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Abstract The “THHMD” damage model presented in this article is dedicated to non-

isothermal unsaturated porous media. The proposed frame is based on the use of inde-

pendent state variables (net stress, suction and thermal stress). The damaged behavior

law stems from phenomenological and micro-mechanical concepts. The stress/strain

thermodynamic conjugation relations are derived from the free energy, which is writ-

ten as the sum of damaged elastic deformation energies and of residual strain potentials.

The damaged mechanical rigidities are computed by applying the Principle of Equiv-

alent Elastic Energy for each stress state variable. The influence of damage on liquid

water and vapor transfers is accounted for by introducing internal length parameters,

related to specific damage-induced intrinsic conductivities. Damage is assumed to have

an isotropic influence on air and heat flows, through the inelastic component of volu-

metric strains. The “THHMD” model has been implemented in Θ-Stock Finite Element

code. The mechanical aspects of the model have been validated. A full scale thermo-

hydro-mechanical engineering problem has been reproduced. The elastic predictions

are in satisfactory agreement with the reference results, and the damaged behavior of

the unsaturated massif shows good trends.
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1 Introduction

Damage modeling has become a crux point in the study of the Excavation Damaged

Zone (EDZ) [28], [29]. In the context of nuclear waste storage, cracking effects have to

be accounted for in the constitutive laws of non-isothermal unsaturated porous media

[21]. The two main stakes are the introduction of damage in the behavior law of an

unsaturated porous medium in the one hand, and the modeling of fluid and heat trans-

fers in a cracked porous medium in the other hand. Most of the past studies separate

both problems, presenting either flow models in fracture networks, or hydro-mechanical

continuum damage models [3].

Micro-mechanical damage models aim at representing the effect of damage occurring

at the microscopic scale on the behavior of the material at the macroscopic scale, or at

least, at the meso-scale of the Representative Elementary Volume (REV). Damage is

microscopically generated by nucleation or micro-void coalescence. This induces a loss

of effective surface in the material [23]. Stresses are reoriented, which gives a damage-

induced anisotropy to the material. Most of the authors model these phenomena by

defining an effective stress, as the stress that develops in the fictive undamaged coun-

terpart of the system [7]. Although microscopic, damage is non-local, which requires

the introduction of internal length parameters [6]. Phenomenological damage models

are based on postulated expressions of thermodynamic potentials [32]. The frame is

more abstract than in micro-mechanical theories, but the thermodynamic consistency

of the formulation is often easier to establish.

The main differences between flow models lie in the number of represented continua,

and in the modeling of fluid exchanges between continua. In multimodal models, the

pores of the intact matrix and the cracks generated by damage growth communicate,

and form a unique porous network. Only one balance equation is necessary to model

the flow of a fluid among the REV. However, the relative organization of porous het-

erogeneity makes it impossible to express the global hydraulic properties of the REV

by a mere retention curve [15]. In multi-continua models, several porous networks drive

the flow and behave as separate entities. A fractured porous material is frequently

modeled as a dual continuum, with the pores of the intact matrix on the one hand,

and the crack network on the other hand. For a given pore fluid, there is one balance

equation per continuum, each of which being characterized by its retention properties.

In multi-porosity models [39], one continuum is generally assumed to dominate in driv-

ing the flow, and its permeability is considered equal to the permeability of the REV.

In multi-permeability models [34], one permeability is defined for each network, and a

homogenization is necessary in order to get the permeability of the REV.

In the following, it will be understated that the solid phase of the Representative

Elementary Volume is relative to the solid skeleton, the liquid phase, to pore liquid

water, and the gaseous phase, to a mixture of gaseous air and vapor. In Section 2,

the “HHMD” model (hydro-mechanical damage model for unsaturated porous media),

previously developed by the authors to study the effects of cracking in an unsaturated

porous medium [2], [4], has been extended to non-isothermal conditions. The principal

development stages of this new “THHMD” (thermo-hydro-mechanical damage model

for unsaturated porous media) model are explained, both for the behavior law and the

transfer rules. In Section 3, numerical validation tests performed on dry and saturated

geomaterials are presented. A more complex numerical application, simulating a full

scale nuclear waste repository, is studied in Section 4.



