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 34 

ABSTRACT 35 

This work presents a fully coupled formulation developed to handle engineering problems 36 

in unsaturated (and saturated) soils that present two dominant void levels. The proposed 37 

framework assumes the presence of two porous media linked through a mass transfer term 38 

between them. In its more general form, the proposed approach allows the consideration 39 

of non-isothermal multiphase flow coupled with the mechanical problem. The double 40 

porosity formulation was implemented in a finite element code and it has been used to 41 

analyze a variety of engineering problems. The approach is especially suitable for cases in 42 

which the material exhibits a strong coupling between the mechanical and the hydraulic 43 

problems in both media, as for example swelling clays. For those types of problems the 44 

proposed formulation is used in conjunction with the mechanical double structure model 45 

already proposed by the authors. This paper presents the coupled formulation and the 46 

application of the proposed approach to problems involving expansive unsaturated clays. 47 

Very satisfactory results were obtained in these analyses. 48 

 49 

50 



INTRODUCTION 51 

Often, saturated and unsaturated soils exhibit a double porosity. For example, in many 52 

compacted soils (especially when compacted on the dry side) the fabric is composed by an 53 

assembly of quasi-saturated aggregates forming a rather open structure that must be 54 

distinguished from the soil microstructure itself. Expansive clays typically exhibit a clear 55 

dual porosity with two dominant void sizes, namely: the macropores (or inter-aggregate 56 

voids) and the micropores (or intra-aggregates voids). In other cases, the double structure is 57 

directly related to the material manufacturing, for instance in seals composed of high-58 

density clay-pellets (Fig. 1). The need to distinguish between different kinds of voids can 59 

also be found in other type of engineering problems involving fractured rocks and/or 60 

fissured soils, where the distinction between the pore levels associated with matrix and 61 

joints is necessary to achieve a good representation of the problem. 62 

The analysis of problems like the ones listed above is generally performed using single 63 

porosity models, assuming average material properties over an elementary representative 64 

volume. However, such kind of approaches fall short in properly capturing the behavior of 65 

soil that exhibits a clear double porosity. In this paper, an existing fully coupled Thermo-66 

Hydro-Mechanical (THM) formulation for single porosity media (Olivella et al., 1994) is 67 

extended to double porosity media with the aid of the double porosity theory (e.g. 68 

Barrenbaltt et al., 1960; Warren and Root, 196; Aifantis, 1980). Double porosity models 69 

consider the porous medium as two interacting continuous media coupled through a 70 

leakage term that controls the mass transfer between them. This simple idea allows 71 

extending many of the concepts and laws typically used in single porosity models to 72 

problems in which it is necessary to account for the different type of void levels present in 73 

the material.  74 
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The double porosity theory has been extensively used in different fields. The earlier 75 

applications are related to the modelling of ground water and oil flow in fractured 76 

reservoirs. Barrenblat et al. (1960) and Warren and Root (1963) used the double porosity 77 

theory to model saturated flows in non-deformable media. Later on, this theory was 78 

extended to deformable media by Aifantis (1980), and was widely used to model problems 79 

involving deformable fractured/fissured porous media (e.g. Wilson and Aifantis, 1982; 80 

Ellsworth and Bai, 1992; Musso and Federico, 1993; Bai et al., 1994; Ghafouri and Lewis, 81 

1996; Khalili et al., 1999; Callari and Federico, 2000). The double porosity theory has been 82 

extended to the case of multiphase flow, in particular to applications related to oil 83 

production in fractured media (e.g. Lewis and Ghafouri, 1997). The effect of temperature 84 

has also been considered in dual porosity media (e.g. Master et al., 2000, Khalili and 85 

Selvadurai, 2003). The double porosity models have also been widely used to solve solute-86 

transport problems in which the matrix diffusion is a relevant phenomenon (e.g. Carrera et 87 

al., 1997; Birkholzer et al., 2000). Double structure concepts have been used to describe the 88 

mechanical behavior of swelling materials (Alonso et al., 1991, 1998; Hueckel, 1992; Gens 89 

and Alonso, 1992; Sánchez et al., 2005, 2012.b; Mašín, 2013). More recently, Borja and 90 

Koliji (2009) applied double porosity concepts and continuum principles of 91 

thermodynamics to derive an expression for the effective stress tensor in multiphase 92 

porous media displaying two porosity scales. The double porosity theory/concept has been 93 

extensively used in the past. Therefore, the review presented above does not pretend to 94 

cover all the published works in this subject.  95 

Concerning the treatment of the mechanical problem, different assumptions have been 96 

made in double porosity theories. For instance, in some problems the compressibility of 97 



the fractured/fissured media was ignored and only the deformation of the matrix domain 98 

was considered (e.g. Ghafouri and Lewis, 1996; Lewis and Ghafouri, 1997; Master et al., 99 

2000). Another common hypothesis considered when modeling the consolidation 100 

processes in fractured or fissured materials is that the behavior of the whole medium is 101 

elastic and average mechanical properties of the media are adopted (e.g. Wilson and 102 

Aifantis, 1982; Ellsworth and Bai, 1992; Bai et al., 1994; Musso and Federico, 1993). 103 

Previous double porosity formulations, and their applications, have been limited to elastic 104 

media. The formulation presented in this work is capable of considering independent 105 

mechanical constitutive laws models for each medium, including nonlinear and elasto-106 

plastic mechanical models. It is also able to consider unsaturated flow under non-107 

isothermal conditions. Special attention is paid to the incorporation of the hydro-108 

mechanical couplings in the governing equations. The proposed double porosity 109 

formulation has been implemented in the finite element program CODE_BRIGHT 110 

(Olivella et al., 1996), and it has been used to analyze a variety of problems, including the 111 

behavior of unsaturated clay barriers and seals intended for the isolation of nuclear waste 112 

using an advanced elasto-plastic mechanical model. 113 

THEORETICAL FRAMEWORK 114 

A good schematic representation of the double porosity concept is presented in Fig. 2a) for 115 

the case of fractured/fissured porous media, where two overlapping continua are 116 

distinguished: i) a porous medium ‘1’, accounting for the discontinuities; and ii) a porous 117 

medium ‘2’, representing the porous matrix. The mass transfer between both sub-domains 118 

is controlled by a leakage term. A similar conceptual model can be adopted for expansive 119 

materials in which two different structure of pores can generally be distinguished (Fig.2b): a 120 
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medium ‘1’, associated with the macro (or interaggregate) pores between the clay 121 

aggregates, and ii) a medium ‘2’ associated with the clay matrix.  122 

The concepts described above have been used in this work to extend an existing fully 123 

coupled THM formulation for single porosity media to deal with problems involving 124 

materials presenting two porosity scales. The starting point is the THM formulation 125 

proposed by Olivella et al. (1994) and the associated finite element program 126 

CODE_BRIGHT. This formulation and code have been widely validated and satisfactorily 127 

applied in different geo-engineering problems (e.g. Gens et al., 1998; 2009; Alonso et al., 128 

2005; Sánchez et al., 2012.a, 2011.b).  129 

The main basic assumptions of the double porosity formulation presented in this paper are 130 

summarized as follows: 131 

 Two overlapping porous media have been considered, with the definitions of two 132 

different global porosities:   133 

  1
1) vV

a
V

 ;               2
2)  vV

b
V

 ;               1 2)  c  (1) 

where 1, 2, are the porosities related to medium 1, 2 and total, respectively. 134 

Vv1, Vv2  and V are the volume of voids medium 1, 2 and total, respectively.   135 

 Fluid pressures, permeability, partial saturation and other properties can be 136 
(separately) considered for each porous medium. 137 

 Stress-small strain constitutive laws can be defined for each porous medium.  138 

