference temperature)

time factor
Time

solid displacement vector
excess pores pressures (j=1,2)

volume, volume of voids

V, of medium 1 and 2




Table 1. Main parameters of the elasto-plastic constitutive law presented in Section 4.1

Parameters defining the Barcelona Basic Model for macrostructural behavior

Ko o K. y7, p-(MPa) r 4 Aw P
(MPa)

0.125 -0.131 0.013 0.40 0.20 0.80 8.00 0.50 8.00

Parameters defining the law for microstructural behavior

Kio (oA X

0.125 -0.131 1

Interaction function

f =-1+3(1-p/ p0)3




Table 2. Parameters related to the flow problem presented in Section 4.2
Parameters defining the retention curve
Py (MPa) Po; (MPa) A=Az A=Az Puyr= Pi (MPa)
50 1100 0.60 2.40 1100
Parameters defining the permeability law
ko 1(m?) & b n
3.20 107 0.40 27 3

Leakage parameter (kg s' m™> MPa') = 4.0x107




Table 3. Main parameters of the elasto-plastic constitutive law presented in Section 5.1

Parameters defining the Barcelona Basic Model for macrostructural behavior

Ko a K u o | pMPa) oy 4 A0 20 (MPa)

0.125 | -0.137 | 0.013 0.40 0.20 0.80 8.00 0.50 10.0M | 7.59 | 5.59

W pe= 1.6 Mg/m3; @ pa= 1.5 Mg/m3; @ py= 1.4 Mg/m>

Parameters defining the law for microstructural behavior

a,, (MPa™) £, (MPa™) *

20 6702 21 6—03 1

Interaction functions

f. =1+0.9tanh(20(p/ p,)—0.25)
fs =0.8—1.1tanh(20( p/ p,)—0.25)




Table 4. Main parameters of the elasto-plastic constitutive law presented in Section 5.1

Equation Variable name Equation Parameter relationships Parameters
Constitutive equations
2
, Liquid and gas -k Kro VP o=l ¢ (1-¢,) ko=1.9 &2 m?; ng = 0.40;
. - — - =1 k = I
Darey’laws | civective flux | 0 . (VR.=p.0) g & (1-¢) & k, =S, n=3
23

- Vapour non o w : w . 2 (273.15+T) _

Fick's law advective flux | 16 = ( #0,S,z D1+ p,D, ) Vo | Di=59x10" 2" =08
. Conductive i _as. q(1-se) Asa=1.15
Fourier'slaw | = © I, =—AVT A=A Adry =047
N
Retention Phase degree | . | (s )™ i & g = Si—Sy Po=28 MPa; 1=0.18
curve of saturation e = P P, ° S-S, S =1-§, P¢=1100MPa; A¢=1.1
. 7 ! T 0 (ﬂ(o)_’() Z F_?_Ly (D+PS)(P0—D)— Y ) y4 PO*:14 MPa
Mechanical y ‘ -0 75
Constitutive Stress Tensor | « ! : —fks e T oy = +2(a, AT ATIAT r=0.75; =0.05
Model LI LN po=ks 5 iy =+ 2@ AT+ ATIAT]) | b0 10MPa; M=15
" (14e) p (14e)(s+0.1) 1 =2 1 k=0.1; v=0.4
) (= Ao Lr+(1=r)exp(=¢r )] 01=1.5x10" [1/C]; p=0.2
+(a, +0,AT)T Mechanical model from Alonso et al. (1990) & Gens (1995)
vy | Liquid density =1002.6exp(4.5x107 (P —0.1)=3.4x107*T) _ py= ideal gas law
Phase density | density P : eXP( 55107 (B, —0.1) =34 ) : Pg
Liquid 27315+ 7T)"
Phase viscosity R, =148x10"" exp (@15+T) 119 )
viscosity G . it =2 1x10°2 1808.5
as viscosity W, =2.1x exp m (27315+T)

Equilibrium restrictions

Henry’s Law

Air dissolved
mass fraction

eﬂ_ / _Z)aMa
/_(Dap/—EM P,

Psychometric
Law

Water vapour
dissolved mass
fraction

0 YM
911' — 9”/‘ W
=(0) eXp[R(273.15+T)p,]

M P

w>o(T)

» 0_
() T R(273.15+7T)







Figure 1 Click here to download Figure Figure 1.pdf =

Clay- pellets

Figure 1. Clay-pellets.


http://www.editorialmanager.com/jrngmeng/download.aspx?id=205087&guid=16bf0696-d81e-4235-8030-fafcb47959d9&scheme=1
http://www.editorialmanager.com/jrngmeng/download.aspx?id=205087&guid=16bf0696-d81e-4235-8030-fafcb47959d9&scheme=1

Figure 2 Click here to download Figure Figure 2.pdf =

Leakeage

@ . Leakeage
. s s

A

S
A
8 A G
: T A L,
Fractured porous Fractured Porous matrix
a) medium continuum continuum Clayey porous Interconnect'ed Clay matrix
b) medium macroporosity

Figure 2. Schematic representation of double porosity concept, application to: a) fractured rocks, fissured clays (modified after Ghafouri and Lewis, 1996); b)
expansive double structure clays.
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Figure 3.a) Three dimensional representation of the BBM yield surface adopted for the macrostructure.
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Figure 4. Serrata clay (also known as FEBEX bentonite): a) intrinsic permeability, and b) soil water retention curve

(Huertas et al., 2000).