3

2 Brief statement of the theoretical framework of the model

2.1 Choice of the stress and damage variables

The “THHMD” model is part of Continuum Damage Mechanics (CDM). It is based

on both phenomenological and micro-mechanical principles. Damage is considered as

a dissipative effect, originating elastic energy losses. In three dimensions, such a repre-

sentation of damage should require a fourth-order tensor, but using the second-order

crack density tensor gives a very satisfactory approximation of the energetic process

[26]. The damage variable Ω has thus been chosen as the homogenized crack density

tensor. It is expressed in a fixed principal base as:

Ω :=

3∑

I=1

dInI ⊗ nI (1)

Conceptually, the Representative Elementary Volume is damaged by three meso-cracks,

representing three families of approximately parallel micro-cracks. If V is the volume

of the REV, the volume occupied by the Ith meso-crack in the REV equals V dI . nI

eigenvector is the vector which is normal to the Ith crack plane.

Most of the existing damage models dedicated to unsaturated porous media are for-

mulated by means of an effective stress, defined in the same way as Bishop’s stress

[3]. These framework are not satisfactory to represent some aspects of the behavior

of unsaturated soils, like “wetting collapse” [16], [25]. On the contrary, the proposed

damage model is formulated in independent state variables. In isothermal conditions,

the stress state variables are net stress σ” = σ−paδ and suction s = pa−pw, in which

σ is the total stress tensor, and δ, the second-order identity tensor. pw and pa are re-

spectively the pore pressure of the wetting phase (liquid water in the following) and

the pore pressure of the non-wetting phase (gaseous air in the following). The model

is presently extended to thermal effects by using an additional stress state variable.

Temperature is assumed to have isotropic effects on strains [19], which results in the

use of a scalar thermal stress pT .

Following the same approach as Gatmiri [17], [18], [20], the total strain tensor is split in

independent strain state variables, each of which being conjugate to one independent

stress state variable [4]. Consequently, the following pairs of state variables are used:





σ” ↔ εM
s ↔ εSv

pT ↔ εTv

(2)

εM, εSv and εTv are respectively the mechanical strain tensor, the capillary volumetric

strain and the thermal volumetric strain. The adopted state variables being indepen-

dent, the incremental total strain tensor dε may be written as:

dε = dεeM + dεdM +
1

3
δdεe

Sv +
1

3
δdεd

Sv +
1

3
δdεe

Tv +
1

3
δdεd

Tv (3)

“e” and “d” subscripts refer to the elastic and inelastic (damaged) strain components,

respectively.



4

Fig. 1 Equivalent mechanical state in a 2D damaged REV.

2.2 Thermodynamic aspects of the behavior law formulation

2.2.1 Inequality of Clausius-Duhem

Let’s consider the Representative Elementary Volume as an open thermodynamic sys-

tem. Assuming that the solid grains constituting the skeleton are incompressible, the

Inequality of Clausius-Duhem (ICD) may be expressed in terms of three state vari-

ables instead of four [11], [12]. The ICD then depends on total stress, suction and

temperature [25]:

σ” ∆ε + s∆ (−nSw) − η∆T −∆Ψs (ε, nSw, T,Ω) ≥ 0 (4)

in which η is entropy. With the state variables adopted in the “THHMD” model, the

ICD may be rewritten as [4]:

σ” : ∆εM + s ∆εSv + pT ∆εTv −∆Ψs (εM, εSv, εTv,Ω) ≥ 0 (5)

in which Ψs is Helmholtz free energy.