 Multiphase flow is considered for each domain. 139 

 Mass transfer between the porous media is controlled through leakage terms. 140 



 Thermal equilibrium between phases and media is assumed.  141 

 The relevant THM phenomena are considered in a fully coupled way. 142 

 The boundary conditions can be prescribed on both media. 143 

It is also assumed that the porous media are made up of three phases: solid, liquid and gas. 144 

The liquid phase contains water and dissolved air whereas the gas phase is made up of dry 145 

air and water vapor. The problem is approached using a multi-phases, multi-species 146 

formulation that expresses mathematically the main coupled THM phenomena in terms of: 147 

balance equations, constitutive equations and equilibrium restrictions. In the following 148 

sections these three main components of the formulation are presented.  149 

BALANCE EQUATIONS 150 

The compositional approach was adopted to establish the mass balance equations. This 151 

implies that mass balances of species (rather than phases) are established. In this way the 152 

phase change terms do not appear explicitly in the governing equations (Olivella et al., 153 

1994). The subscript identifies the phase (s for solid, l for liquid and g for gas), while the 154 

superscript indicates the species (w for water, and a for air). It has been assumed that the 155 

mineral coincides with the solid phase. The rest of the notation is indicated in notation.  156 

SOLID MASS BALANCE EQUATION 157 

The balance of the mineral can be expressed as (Olivella et al., 1994): 158 

    
  

      
  

1 1 0s s
t

u  (2) 
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where s is the solid density and 


u is the solid velocity vector. A more convenient form of 159 

the balance equations is obtained considering the definitions of material derivate with 160 

respect to the solid velocity (i.e. Olivella et al., 1994):  161 

 
 

 
 

   
       

 

1 1
1 . 1us s

v

s s

D DD

Dt Dt Dt
 

(3) 

where 
 

  v.u  is the increment of the total volumetric strain. This equation shows that 162 

the variation of porosity in time is related to the porosity changes induce by the variations 163 

in solid density, plus the porosity variations caused by volumetric deformation of the soil 164 

skeleton. Considering Eq. (1c) and assuming that the total volumetric strain can be written 165 

as the sum of contributions from each medium (i.e.
  

    v1 v2v ), Eq. (3) can be expressed 166 

as:   167 

 
 

      
         

  

1 2
1 21 2

1
1s

v v

s

DD D D

Dt Dt Dt Dt
 

(4) 

WATER MASS BALANCE EQUATION 168 

Applying double porosity concepts, the water mass balance equation for each medium j 169 

(j=1,2) can be expressed as: 170 

     
1

. 1
jw w w w w w

lj lj j gj gj j lj gj jS S f
t


          


j j

                1, 2j   
(5) 

where lj
w and gj

w are the mass of water per unit volume of liquid and gas phases of 171 

medium j; Sj is the volumetric fraction of the pore volume occupied by the  phase (=l, 172 



g) in medium j; jlj
w and jgj

w denote the total mass fluxes of water in the liquid and gas phases 173 

in medium j with respect to a fixed reference system; fj
w is the external mass supply of water 174 

per unit volume of medium j; and w is the term related to the mass exchange term 175 

between the two porous media. A quasi-steady model (e.g. Huyakorn, 1983) was adopted in 176 

this work for the mass transfer term, as follows:  177 

   1 2

w

l lP P  (6) 

where  is the leakage parameter. A more refined treatment of this term can be made 178 

through unsteady models (e.g. Huayakorn et al., 1983, Kazemi et al., 1976).  179 

The water flux in each phase of a medium j is expressed as: 180 

 

         'w w w w w w w

lj lj lj lj lj lj j lj lj lj jS Sj i q u j u ;        1, 2j   (7) 

 

         'w w w w w w w

gj gj gj gj gj gj j gj gj gj jS Sj i q u j u  ;        1, 2j   (8) 

where ilj
w and igj

w are the non-advective fluxes of water in the liquid and gas phases; j’lj
w and 181 

j’gj
w denote the total mass fluxes of water in the liquid and gas phases in the medium j with 182 

respect to the solid phase that are obtained as the sum of non-advective (i.e. ilj
w and igj

w) and 183 

advective (Dracys’) fluxes (i.e. w w

lj gjandq q ) associated with the motion of the phases in 184 

each medium j. Equations (7) and (8) also account for the movement of the water induced 185 

by the solid displacement 


u (i.e. the water that is dragged by the soil during deformation). 186 

 187 
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After applying the concept of material derivative, and following an approach similar to the 188 

one described in Olivella et al. (1994), the following form of the water mass balance 189 

equations is obtained: 190 

   
 

 

   






   
            

   

      

1

1

1

. ' ' 1 1, 2

j

w w w w s
vjj lj lj gj gj lj lj gj gj

s

jw w w w

lj gj j

DD
S S S S

Dt Dt

f jj j
 

(9) 

AIR MASS BALANCE EQUATION 191 

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

to the explained above: 193 

   
 

 

   






   
            

   

      

1

1

1

. ' ' 1 1, 2

j

a a a a s
vjj lj lj gj gj lj lj gj gj

s

ja a a a

lj gj j

DD
S S S S

Dt Dt

f jj j
 

(10) 

where lj
a and gj

a are the masses of air per unit volume of liquid and gas respectively in the 194 

medium; jlj
a and jgj

a denote the relative mass fluxes of air in the liquid and gas phases, with 195 

respect to the solid phase; fj
a is the external mass supply of air per unit volume of j medium; 196 

and a is the term related to the air mass exchange between the two media. In a similar 197 

way, a quasi-steady model was also adopted for the air transfer term, as follows:  198 

   1 2

a

g gP P  (11) 

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



 

         'a a a a a a a

lj lj lj lj lj lj j lj lj lj jS Sj i q u j u ;        1, 2j   (12) 

 

         'a a a a a a a

gj gj gj gj gj gj j gj gj gj jS Sj i q u j u ;        1, 2j   (13) 

where ilj
a and igj

a are the non-advective fluxes of air in the liquid and gas phases; j’lj
a and j’gj

a 200 

denote the total mass fluxes of air in the liquid and gas phases in the medium j with respect 201 

to the solid phase; which are obtained as the sum of non-advective (i.e. ilj
a and igj

a ) and 202 

advective (Dracys’) fluxes (i.e. a a

lj gjandq q ) associated with the motion of the phases in each 203 

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

the solid displacement 


u (i.e. the air that is dragged by the soil during deformation). 205 

ENERGY BALANCE EQUATION  206 

The balance of energy is expressed in terms of internal energy. Thermal equilibrium 207 

between phases and media is assumed. Therefore, at a given material point, the temperature 208 

is the same for all the phases and only one equation related to the total energy for the 209 

whole porous medium is required. Generally, the flow in porous media is very slow 210 

(especially in clayed soils/rocks), therefore this assumption can be considered valid in many 211 

applications. However, if the complexity of the problem (e.g. fluid injection in highly 212 

fractured rocks) justifies the necessity of a more detailed treatment of this equation, the 213 

formulation can be upgraded to consider different temperatures in the two media and 214 

phases.  215 

Extending the approach adopted by Olivella et al. (1994) to double porosity media, the 216 

total internal energy per unit volume of porous medium was calculated by adding the 217 

internal energy of each phase in each media, as follows:  218 
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   