Click here to download Figure Figure 4.pdf

*


http://www.editorialmanager.com/jrngmeng/download.aspx?id=205090&guid=5c89f960-1c9c-4e6c-93f8-4f17b2b3d831&scheme=1
http://www.editorialmanager.com/jrngmeng/download.aspx?id=205090&guid=5c89f960-1c9c-4e6c-93f8-4f17b2b3d831&scheme=1

Figure 5

Click here to download Figure Figure 5-rev.doc

*

Swelling pressure (MPa)

. 1 200
o2 @00 000000 000 d
+ 150
+ 100
O P (test)

=D (model)

] + 50
& Wi (test)

—— Wi (model)
-ttt 0
10 15 20 25 30

Time (days)

Water intake (cm?)

b)

Porosity / Initial medium porosity

o o —_ —_ —_ —_ —_ —_
o O (e} — \S] (&S} N o
TR A B R A MR B AA !

I
\1

O AN
¢ medium 1 - macro (cen) £
A
A medium 2 - micro (cen) |A
A
A
A
A
A
A
A&

e

1 10

Time (days)

100

Suction (MPa)

200 -

150 |

—_
e
e}
I
T

1l §; macro(sup)
50 1l a s, micro (sup)

1| ¢ 5, macro (cen)

1| & 5, micro (cen)

0.10

1.00
Time (days)
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terms of swelling pressure and water intake versus time, b) evolution of macro and micro porosity at the center of the sample, ¢) time evolution of the

suctions of in medium 1 and 2 (model results only).
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Figure 6. a) Evolution of intrinsic permeability in a zone close to the hydration boundary. b) Variation of porosity of medium 1 (macro) and 2 (micro) versus

swelling pressure.
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Figure 7. FEBEX bentonite: a) granulated raw material, and b) compacted sample, and c) mercury intrusion
porosimetry tests of FEBEX bentonite (modified after Lloret et al., 2003).
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Figure 8 High-pressure oedometer: a) photo, and b) schematic representation showing its main

components.
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Figure 9. Evolution of swelling pressures tests at three different densities. Symbols represent

experimental data and lines model results.
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Figure 10. Infiltration cells: a) photo during operation, isothermal, 140 (left) and thermal gradient,
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Figure 11. Plots showing experimental data and numerical results for the double structure (DS) and operational base case
(OBC) models related to the cells GT40 and IT 40, results up to 10 years: a) time evolution of relative humidity cell
IT40, b) time evolution of relative humidity of GT40; and ¢) time evolution of temperature GT40
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Figures captions

Figure 1. Clay-pellets.

Figure 2. Schematic representation of double porosity concept, application to: a) fractured rocks,

fissured clays (modified after Ghafouri and Lewis, 1996); b) expansive double structure clays.

Figure 3.a) Three dimensional representation of the BBM yield surface adopted for the

macrostructure. b) Schematic representation of the expansive model on the p-s plane.

Figure 4. Serrata clay (also known as FEBEX bentonite): a) intrinsic permeability, and b) soil water

retention curve (Huertas et al., 2000).

Figure 5. Swelling pressure test ‘Reseall6’ (experimental data from Volckaert et al, 2000): a)
comparison of eexperimental data against numerical results in terms of swelling pressure and water
intake versus time, b) time evolution of the suctions of in medium 1 and 2 (model results only), c)

evolution of macro and micro porosity at the center of the sample.

Figure 6. a) Evolution of intrinsic permeability in a zone close to the hydration boundary. b) Variation

of porosity of medium 1 (macro) and 2 (micro) versus swelling pressure.

Figure 7. FEBEX bentonite: a) granulated raw material, and b) compacted sample, and ¢) mercury

intrusion porosimetry tests of FEBEX bentonite (modified after Lloret et al., 2003).

Figure 8 High-pressure oedometer: a) photo, and b) schematic representation showing its main

components.

Figure 9. Evolution of swelling pressures tests at three different densities. Symbols represent

experimental data and lines model results.
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Figure 10. Infiltration cells: a) photo during operation, isothermal, 140 (left) and thermal gradient,

GT40 (right); and b) experimental setup showing the main components.

Figure 11. Plots showing experimental data and numerical results for the double structure (DS) and
operational base case (OBC) models related to the cells GT40 and I'T 40, results up to 10 yeats: a)
time evolution of relative humidity cell IT40, b) time evolution of relative humidity of GT40; and c)

time evolution of temperature GT40

Figure 12. Evolution of different void ratio values along the cell at different times: a) global void

ratio, b) micro void ratio, and ¢) macro void ratio.