2.2.2 Equivalent mechanical state

In the real mechanical state, N micro-cracks are assumed to open in the REV under

the influence of N corresponding micro-stresses, noted τi. Following the approach of

Swoboda and Yang [37], it is assumed that an isothermal dry damaged material may be

represented in an equivalent mechanical state, in which the material may be considered

intact and submitted to an equivalent crack-related meso-stress τ̃ :

τ̃ :=

N∑

i=1

τi (6)

The stress σ̃, applied to the isothermal dry REV in the equivalent mechanical state,

is the sum of the real far field stress σ and the equivalent crack-related stress τ̃ (See

Figure 1):

σ̃ = σ + τ̃ (7)

For a dry and isothermal material, the equivalent stress σ̃ is thermodynamically con-

jugate to the equivalent total strains by a damaged elastic potential Ψe (ε̃,Ω), whereas
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the real stress σ is conjugate to real strains by Helmholtz free energy Ψs (ε,Ω). It is

assumed that the real and equivalent strain tensors are equal, and that the equivalent

damaged mechanical rigidity equals the real rigidity, damaged by the equivalent dam-

age tensor: D̃e (Ω) = De

(
Ω̃

)
. Being homogenized, the damage variable used in the

“THHMD” model is the same in the equivalent and in the real mechanical states, and

thus: D̃e (Ω) = De (Ω). Consequently, the following conjugation relations apply to the

isothermal dry porous medium:





Ψ∗s (σ,Ω) + Ψs(ε,Ω) = σ : ε

ε =
∂Ψ∗s (σ,Ω)

∂σ , σ =
∂Ψs(ε,Ω)

∂ε

(8)





Ψ∗e (σ̃,Ω) + Ψe(ε,Ω) = σ̃ : ε

ε =
∂Ψ∗e (σ̃,Ω)

∂σ̃
, σ̃ =

∂Ψe(ε,Ω)
∂ε

(9)

∗ subscript refers to the partial Legendre transform of the thermodynamic potentials at

stake. An energetic potential is always defined more or less a constant. After combining

equations 7, 8 and 9, and after integration, Helmholtz free energy turns to be expressed

as:

Ψs(ε,Ω) = Ψe(ε,Ω) − τ̃ : ε (10)

It may easily be assumed that the crack-related meso-stress is parallel to the damage

tensor [37]:

τ̃ = g Ω (11)

g is a rigidity-like scalar. Introducing relation 11 into equation 10 provides an expression

of the free energy which is similar to the one used by Dragon and Halm [13].

2.2.3 Expression of Helmholtz free energy

Adapting the concept of equivalent mechanical state to non isothermal unsaturated

porous media, Helmholtz free energy is finally assumed to take the following form:

Ψs(εM, εSv, εTv,Ω) := Ψe(εM, εSv, εTv,Ω)

−gM Ω : εM − gS

3 Ω : δ εSv − gT

3 Ω : δ εTv

(12)

The degraded elastic energy Ψe(εM, εSv, εTv,Ω) is written as the sum of three damaged

elastic energies, each of which being related to an independent state variable:

Ψe(εM, εSv, εTv,Ω) :=
1

2
εM : De (Ω) : εM +

1

2
εSvβs (Ω) εSv +

1

2
εTvβT (Ω) εTv

(13)

De (Ω), βs (Ω) and βT (Ω) are the damaged mechanical, capillary and thermal rigidi-

ties respectively. Their explicit expressions will be computed in the following subsection,
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by a micro-mechanical approach. Using the ICD 5 provides the stress/strain conjuga-

tion relations, which are derived from the expression of the free energy (equations 12

and 13).





σ” = De (Ω) : εM − gM Ω

s = βs (Ω) εSv − gS

3 δ : Ω

pT = βT (Ω) εTv − gT

3 δ : Ω

Yd = − 1
2εM :

∂De(Ω)
∂Ω : εM − 1

2 εSv
∂βs(Ω)

∂Ω εSv − 1
2 εTv

∂βT (Ω)
∂Ω εTv

+gM εM + gS

3 εSvδ + gT

3 εTvδ

(14)

Yd is the damage-conjugate stress. In absence of deformation, the stress state variables

are non zero. These residual values depend on cumulated damage: σ” = −gM Ω,

s = − gS

3 δ : Ω, pT = − gT

3 δ : Ω. Physically, the material has to be submitted to

residual compressions in order to go back to its non-deformed state after unloading.