         
2

gj

1

1 1, 2s s lj lj lj j gj gj j

j

E E E S E S j  (14) 

where Es is the specific internal energies corresponding to the solid phase; Elj  and Egj are 219 

the specific internal energies corresponding to the liquid and phases, respectively, of the 220 

medium j; and lj and gj are the liquid and gas phase densities. The gas phase internal 221 

energy equation adopted by Olivella et al. (1994) can be extended to double porosity media 222 

as:  223 

           gj 1, 2w w a a w w a a

gj g gj g gj gj g gj g gjE E E E E j  (15) 

where Ew
g and Ea

g are the specific internal energies of water and air in the gas phase, 224 

respectively; w
gj and a

gj are the mass fractions of water and air in the gas phase, 225 

respectively, per medium j. As in Olivella et al. (1994), this additive decomposition is also 226 

used for the liquid phase, and extended here for double porosity media: 227 

            1, 2w w a a w w a a

lj lj l lj g lj lj l lj g ljE E E E E j  (16) 

where Ew
l and Ea

l are the specific internal energies of water and air in the liquid phase, 228 

respectively; w
gj and a

gj are the mass fractions of water and air in the liquid phase, 229 

respectively, per medium j. The specific internal energies for the individual species are 230 

(Batchelor, 1983; Pollock, 1983, and Gens and Olivella, 2001): Ew
l =4180.0 (T-T0) [J/kg]; 231 

Ew
g =2.5e6+1900.0 (T-T0) [J/kg]; Ea

g =1006.0 (T-T0) [J/kg], and Ea
g =1006.0 (T-T0) [J/kg]. 232 

In these expressions T0 is the reference temperature and T is [◦C]. It can be noted that the 233 



specific internal energy of the vapor (i.e. water in gas phase) contains an additional term 234 

that represents the latent heat in vapor. The thermal consequences of 235 

evaporation/condensation are therefore taken into account in a straightforward way (Gens 236 

and Olivella, 2001). As for the internal energy per unit mass of the solid phase, the law 237 

suggested in the FEBEX Report (1998) was adopted in this work:  238 

2 o

s s pE E T c T  (17) 

where the two models parameters are: E0
s = 732.52 [J/kg/T] and cp =1.38 [J/kg/T2] 239 

(FEBEX Report, 1998). This law was adopted here because of the type of problems 240 

presented in this paper, but it can be replaced in problems dealing with other materials.   241 

Using the specific internal energies and the species mass fluxes, the energy fluxes due to the 242 

motion of phases can be written as:   243 

(1 ) 


 
sE s sEj u  (18) 

' ' '   
 

    
lj lj

w w a a

E lj lj lj lj lj lj lj j lj lj lj jE
E E E S E Sj j j u j u ;          1, 2j   (19) 

' ' '   
 

    
gj gj

w w a a

E gj gj gj gj gj gj gj j gj gj gj jE
E E E S E Sj j j u j u ;     1, 2j   (20) 

where j’El and j’Eg are the advective energy fluxes with respect to the solid phase. 244 

Considering the hypothesis and equations discussed above, the internal energy balance 245 

equation is expressed as: 246 
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   

 

2

1

2 2

1 1

1

. 1, 2
lj gj

s s lj lj lj j gj gj gj j

j

E

c Es E E j

j j

E E S E S
t t

f j



 

  
            

   

 
      

 



 i j j j

 

(21) 

where ic is the conductive heat flux; and fj
E is the energy supply per unit volume of medium 247 

j. 248 

This equation is also transformed following a similar procedure to the one explained in 249 

before for the mass balance of energy, the final form of the energy balance equation is 250 

given by: 251 

   

 
 

 

 





 

 

       

   
            

 

 
      

 



 

 

2

1

2 2

1 1

2 2

1 1

1

1

. 1, 2i j j j
lj gj

j lj lj lj gj gj gj s s

j

s
vjlj lj lj gj gj gj s s lj lj lj gj gj gj

j js

E

c Es E E j

j j

D D
E S E S E

Dt Dt

D
E S E S E E S E S

Dt

f j

 

(22) 

MOMENTUM BALANCE (EQUILIBRIUM) 252 

If inertial terms are neglected, the balance of momentum for the porous medium reduces 253 

to the equilibrium equation for total stresses: 254 

  t. 0bσ
 

(23) 

where b the vector of body forces, andt is the total stress tensor (which is common for 255 

both porous media). However, effective/net stresses and fluids pressures are different for 256 



each medium. Therefore strain-rates per each porous medium are computed. A possible 257 

decomposition of strains is: 258 
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where e

j



 and p

j



 are the medium j elastic and plastic strain-rates, respectively. The total 259 

strain rate (


 ) is related to solid velocities through the compatibility condition:  260 
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CONSTITUTIVE EQUATIONS 261 

The constitutive equations establish the link between the unknowns (i.e. Plj, Pgj, T and u) 262 

and the dependent variables. 263 

THERMAL CONSTITUTIVE EQUATIONS 264 

Heat conduction is assumed to be governed by Fourier’s law. As mentioned above, thermal 265 

equilibrium between phases and media was assumed, therefore the following equation can 266 

be used to calculate the conductive heat:  267 

c T i  (26) 

where  is the global thermal conductivity of the porous medium. In this paper the global 268 

thermal conductivity proposed for the FEBEX bentonite based on the geometric mean of 269 

the thermal conductivities of the three phases was adopted (FEBEX Report, 2000):  270 
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where s, l and g are the thermal conductivities of the solid, liquid and gas phases, 271 

respectively; sat and dry are the thermal conductivities of the fully saturated and fully dry 272 

soil, respectively; they can be calculated through: 273 

   1 1
;sat s l dry s g

           (28) 

and: 274 
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The thermal conductivity law can be modified/changed based on the particular materials 275 

involved in the case to be analyzed. 276 

HYDRAULIC CONSTITUTIVE EQUATIONS 277 

Advective fluxes of fluid phases in each medium are computed using a generalized Darcy’s 278 

law: 279 

       j j j jPq K g
                                , ; 1, 2l g j    (30) 

where Pj is the  phase pressure in medium j; and Kj is the permeability tensor of the  280 

phase in medium j, evaluated as: 281 
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where j is the dynamic viscosity of the  phase in the medium j; and krj is the phase 282 

relative permeability of the phase  in the medium j (expressed generally as a function of 283 

the phase degree of saturation, see Eq. (33)); kj is the intrinsic permeability tensor for 284 

medium j that depends on its pore structure (generally expressed through the medium 285 

porosity). Different laws are available to model this dependence, which may be selected 286 

according to the problem to be handled. For example, an exponential law (Eq. 32) was 287 

adapted to model the dependence of medium permeability on medium porosity for the 288 

compacted clay studied in the application case presented later on in this paper.  289 

The non-advective fluxes of species inside the fluid phases, in each porous medium are 290 

computed through the Fick’s law as: 291 

i i i

j j j    i D ;                            , ; , ; 1, 2i w a l g j     (32) 

where Di
j is the dispersion tensor, and j are the mass fractions (Olivella et al., 1994). 292 

Finally, the soil water retention curve (SWRC) establishes the link between the phase 293 

saturations of the medium j and the corresponding medium suction (a specific SWRC 294 

model is presented when studying the application case in a following section).  295 

MECHANICAL CONSTITUTIVE EQUATION 296 

A general form of the mechanical law showing (explicitly) the contributions of strains, 297 

temperature and fluid pressures is: 298 
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  D f t jjj j j j js T  ;                                         j =1, 2 (33) 

where j is the constitutive stress (net or effective stress tensor), j is the strain, s j is the 299 

suction, Dj is the constitutive stiffness matrix, fj is the generic constitutive vector relating 300 

the changes in the fluid pressures and stresses and tj is the constitutive vector relating 301 

stresses and temperature (a specific mechanical model is presented in the application case). 302 

EQUILIBRIUM RESTRICTIONS 303 

It is assumed that the phase changes are rapid in relation to the characteristic times of the 304 

flow problem. Therefore, they can be considered in local equilibrium giving rise to a set of 305 

equilibrium restrictions that must be satisfied at all times. Equilibrium restrictions are given 306 

by the concentration of water vapor in gas phase (computed through the psychometric 307 

law), and for the concentration of dissolved air in liquid phase (evaluated by means of the 308 