In other words, after a mere unloading (null stress state variables), a residual traction

remains, which generates residual strains. The introduction of crack-related rigidities

gM , gS and gT thus enables the representation of residual strains after unloading,

without requiring to additional plastic potentials.

2.3 Micromechanical aspects of the behavior law formulation

A micro-mechanical approach is used to compute the damage rigidities De (Ω), βs (Ω)

and βT (Ω). The concept of effective stress, commonly used in Continuum Damage Me-

chanics [23], [27], is extended to the three stress state variables used in the “THHMD”

model. Applying the operator of Cordebois and Sidoroff [10] to the three “THHMD”

stress state variables results in:




σ̂” := (δ −Ω)−1/2 · σ” · (δ −Ω)−1/2

ŝ := s
3 (δ −Ω)−1 : δ

p̂T := pT

3 (δ −Ω)−1 : δ

(15)

The damaged rigidities are determined by application of the Principle of Equivalent

Elastic Energy (PEEE). The final expressions are [4]:





De (Ω) = M (Ω)−1 : D0
e : M (Ω)T

βs (Ω) =
9β0

s

[(δ−Ω)−1 : δ]2

βT (Ω) =
9β0

T

[(δ−Ω)−1 : δ]2

(16)

Equations 14 and 16 make it possible to get the complete incremental behavior law. The

only remaining unknown at this stage is the increment of damage, which is computed

by an associate flow rule depending on tensile strains [4]. The damage yield function

fd is chosen to be homogeneous of degree one in Yd, which ensures the convexity of

the elastic domain [9].
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2.4 Damaged transfer rules

Like in the preceding works of Gatmiri [17], [18], [19], [20], liquid water flow is assumed

to be diffusive, and to obey an extended Darcy law of the form:

Vw = −ΨR (θw)

σ(Tref )

dσ(T )

dT
Kw ·∇ (T ) +

1

γw

σ(T )

σ(Tref )
Kw ·∇ (s) −Kw ·∇ (z) (17)

Vw is the liquid water velocity (in m.s−1) relatively to the solid skeleton. Kw is the

permeability tensor related to liquid water (in m.s−1), and γw is the specific weight of

liquid water in standard conditions of temperature and pressure. σ(T ) is the superficial

energy of pore water. The relative capillary potential ΨR is defined as [31]: ΨR(θw) =

(pw−pa)/γw, in which θw is water content. The influence of cracking on the velocity and

on the orientation of liquid flow is taken into account through the intrinsic permeability

tensor Kint [4]:

Kw = kT (T ) kr(Sw)Kint (n,Ω) (18)

In addition to the intrinsic permeability of intact porous media modeled by Gatmiri

[17], [18], [19], [20], Kint encompasses a specific crack-related component k2 (Ω), which

is computed by assuming that the liquid water flow in micro-carcks is laminar, and

that it can be homogenized at the scale of the Representative elementary Volume [4].

Assuming that the meso-cracks damaging the REV are penny-shaped and that their

openings are related to their radii by a linear dilatancy rule of coefficient χ [35]:

k2 (Ω) =
π−2/3 γw

12 µw

(
Tref

) χ4/3 b2
3∑

I=1

(
dI

)5/3 (
δ − nI ⊗ nI

)
(19)

In formula 19, b plays the role of an internal length parameter, which is specific to

the liquid flow problem. It may be computed if the value of the damaged intrinsic

permeability is assessed at a given rate of damage. For example, if Kmax
wdg is the maximal

mean value of k2 (Ω), obtained for an isotropic damage state of 95 percent:

b =

√
6

0, 955/6

(
π

χ2

)1/3
(

µw

(
Tref

)

γw

)1/2 (
Kmax

wdg

)1/2
(20)

By extension, the limiting value Kmax
wdg is used as an internal length parameter in the

“THHMD” model. Damage is a homogenized variable. The porous network constituted

by the pores of the intact matrix and by microcracks is thus considered as a unique,

connected and unimodal flow network.