Henry’s law). The formulation is completed with the equations related to properties of the 309 

phases for each medium j. 310 

NUMERICAL APPROACH 311 

The equations for double porosity media quoted above were implemented in the finite 312 

element program CODE_BRIGHT. One unknown (or state variable) is associated with 313 

each one of the balance equations presented above, as follows: Plj are related to the water 314 

mass balance equations (Eq. 9) for medium j (j=1,2); Pgj are related to the air mass balance 315 

equations (Eq. 10) for medium j (j=1,2); T is related to the balance of internal energy 316 

equation (Eq. 22); and U is related to momentum balance equation (Eq. 23) The unknowns 317 

are obtained by solving simultaneously the system of PDE’s (Partial Differential Equations) 318 



numerically in a fully coupled way. From state variables, the dependent variables are 319 

calculated using the constitutive equations or the equilibrium restrictions.  320 

The same procedure suggested in Olivella et al. (1996) was followed for the numerical 321 

treatment of the different terms of the balance equations. In summary, it can be mentioned 322 

that the numerical approach can be viewed as divided into two parts: spatial and temporal 323 

discretization. Galerkin finite element method is used for the spatial discretization while 324 

finite differences are used for the temporal discretization. The discretization in time is 325 

linear and an implicit scheme is used. Finally, since the problem presented here is non-326 

linear, the Newton-Raphson method was adopted as iterative scheme.  327 

Linear and quadratic interpolation functions were implemented. Analytical integration was 328 

adopted for segments, triangles and tetrahedrons. Numerical integration is used for 329 

quadrilateral, triangular prisms (6 points) and quadrilateral prisms (8 points). For the 330 

mechanical problem, selective integration was used for quadrilateral and quadrilateral 331 

prisms. Finally, for all elements the flow equations are solved using element-wise and cell-332 

wise approximations (Olivella et al., 1996). The program has an automatic discretization of 333 

time. More details can be found elsewhere (e.g. Olivella et al., 1996; CODE_BRIGHT 334 

User’s Manual, 2015).  335 

ANALYSIS OF AN EXPANSIVE SEAL MATERIAL 336 

In this section the hydration under confined conditions of a seal material intended for the 337 

isolation of nuclear waste is analyzed. The sample was made up of a mixture of clay-pellets 338 

and clay-powder. The pellets are generally fabricated at the factory from highly expansive 339 

clay, obtaining heavily compacted granulated materials (dry density, d ~2.0 Mg/m3). 340 
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The clay-pellet mixtures have been actively studied in the context of the high level waste 341 

repository design (Alonso et al., 1995, 2011; Volckaert et al., 2000; Pasquiou, 2001; 342 

Hoffmann et al., 2007; Gens et al., 2011). This material exhibits the typical response of 343 

expansive soils, among others: large swelling strains under wetting, high swelling pressures 344 

under confinement conditions, macro-structural collapses, more than one swelling stages, 345 

and irreversible behavior. These types of mixtures have a number of convenient 346 

characteristics (and properties) that made them very interesting for constructing barriers 347 

and seals. For example, thanks to the high-density of the clay-pellets, it is possible to 348 

achieve target densities of the barrier with a low compaction effort. This is particularly 349 

useful when a small and/or irregular volume needs to be sealed. Furthermore, these 350 

mixtures are able to satisfy the basic properties imposed to engineered barriers and seals, 351 

such as: very low permeability, mechanical stability for the waste canister, and ability to seal 352 

discontinuities in the emplacement boreholes and drifts. 353 

In these types of mixtures it is possible to distinguish two basic pore levels:  354 

 Medium 1: corresponds to the granular skeleton of the clay mixture 355 

(macrostructure). It is composed by the arrangements of the clay-pellets, the clay 356 

powder (if any), and the macropores between them (Fig. 2b).  357 

 Medium 2: corresponds to the high density pellets and the small pores inside them 358 

(microstructure). 359 

Obviously it may be possible to include more pore levels in the analysis, for example, one 360 

could consider that inside the clay-pellets there are clay-aggregates, with their inter-361 



aggregate and intra-aggregate pores space. In this case three different types of pores can be 362 

distinguished: i) the inter-pellets pores (i.e. the big macro pores between pellets), ii) the 363 

inter-aggregates pores (i.e. pores between clay aggregates inside the pellets); and iii) the 364 

intra-aggregates pores (i.e. the pores inside the clay aggregates). However, in the analysis 365 

presented hereafter, only two basic structural levels were considered, and the pores types ii) 366 

and iii) were associated with the microstructure. If deemed convenient, the approach can 367 

always be extended to include one or more additional pores levels. 368 

In order to properly handle this complex mechanical behavior the double structure (DS) 369 

approach proposed originally by Gens and Alonso (1992) was adopted in this work. This 370 

framework was then upgraded by (among others): Alonso et al. (1999) and Sánchez et al. 371 

(2005). This last version was adopted in this work. The DS model is very appropriate for 372 

analyzing this type of problem, because it explicitly contemplates the two porous media 373 

identified above, as explained below.  374 

DS MECHANICAL MODEL 375 

The double structure constitutive model adopted in this work has been discussed in detail 376 

in previous publications (e.g. Gens and Alonso 1992; Alonso et al., 1999; and Sánchez et 377 

al., 2005, 2012). For sake of completeness, only the main model components are briefly 378 

introduced as follows. The model consists of three main components: i) constitutive 379 

equation for describing the behavior of the macrostructure; ii) a model for describing the 380 

response of the microstructure; and iii) a law for modeling the interaction between the 381 

macro and micro structures.  382 

A modified Barcelona Basic Model (BBM) (Alonso et al., 1990) is adopted for the 383 

macrostructure. The BBM considers two independent stress variables: the net stresses ( 384 
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computed as the excess of the total stresses over the gas pressure (t-Ipg), and the matric 385 

suction associated with medium 1 (s1), computed as the difference between the gas and 386 

liquid pressures (s1=pg- pl1). The elasto-plastic BBM allows the extension of the modified 387 

Cam-Clay model to the unsaturated condition by including a dependence of the yield 388 

surface on matric suction (Fig. 3.a):  389 

where M is the slope of the critical state; po is the apparent unsaturated isotropic pre-390 

consolidation pressure at a specific value of suction; g() is the Lode’s angle function; and ps 391 

considers the dependence of shear strength on suction and temperature. When yielding 392 

take places, the increment of plastic deformations is evaluated through: 393 
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where LC is the plastic multiplier and G is the plastic potential (Eq. (A.1), Appendix). The 394 

hardening law is expressed as a rate relation between the volumetric plastic strain and the 395 

saturated isotropic pre-consolidation stress ‘p*
0’ (Fig. 3a)):  396 
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(36) 



where e is the void ratio; p

v  is the volumetric plastic strain;  is the elastic compression 397 

index for changes in p; and (0) is the stiffness parameter for changes in p for virgin states of 398 

the soil in saturated condition. The trace of the yield surface on the isotropic p-s1 plane is 399 

called the LC (Loading-Collapse) yield curve and it represents the locus of activation of 400 

irreversible deformations due to loading increments or wetting collapse (Fig. 3b). More 401 

details about the BBM are presented in the Appendix.  402 

It is assumed that the behavior of the high-density clay-pellets (medium 2, microstructure) 403 

is mainly volumetric and controlled by a non-linear elastic law:  404 
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where K2 is the bulk modulus of medium 2 (see Appendix) and p̂  is a generalized effective 405 

stress: 406 

 2 2p̂ p s
 

(38) 

where p2 is the net mean stress; and s2 is the suction related to medium 2 (i.e. pg-pl2). The 407 

framework can be extended to consider plastic behavior of the pellets as well, however in 408 

this case, and for the sake of the simplicity, a nonlinear elastic behavior was assumed. 409 

It was assumed that  is a constant ( > 0). Fig. 3b) shows a schematic representation of 410 

the model on the p-s plane. In these plots s is a generic suction, which can be s1 or s2 411 

depending on if medium 1 or 2 is analyzed, respectively. In the p-s2 plane the line 412 

corresponding to constant p̂  is referred to as Neutral Line (FNL), since no microstructural 413 

deformation occurs when the stress path moves on it.  414 
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The interaction between the two pore levels is considered by assuming that elastic volume 415 

changes of the pellets (microstructure) may modify the global arrangement of the material 416 

(macrostructure) in an irreversible manner (e.g. Gens and Alonso, 1992). The associated 417 

plastic irreversible deformations are computed according to: 418 
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where f is an interaction function that depends on the degree of openness of the 419 

macrostructure through the ratio p/po (e.g. Gens and Alonso, 1992).  420 

The total plastic macrostructural strain  


p

v
 used in Eq. (36) is obtained as: 421 
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The coupling between macro and micro levels is given by po
* (the hardening variable of the 422 

macrostructure, Fig. 3a), which depends on the total plastic volumetric strain (36). In this 423 

way it is considered that the microstructural changes can affect the global arrangements of 424 

clay aggregates. More details can be found elsewhere (e.g. Alonso 1998; Sánchez et al., 425 

2005).  426 

HYDRAULIC MODEL 427 

Darcy’s generalized law (Eq. 30) rules the unsaturated flow in the two porous media. Note 428 

that both porous media contain interconnect porosity and the flow will depend basically on 429 

the permeability of each media and the corresponding gradient of pressures. The saturated 430 

permeability of expansive clays shows a strong dependence on porosity. Fig. 4a) shows 431 



experimental data related to the Serrata clay, also known as FEBEX bentonite (Volckaert et 432 

al. 2000; and Huertas et al., 2006). The following exponential law was adapted to model the 433 

dependence of permeability on medium porosity:  434 

  expj o j ob k k  
         1, 2j   

(41) 

where k0 is the reference permeability tensor at the reference porosity0, and b is a model 435 

parameter. It should be noted that both media have the same parameters with the only 436 

difference being the value of the actual (medium) porosity. 437 

The well-known cubic law was adopted for the relative permeability model: 438 
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A SWRC based on a modified van Genuchten model was adopted in this study:   439 
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where Po and o are models parameter. The function fd is included to improve the model 440 

prediction at high suctions, Pd being a parameter related to the suction when Sl~0 (Pd being 441 

~1100 MPa), and d is a model parameter. When d =0 the original van Genuchten (1980) 442 

model is recovered. Fig. 4b) presents tests results for FEBEX bentonite alongside the 443 

adopted SWRC models. Finally, it was assumed that the gas pressure in both media is the 444 

same (and equal to the atmospheric pressure). In this case only one mass transfer term (i.e. 445 

for water) was considered. 446 



- 26 - 

 

MODELING  447 

This section presents the analysis of the test coded as ‘Reseal16’ by Volckaert et al. (2000). 448 

The sample was made up from Serrata clay by mixing (in weight) 50% of clay-pellets and 449 

50% of clay-powder, achieving a global density of 1.55 Mg/m3. The dry density of the 450 

pellets was 2.05 Mg/m3 and Gs=2.70. The test was carried out in a cell with hydration 451 

from both ends in a cylindrical sample 5 cm high and 12cm diameter. The experimental 452 

data generated in the context of the Reseal project (Volckaert et al. 2000) and FEBEX 453 

projects (Huertas et al., 2006), was used to identify the main model parameters. The 454 

parameters related to the water retention curves and permeability law were obtained 455 

independently from single elements tests performed on compacted samples prepared at 456 

different densities. The experimental data was presented in Figures 4a) and 4b). As for the 457 

DS model, the BBM parameters , s, s, rP*
o, were adopted from independent tests 458 

performed in Serrata clay and suggested values reported in Volckaert et al. (2000). The 459 

elastic parameters of the microstructure are equal to ones of the elastic part of the BBM. 460 

The parameters related to the interaction functions were obtained from model calibration. 461 

An initial relative humidity close to 22 % was measured (Volckaert et al. 2000), and 462 

therefore an initial suction of 210 MPa was adopted for both media. According to the 463 

SWRC the initial saturation in medium 2 (clay-pellets) is Sl2 = 0.59. This implies an initial 464 

water content of the clay-pellets~6.9%, which is very close to the reported one (~6.4 %). 465 

As for medium 1, the initial Sl1 = 0.06. Based on the experimental data, the following macro 466 

and micro porosity values were adopted: 1 = 0.335, and 2 = 0.097. The test was simulated 467 

as a 1-D boundary value problem. Tables 1 and 2 list the parameters related to the 468 

mechanical and flow problems, respectively.  469 



Fig. 5a) presents the comparisons between experimental (symbols) and model (line) results. 470 

This test (as all the other tests reported by Volckaert et al. (2000)) showed two swelling 471 

steps, with the three main stages: i) an initial stage, related to a (quite fast) swelling; ii) a 472 

transition stage, with a moderate swelling; and iii) a second and final swelling. The model 473 

was able to reproduce this behavior by distinguishing each swelling phase according to the 474 

structural level involved in it. The first swelling is ascribed to the medium 1. The water 475 

flowing through the (big) interconnected macropores hydrated first the periphery of the 476 

clay-pellets and the clay-powder, inducing an initial expansion of the sample. This swelling 477 

tends to close the macropores and also to induce an increase of the swelling pressure (stage 478 

1). Once the more accessible clay minerals were hydrated, the rate of swelling decreases 479 

(stage 2). This stage is related to the delayed transfer of water from the macro level (1), to 480 

the clay-pellet (intraaggregate) level (2). This stage is mainly control by the leakage term 481 

(Eq. 20). Then, the swelling rate increased again (third stage), induced by the delayed 482 

hydration (and associated swelling) of the high-density clay-pellets. The model results in 483 

terms of water intake are also quite satisfactory. Fig. 5b) shows the time evolution of the 484 

two media porosities (scaled respect their initial porosities) for a point located at the center 485 

of the sample. It is observed that the macroporosity tends to increase at the beginning of 486 

the hydration (i.e. around between 1 and 3 days) because of the initial hydration quoted 487 

above, but decrease substantially afterwards when the microstructure swells.  488 

Fig. 5c) presents the time evolution of the suctions (associated with each porous media) at 489 

two different positions: i) a point located at the hydration boundary (identify as ‘sup’), ii) a 490 

point at the center of the specimen (coded as ‘cent’). Initially the water flow took place 491 

predominantly through the macropores (medium 1) by advection. At the same time water 492 
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was slowly transferred from the macropores to the clay-pellets (medium 2), via the leakage 493 

term, leading to an equilibration of both suctions in the long term.  494 

Fig. 6a) presents the evolution of the intrinsic permeability of each medium in a zone close 495 

to the hydration boundary. Initially, there was a significant permeability contrast between 496 

the two porous media, which implies that the macropores acted as preferential path-ways. 497 

However, as the pellets were hydrated (through water mass transfer term between media) 498 

they expanded and compressed the macropores, leading to a more homogeneous material 499 

at the end of the test, with similar permeability values in both media. According to Fig. 6b), 500 

the model predicts that this homogenization took place in zones close to hydration front 501 

mainly, because in zones away from it (i.e. near the center of the sample) the two different 502 

pore levels still remained. This result is in agreement with the observations of the 503 

postmortem test of this sample reported by Volckaert et al. (2000). 504 

It has been shown that proposed double porosity formulation was able to reproduce the 505 

main relevant physical phenomena observed in this test involving a clay mixture.  506 