Using the same hypotheses and notations as Gatmiri [17], [18], [19], [20], and assuming

that vapor transfers are mainly diffusive, the final expression of the vapor flow velocity

may be written as:

V∗
vap =

ρvap

ρw
V vap = −DTvap

∇ (T ) + DPvap
∇ (s) (21)

in which DTvap
and DPvap

are the thermal and capillary diffusivities of vapor, respec-

tively. Both of them depend on an intrinsic component Dint, vap. It is assumed that

cracking accelerates vapor transfers in such a way that the flow formulas used for the
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intact porous medium become invalid. As for the modeling of water transfers, vapor

intrinsic conductivity Dint, vap is split into two parts:

Dint, vap := Dint, vap1 (n, s, T,Ω) + Dint, vap2 (Ω) (22)

Dint, vap1 (n, s, T,Ω) is a conductivity representing the contribution of the pores of the

matrix in the elastic deformation domain. Dint, vap2 (Ω) represents the contribution of

the micro-crack network. It is assumed that vapor goes much faster than liquid water,

and that consequently, the fracture network hardly affects the orientation of vapor flow.

That is why the damaged component of vapor intrinsic conductivity is expressed as a

function of the mean damaged intrinsic conductivity of liquid water k2 (Ω):

Dint, vap2 (Ω) =
b∗

3
δ : k∗

2 (Ω) (23)

in which the damaged intrinsic conductivity of liquid water is expressed with the va-

por transfer internal length b∗ instead of b (equation 19). As for the liquid water flow

model, b∗ may be evaluated if the damaged intrinsic conductivity of vapor is known

for a given state of damage.

Air flow is assumed to be diffusive. The expression of air velocity depends on a scalar

permeability, which is a function of the void ratio [4], [19]. This latter reflects the

influence of total volumetric strains, which encompass a non-elastic component. This

non-elastic volumetric strain translates the effect of damage on air transfers. This in-

fluence is thus isotropic.

Like in the preceding models of Gatmiri [17], [18], [19], [20], heat transfer is assumed to

be governed by diffusion, evaporation and convection. Convection and evaporation are

pure fluid phenomena. Therefore, only the diffusive part of heat transfer is likely to be

influenced by the degradation of the solid matrix. As for air flow, the heat flow equation

of intact porous media is extended to damaged media, and damage is taken into ac-

count indirectly and isotropically, through the dependence of the diffusive conductivity

to volumetric strains [5].

3 Validation tests on dry and saturated geomaterials

A specific algorithm has been written in order to implement the “THHMD” model

in Θ-Stock Finite Element code [19], which has been used to perform the simulations

presented in this article.

3.1 Mechanical identification tests

Mechanical laboratory tests have been simulated on Vienne granite (Tab.1) by using the

parameters identified by Halm and Dragon [22]. The numerical results are compared

to experimental data provided by Homand et al. [24]. In the numerical model, the

tested material is assumed to be dry, so that the pore pressure degrees of freedom are

neutralized.
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Table 1 Mechanical parameters of Vienne granite [22].

E ν gM gS gT

8.01 ∗ 1010 Pa 0.28 −3.3 ∗ 108 Pa 0 0

Table 2 Main material parameters of Fontainebleau sandstone [14] [36].

E ν gM gS gT kw0 Kmax
wdg

4.55 ∗ 1010 Pa 0.3 −1.1 ∗ 108 Pa 0 0 3.33 ∗ 10−5 m.s−1 3.33 ∗ 10−3 m.s−1

Triaxial compression tests are reproduced for various confining pressures. A lateral ex-

tension test is also simulated. In this latter simulation, the sample is first submitted to

an isotropic stress pc = 60 MPa. The lateral confining pressure pc is then maintained

while the axial stress is increased up the compression limit (amounting to 127 MPa).