ANALYSIS OF CELL INFILTRATION TESTS 507 

The behavior of the unsaturated compacted FEBEX bentonite during infiltration cell tests 508 

is studied in this section under thermal gradient and isothermal conditions. The next 509 

section focuses on the material and the results from the swelling pressure tests. Afterwards, 510 

the infiltration tests are presented together with the associated modeling.  511 



MATERIAL AND SWELLING PRESSURE TESTS 512 

The FEBEX bentonite was selected by ENRESA (Spanish Agency for Radioactive Waste 513 

Management) for backfilling and sealing functions in nuclear waste repositories. The 514 

montmorillonite content of this clay is higher than 90%. Its liquid and plastic limits are 515 

102% and 53%, respectively. The relatively low values of the Atterberg’s limits can be 516 

attributed to the significant quantity of ‘silt-sized aggregates’, which are pseudomorphs of 517 

the volcanic minerals transformed into smectite (Villar, 2002). Fig. 7a) shows the 518 

(granulated) raw material used in the experiments. Fig. 7b) shows the uniaxially and 519 

statically compacted samples in the oedometer ring used to determine the swelling pressure 520 

of this material. The inner diameter and length of the specimens were 5.0 and 1.2 cm 521 

respectively. Nominal dry densities (d) varying between 1.40 and 1.70 Mg/m3 were 522 

obtained by this method.  523 

Fig. 7c) shows the clear bimodal pore size distribution observed from mercury intrusion 524 

porosimetry (MIP) tests performed on two samples of FEBEX bentonite compacted at 525 

two different d: 1.5 Mg/m3 and 1.8 Mg/m3. The dominant pore size around 10 nm 526 

corresponds to the pores inside clay aggregates (i.e. small ‘intra-aggregate’). The larger pore 527 

size depends on the dry density and ranges from 10 m (for d=1.8 Mg/m3) to 40 m (for 528 

d=1.5 Mg/m3). These larger voids would correspond to the ‘inter-aggregate’ pores. This 529 

double structure was also detected using other techniques, such as Scanning Electron 530 

Microscope and water retention curve tests (Lloret et al., 2003). The two dominant pore 531 

sizes could be associated with two basic structural levels (Fig. 2b)): i) the macrostructure, 532 

related to the global arrangements of clay aggregates (with macropores between them); and 533 

ii) the microstructure, which corresponds to the active clay minerals (with micropores 534 

inside the clay aggregates). 535 
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The samples were hydrated at constant volume through the bottom surface with deionized 536 

water injected at a pressure of 0.6 MPa, while the upper outlet remained open to 537 

atmosphere. At the same time, the load cell measured the swelling pressure exerted by the 538 

clay. The small vertical deformations of the specimen, arising mainly from the load cell and 539 

frame deformability, were measured by LVDTs. The actual density after the tests differed 540 

slightly from the nominal one due to the small displacement allowed by the equipment (e.g. 541 

about 0.4 mm when the vertical stress was 7 MPa). The tests were performed at a constant 542 

temperature of around 27±2°C. Fig. 8a) shows a photo of the high pressure oedometer, 543 

while Fig. 8b) presents a scheme of the apparatus indicating its main components. The 544 

FEBEX bentonite has been extensively investigated during the last few years and detailed 545 

information about this material can be found elsewhere (e.g. Villar, 2002; Huertas et al., 546 

2006; Lloret et al.; 2003; Gens et al., 2009). 547 

Typical results of the swelling-pressure tests are presented in Fig. 9. Swelling pressure 548 

started to increase as soon as the water was in contact with the clay, but it did not develop 549 

at a constant rate. After a sharp initial increase, there was a period of time in which the 550 

pressure increased more slowly (or even remained fairly constant for some hours), and then 551 

increased again, in a second and final swelling period. This behavior is more apparent in 552 

samples of lower d. 553 

These tests were simulated as a boundary value problem using a 1-D model. The same 554 

constitutive laws presented in the previous section were used in the simulations. Table 3 555 

contains the main parameters adopted in the modelling. According to Gens and Alonso 556 

(1992), the dependence of swelling pressure on initial density can be taken into account 557 



through p0
*. Three stages were detected in the tests: i) an initial swelling, that can be 558 

associated with the hydration and swelling of the more accessible clay minerals., ii) a 559 

transition stage between the first and the second swelling; and iii) a final swelling 560 

corresponding to the eventual hydration of the clays aggregates (i.e. the ‘silt-sized 561 

aggregates’ mentioned above), modeled in this framework through the microstructural law 562 

(Eq. 28). The transition stage is related to the water transfer from the macro to micro 563 

structure. In low density (high-porosity) samples, the flow and hydration through the 564 

macropores took place very fast, when compared against the time needed for the hydration 565 

(and swelling) of the clay aggregates. Because of this, there is a clear differentiation between 566 

the first and second swellings. In denser (low permeability) samples, the two characteristic 567 

times (i.e. flow through the macropores and aggregates hydration) are similar, and this is 568 

why there is not a marked difference between the first and second swellings. This aspect is 569 

properly controlled through the leakage term used in this formulation. It can be seen that 570 

the model is able to reproduce quite satisfactorily the three observed stages, both in terms 571 

of kinetics of swelling and also maximum swelling pressure values. 572 

INFILTRATION TESTS 573 

Two infiltration tests were performed by CIEMAT (Spain) in cylindrical cells 40 cm long 574 

and 7 cm diameter. They were made of Teflon© to minimize lateral heat conduction, and 575 

were externally covered with steel semi-cylindrical pieces to prevent the deformation of the 576 

cell by bentonite swelling. In one of the tests (GT40) the clay was heated through the 577 

bottom surface at a constant temperature of 100ºC. The other test (IT40) was carried out at 578 

isothermal conditions. The cells were instrumented with relative humidity and temperature 579 

sensors placed inside the clay at three different levels separated by 10 cm. The relative 580 

humidity and temperature evolution at different levels inside the clay were recorded. The 581 
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FEBEX clay was compacted with its hygroscopic water content (around 14 %) at an initial 582 

nominal dry density of 1.67 Mg/m3. Granitic water was injected through the upper part of 583 

the cells (in both tests) at a pressure of 1.2 MPa. Fig. 10a) shows a photo of the cells during 584 

operation, while Fig. 10b) illustrates the experimental setup showing its main components. 585 

More details can be found in Villar and Gómez-Espina (2009). 586 

The tests were modeled with two different THM approaches: i) a single porosity model, 587 

using an equivalent porosity, and ii) a double porosity model that distinguishes the two 588 

basic pore levels present in this material (i.e. Fig. 7c). As for i), the model known as 589 

Operational Base Case (OBC) was adopted in this study. The OBC model was used in a 590 

number of simulations related to other FEBEX experiments, and it can be considered as a 591 

‘standard’ approach to analyze this type of problem. The OBC has been extensively 592 

reported in the literature (e.g. Villar et al., 2008; Gens et al., 2009, Sánchez et al., 2012.a, 593 

2012.b). The main constitutive laws and model parameters of the OBC model are 594 

presented in Table 4. As for the double porosity/structure model (coded as ‘DS’), the same 595 

constitutive equations presented in the previous sections were adopted in this analysis.  596 

Fig. 11a) presents the results in terms of relative humidity for the cell IT40; Fig 11b) shows 597 

similar results for the cell GT40; and Fig 11c) presents the time evolution of temperature 598 

for test GT40. In these three plots the experimental data is represented with symbols, the 599 

OBC results with dash lines, and the DS outputs with solid lines. All the results are 600 

presented for a period of 10 years. As for the relative humidity, it can be seen that the OBC 601 

model predict a relatively quick saturation of the clay, faster than the experimental values in 602 

both cells. A similar trend was observed in the ‘mock-up test’, which is a large clay-barrier 603 

heating test that is being carried out at CIEMAT facilities in the context of the FEBEX 604 



project (e.g. Sánchez et al., 2012.a). The results from the DS model are quite close to the 605 

actual observations for all the positions analyzed and for both cells. As for the evolution of 606 

temperature, both models reproduce quite well the thermal field in the GT40 cell. The 607 

OBC model tends to predict higher temperatures, particularly at advanced stages of the 608 

test. This is because of the higher saturation predicted by this model and the associated 609 

higher thermal conductivities impacting in the predicted thermal field.  610 

In this type of clay, the water flow takes place through the macropores mainly. During clay 611 

hydration the stiffer clay-aggregates tend to expand and to close the soft-macropores (this 612 

is particularly critical under confined conditions); which lead to a reduction of the 613 

permeability associated with the macropores. The swelling of the microstructure is also 614 

associated with an increase of the microporosity and permeability related to this pore 615 

structure. However, the water at the microstructural level is strongly attached to the clay 616 

minerals. Therefore this water does not move easily under pressure gradients. For example, 617 

some works have reported that density of the absorbed water can be around 1.38 Mg/m3 618 

(Skipper et al., 1991), and the water viscosity can be higher up to a factor of seven 619 

(Ichikawa et al., 2002). This implies that the water mobility through the micropores is very 620 

limited. This clay-water behavior (i.e. high water density and viscosity) implies that the 621 

coefficient of permeability of the microstructure is around one order of magnitude smaller 622 

than the one of the macrostructure. The final outcome of these two phenomena (i.e. 623 

reduction of macroporosity induced by the expansion of the stiff-clay-aggregates and the 624 

limited mobility of the microstructural water) is that during wetting the pore structure of 625 

the bentonite evolve, affecting the kinetic of hydration and leading to a global decrease of 626 

the soil permeability.  627 
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Figures 12 presents the variation of the pore spaces during hydration in terms of void 628 

ratios for the test GT. Fig. 12a) presents the distribution of global void ratio (i.e. 629 

1 2
1 2

v v v

s s

v v v
e e e

v v


    ) at different times. As expected, the model predicts higher void 630 

ratios near the hydration front due to clay swelling; and shrinkage near the heater. Fig 12b) 631 

shows that he micro-porosity tend to increase during hydration due to the wetting and 632 

swelling of the active clay minerals (which are associated with the microstructural level in 633 

this model). This microstructural expansion under confined conditions, tend to compress 634 

the macropores (Fig 12c)) and therefore, to reduce the clay permeability, delaying the 635 

hydration process. It can be observed that the double porosity model in conjunction to the 636 

double structure mechanical law plays an instrumental role in properly predicting the clay 637 

barrier behavior.  638 

CONCLUSIONS AND REMARKS 639 

In many engineering problems the use of a double porosity formulation is more realistic 640 

because it is possible to take explicitly into account the different phenomena that take place 641 

in each void level, with their respective constitutive laws, parameters and also their mutual 642 

interactions. In this work a fully coupled THM formulation for dual porosity materials was 643 

proposed. The formulation is very general and able to incorporate different constitutive 644 

laws for the mechanical, hydraulic and thermal problem for each pore level considered. The 645 

formulation was implemented in the finite element program CODE_BRIGHT and it was 646 

used with success to solve problems related to double structure media, involving 647 

heterogonous man-made soils made up from high-density clay-pellets mixtures, and also 648 

compacted expansive soils.  649 



It was observed that the double porosity framework was able to capture features of soil 650 

behavior that is not possible to reproduce with single porosity approaches. In particular, 651 

the double porosity model was capable to simulate the presence of more than one swelling 652 

stages in expansive materials, and explain the kinetic of swelling observed in samples 653 

prepared at different dry densities. It was also able to model the slow rate of hydration 654 

observed in infiltration tests. Experiments at constant temperature and with thermal 655 

gradient were analyzed. Thanks to the explicit inclusion of the two pore levels (very 656 

characteristic of expansive clays) in the analysis, the model was able to simulate the 657 

expansion of clay minerals under confined conditions, with the consequent reduction of 658 

macroporosity and its effect on permeability.  659 

660 
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APPENDIX 782 

The BBM model is adopted to describe the behavior of medium 1, also identified as 783 

macrostructure. The corresponding yield surface (FLC) is given by (25) and the plastic 784 

potential (G) is expressed as:  785 
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where G is determined according to (Alonso et al., 1990) . The dependence of the tensile 787 

strength on suction and temperature is given by: 788 
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where k and  are model parameters. The dependence of p0 on suction is given by: 790 
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where pc is a reference stress,1 and 3 are models parameters. (s) is the compressibility 792 

parameter for changes in net mean stress for virgin states of the soil. This parameter 793 

depends on suction according to: 794 
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1 exp

s
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where r is a parameter which defines the minimum soil compressibility (at infinite suction) 796 

and is a parameter which controls the rate of decrease of soil compressibility with 797 

suction. The macrostructural bulk modulus (K) for changes in mean stress is evaluated with 798 

the following law: 799 
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where is evaluated according to.  801 
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The macrostructural bulk modulus for changes in suction is computed considering the 803 

following law:  804 
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where sis evaluated according to.  806 
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        (A8) 807 

The microstructural bulk modulus (K2) can be calculated according to the two possible 808 

equations as follows, depending on the microstructural model adopted (Sánchez, 2004): 809 
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where mand m are model parameters for the exponential model A9a), and  is a model 811 

parameter for the model A9b).  812 

The global bulk modulus can be calculated as follows:  813 
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The shear modulus is calculated through: 815 
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The macrostructural bulk modulus for changes in temperature is computed considering the 817 

following law:  818 
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where o and 2 are parameters related to the elastic thermal strain. 820 



Notation 

 phase index, s solid, l liquid, g gas.  FNL Neutral Line 

G parameter related to the plastic potential  f interaction function between structural 

levels 

 parameter for elastic thermal strain   f ij external mass supply per unit volume of 

medium  (i=w,a,; j=1,2) 

 parameter that relates po
*  with T      f Ej Internal/external energy supply per unit 

volume of medium  (j=1,2) 

 parameter for elastic thermal strain   g gravity vector  

 parameter that relates po
*  with T G plastic potential 

m parameter controlling the microstructural soil 

stiffness 

Gt shear modulus 

s parameter related to the soil stiffness g lode angle function  

 FNL  slope I identity matrix 

T temperature increment (T- T0) ii
j non-advective  mass flux (i=w,a; =l,g;  

j=1,2) 

  strain vector.       , , , , ,
T

x y z xy xz yz  
ic j non-advective  heat  flux (j=1,2) 


e  elastic strain increment due to stress changes 

J 2nd stress invariant of deviatoric stress 

tensor 


p  plastic strain increment due to stress changes 

ji
j advective energy flux in phase with 

respect to a fixed reference system 

(j=1,2) 

1 p

v  plastic volumetric strain of medium 1  
j´i

j advective energy flux in phase with 

respect to the solid phase (j=1,2) 

2 p

v 
plastic volumetric strain of medium 2 

ji
j total  mass flux of i-species in phase 

with respect to a fixed reference system 

(j=1,2) 

sj elasto-plastic vector associated with suction j 

(j=1,2)  

j´i
j total  mass flux of i-species in phase 

with respect to the solid phase (j=1,2) 

T elasto-plastic  vector associated with 

temperature 

Kj permeability tensor (=l,g;  j=1,2) 

i mass exchange term (i=w,a) kj intrinsic permeability tensor ( j=1,2) 

 leakage parameter  krj phase relative permeability  (=l,g;  

j=1,2) 

j porosity ,  medium porosity  (j=1,2) K global bulk modulus 

 reference porosity Ks bulk modulus for changes in suction 

(medium 1) 

 saturated elastic stiffness parameter for changes 

in stress 

KT bulk modulus for changes in temperature 

 elastic stiffness parameter for changes in stress 

at current suction 

Kj bulk modulus for changes in mean stress 

for medium j (j=1,2) 

s macrostructural elastic stiffness parameter for 

changes in suction 

k  parameter describing the increase in 

cohesion with suction 

 global thermal conductivity LC Loading-Collapse yield surface  (BBM ) 