Last, the lateral confining pressure pc is progressively decreased to zero while the axial

stress is maintained at 127 MPa.

Numerical results and experimental data match very well (Fig. 2). In triaxial com-

pression tests, the initiation of damage occurs when the deviatoric stress reaches 127

MPa, which corresponds exactly to the experimental value of the compression limit

[24]. In the lateral extension test, releasing the confining pressure acts as a traction.

Tensile strains
(
ε+

)
are thus applied in both lateral directions

(
ε+rr, ε+θθ

)
. In the tri-

axial compression tests, the sample undergoes tensile strains which are orthogonal to

the applied compression. As a result, lateral tensile strains also develop during triax-

ial compression tests. Damage is assumed to grow with tensile strains. Consequently,

in all tests, the axial component of damage is expected to be null (Ωzz = 0), while

both lateral damage components are expected to be equal and non zero for a sufficient

deviatoric stress (Ωrr = Ωθθ 6= 0). The numerical results are in agreement with these

predictions, for all tests. All the results are not provided in this article. The evolution

of the damage components are given for the lateral extension test (Fig.3.a). The radial

component of damage is represented for each triaxial compression test on Fig.3.b. As

expected, lateral damage grows with the applied deviatoric stress.

3.2 Compression tests on a saturated geomaterial

Some triaxial compression tests performed on saturated Fontainebleau sandstone by

Sulem and Ouffroukh [36] have been simulated in undrained and drained conditions.

The mechanical parameters identified by Dragon et al. [14] have been used. The intact

intrinsic water permeability kw0 is taken from the experimental study of Sulem and

Ouffroukh [36], for a porosity of 0.21. It is assumed that for a critical isotropic dam-

age state of 95 percent, the damaged water permeability cannot exceed 100 times the

intact intrinsic permeability kw0, which results in Kmax
wdg = 100 kw0. The main param-

eters of Fontainebleau sandstone are given in Tab.2. More details on the choice of the

parameters which are required to perform the numerical simulations can be found in

[1].
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Fig. 2 Triaxial compression tests (a,b,c) and lateral extension test (d) performed on dry
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Fig. 3 Evolution of damage during the mechanical tests performed on dry granite. a. Lateral
extension test. b. Triaxial compression tests.

As can be seen on Fig.4, the deformations and pore pressures computed numerically in

undrained conditions are in satisfactory agreement with the experimental data taken

from [36] for all the tested confining pressures (pc = 28MPa, pc = 40MPa, pc =

50MPa). Water pore pressure acts as an additional confining pressure. Tensile strains

thus develop in the same way as they do during a triaxial compression test performed

on a dry material. As a consequence, for a certain rate of deviatoric stress, damage

is expected to develop equally in both lateral directions, while keeping null in the

axial direction: (Ωrr = Ωθθ 6= 0, Ωzz = 0). This phenomenon is well-reproduced in

the simulations (Fig. 4.c,f,i).
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Fig. 4 Undrained triaxial compression tests performed on saturated Fontainebleau sandstone.
Dots: experimental data [36]. Solid lines: numerical results. (a,b,c) pc = 50 MPa. (d,e,f) pc =
40 MPa. (g,h,i) pc = 28 MPa.

The deformations obtained with the same confining pressures in drained conditions

match the experimental measurements provided by Sulem and Ouffroukh [36] (Fig.5.a,c,e).

Contrary to the triaxial compression tests performed on dry granite, simulated drained

tests involve water pore pressure degree of freedom. The loading velocity is chosen in

order to maintain the value of total stress two order of magnitude higher than the

value of water pore pressure. Therefore, drained tests are numerically equivalent to

compression tests performed on a dry material. That is why damage trends are the

same in both cases (Fig. 3.b and 5.b,d,f).