Table Click here to download Table Tables.doc 

http://www.editorialmanager.com/jrngmeng/download.aspx?id=205099&guid=257319c4-c6bc-48bb-8b65-04d5ebbfc7f0&scheme=1
http://www.editorialmanager.com/jrngmeng/download.aspx?id=205099&guid=257319c4-c6bc-48bb-8b65-04d5ebbfc7f0&scheme=1


 thermal conductivity of the  phase (=s, l, g)  lc plastic mechanism related to BBM   

sat  thermal conductivities of the fully saturated soil m auxiliary unit vector  mT = (1,1,1,0,0,0)   

dry thermal conductivities of the fully dry soil M slope of critical state line 

(s1) macrostructural stiffness parameter for changes 

in net mean stress for virgin states of soil at 

suction s1   

Pj fluid pressure of the phase (=l,g;  

j=1,2) 

od retention curve parameters Po,  Pd retention curve parameters 

 Poisson’s coefficient p̂  generalized effective stress of medium2 

j dynamic viscosity of phase (=l,g;  j=1,2) p       mean net stress  

 Lode’s angle pc      reference stress 

i

j  ( i

j j    mass of i-species in phase per unit 

volume of phase (i=w,a; =l,g;  j=1,2) 

0p  net mean yield stress at current suction 

and temperature         

i

j  mass fraction of i-species in phase (i=w,a; 

=l,g;  j=1,2) 

*

0p     net mean yield stress for saturated 

conditions at reference temperature 

 parameter that relates cohesion and T *

0Tp          net mean yield stress for saturated 

conditions at current temperature         

s solid density  qj volumetric flux of phase with respect 

to the solid (=l,g;  j=1,2) 

j mass of  phase per unit of volume of 

phase (=l,g;  j=1,2)  

r   parameter defining the maximum 

macrostructural soil stiffness 

t  total stress vector.       , , , , ,
T

x y z xy xz yz
t  

Sj volumetric fraction of pore volume 

occupied by phase (=l,g;  j=1,2) 

  net stress vector (
t  – Ipg) sj      suction of medium j  (pg-plj;   j=1,2) 

 parameter controlling the rate of increase of 

macrostructural soils stiffness with suction. 

T temperature (T0  = reference temperature) 

De elastic matrix Tv time factor    

Dep elasto-plastic matrix t Time 

E internal energy of phase per unit mass of  

phase  

u solid displacement vector  

E ij internal energy of i-species in phase per unit 

mass of i-species ( j=1,2) 

uj excess pores pressures (j=1,2) 

ej void ratio of medium j (j=1,2)  V, Vv volume, volume of voids 

FLC      BBM yield surface Vv1, Vv2 Vv 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 

 s s  pc (MPa) r  (o) po
* 

(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 

i s 

0.125 -0.131 1 

Interaction function 

 
3

1 3 1 /  of p p     



Table 2. Parameters related to the flow problem presented in Section 4.2 

Parameters defining the retention curve 

P01 (MPa) P02 (MPa) o1=o2 d1=d2 Pd1 = Pd2 (MPa) 

50 1100 0.60 2.40 1100 

Parameters defining the permeability law 

k0 1(m
2) o b n 

3.20 10-21 0.40 27 3 

Leakage parameter (kg s-1 m-3 MPa-1) = 4.0x10-7 

 

 

 



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

Parameters defining the Barcelona Basic Model for macrostructural behavior 

 s s  pc (MPa) r  (o) po
* (MPa) 

0.125 -0.137 0.013 0.40 0.20 0.80 8.00 0.50 10.0(1) 7.5(2) 5.5(3) 

(1) 
d= 1.6 Mg/m3;  (2)

d= 1.5 Mg/m3;  (3) 
d= 1.4 Mg/m3 

Parameters defining the law for microstructural behavior 

m (MPa-1) 
m (MPa-1) 

2.0 e-02 
2.1 e-03 1 

Interaction functions 

  1 0.9tanh 20 / 0.25  C of p p    

    0.8 1.1tanh 20 / 0.25S of p p    



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

Equation Variable name Equation Parameter relationships Parameters 

Constitutive equations 

Darcy’ laws 
Liquid and gas 

advective flux 
  ,rk

P l g
  



     


q k g  

 

 
23

0

0 2 3

0

1

1





k Ik

    

n

rl ek S
 

k0=1.9 e-21 m2; n0 = 0.40;  

n = 3 

Fick's law 
Vapour non 

advective flux 
 'w w w

g g g m g g gS D   i I D     
 

2.3

12 273.15
5.9 10 

w

m

g

T
D x

P
 

 =0.8 

Fourier's law 
Conductive 

heat flux c T  i
 

 1
 ee

ss

sat dry  
 

sat=1.15 

dry=0.47 

Retention 

curve 

Phase degree 

of saturation 









 
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d
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e
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s s
S

P P
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1 1  l lr
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S S


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1l gS S 

 

P0=28 MPa; =0.18 

Pd=1100MPa; d=1.1 

Mechanical 

Constitutive 

Model 

Stress Tensor 

ep s Ts T
   

   D   
; 

 

  


 


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

*

0
*

00

1 p

v

ep

p
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1 1 0.1
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p s

e p e s

T T
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2
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0 ;y s o

y

J
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g
    

 

 

0

*

0
0

s
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sp ks e 

 
 * *

0 0 1 32Tp p T T T      
 

       0
1 exp

s
r r s         

Mechanical model from Alonso et al. (1990) & Gens (1995)

 

=0.04; (o)=0.14 

Po
*=14 MPa 

r=0.75;  =0.05 

pc=0.10MPa;  M=1.5 

k=0.1;  =0.4 

1=1.5x10-4 [1/C]; =0.2 

Phase density  
Liquid density 

Gas density 
  4 41002.6exp 4.5 10 0.1 3.4 10    l lx P x T

 ;
g= ideal gas law 

Phase 

viscosity 

Liquid 

viscosity 

Gas viscosity 12 1808.5
2.1 10 exp

273.15

  
   

 
l x

T  ;       

 

 

1 2

12 273.15
1.48 10 exp

119
1

273.15



 
 
  
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g

T
x

T
 

Equilibrium restrictions 

Henry’s Law 
Air dissolved 

mass fraction 
´

     a l a a
l a l l

w

P M

H M
 

Psychometric 

Law 

Water vapour 

dissolved mass 

fraction 
 

 

0

exp
273.15
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w w w
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l

M

R T
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Figure 1. Clay-pellets.  
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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. 
b) Schematic representation of the expansive model on the p-s plane. 
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b)  

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

(Huertas et al., 2000). 
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Figure 5. Swelling pressure test ‘Reseal16’ (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) evolution of macro and micro porosity at the center of the sample, c) 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). 

Figure 7 Click here to download Figure Figure 7.pdf 

http://www.editorialmanager.com/jrngmeng/download.aspx?id=205092&guid=83f7924e-9875-4e9a-81a9-cc9a7929a11a&scheme=1
http://www.editorialmanager.com/jrngmeng/download.aspx?id=205092&guid=83f7924e-9875-4e9a-81a9-cc9a7929a11a&scheme=1


 

 

 

 

 

 

 

 

 

 

 

a) 

Setscrews to

avoid

deformation

Setscrews to

avoid

deformation

 b)  

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, I40 (left) and thermal gradient, 

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

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 c) time evolution of temperature GT40 
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a)  b)  c)  

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

c) macro void ratio.  
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