The damaged water permeability model (equation 19) assumes that the permeability

tensor is mainly affected by damage in the directions which belong to a principal meso-

crack plane. In other words, the permeability tensor is degraded in the directions which

are orthogonal to damage eigenvectors nI. In drained compression tests, axial damage

remains zero whereas both lateral components of the damage tensor develop equally

(Ωrr = Ωθθ 6= 0, Ωzz = 0). As a result, axial permeability Kwzz increases due to the

contributions of two components of damage (Ωrr and Ωθθ) whereas lateral permeabil-

ity components Kwrr and Kwθθ are affected by only one damage component (Ωθθ and

Ωrr respectively). The evolution of the permeability tensor is shown for the drained

triaxial compression test with a confining pressure of 28 MPa (Fig. 6). As expected, all
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Fig. 5 Drained triaxial compression tests performed on saturated Fontainebleau sandstone.
Dots: experimental data [36]. Solid lines: numerical results. (a,b) pc = 50 MPa. (c,d) pc =
40 MPa. (e,f) pc = 28 MPa.

components of permeability are affected by damage, and permeability increases mostly

in the axial direction. Due to hydro-mechanical couplings, the reduction of the void

ratio measured in the non damaged matrix has also an influence on the final perme-

ability of the medium. That is the reason why Kwzz is not exactly equal to 2 Kwrr.

However, the general statement Kwrr = Kwθθ < Kwzz is verified.

3.3 Mechanical validation with the elastic theory of tunnels

Gallery excavations are often modeled as a mechanical unloading at the tunnel wall.

The problem has been solved numerically for a dry massif submitted to an initial
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Fig. 7 Adopted mesh for the 1D tunnel problem.

isotropic stress σ0, in a one-dimensional axisymmetric configuration (Fig. 7). The

mechanical parameter choice is explained in detail in [30]. According to the elastic

theory of tunnels, the total stress field evolves as:




σrr = σ0

(
1− R2

r2

)

σθθ = σ0

(
1 + R2

r2

) (24)

in which R is the radius of the gallery, and r, the radial coordinate. The elastic problem

has been solved with the “THHMD” algorithm implemented in Θ-Stock. The numerical

results fully agree with the theoretical predictions (Fig. 8), which justifies the use of

the program for more complex full-scale studies.

4 Damage trends in a heated unsaturated massif

4.1 Validation in elasticity

The following paragraph is dedicated to the problem of nuclear waste storage presented

by Pollock [33] for an unsaturated geological massif. Containers are assumed to be

stored in a 100 meter depth horizontal gallery. The ground water is located at 500

meters depth. The tunnel is assumed to be long enough to allow a plane strain analysis.

The numerical problem of Pollock [33] is tackled with Θ-Stock by using the mesh

presented on Fig. 9. Nuclear waste is modeled by two elements which are considered as

heating sources. Heat flows are imposed on both of the element horizontal boundaries.
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Fig. 8 Comparison of the numerical results to the theoretical predictions in elasticity for the
1D tunnel problem.

Fig. 9 Adopted mesh for the problem of nuclear waste storage presented by Pollock [33].

Pollock proposed a thermo-hydraulic model dedicated to unsaturated soils. Mechan-

ical aspects are not taken into account in his analysis. On the contrary, simulations

performed with Θ-Stock require the use of mechanical degrees of freedom, and thus,

the knowledge of the material mechanical parameters. The geological massif has been

assumed to have the mechanical behavior of a clay rock, whose parameters have been

identified by Homand et al. [24] and by Chiarelli and Shao [8]. The parameters re-

lated to fluid and temperature effects are taken from the data given by Pollock [33].

The choice of each parameter is justified in detail in [1]. The most important ones

are reported in Tab. 3. The saturation degree is assumed to evolve on a retention
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Table 3 Main material parameters used in Pollock nuclear waste storage problem [33].

E ν β0
s β0

T

1.22 ∗ 1010 Pa 0.16 5.98 ∗ 1010 Pa 5.98 ∗ 1010 Pa
αV G nV G kw0 Kmax

wdg Dmax
dg

10−4 Pa−1 1.361 5 ∗ 10−10 m.s−1 10−9 m.s−1 10−4 m2.s−1

α∗0 λs CPs

−7.5 ∗ 10−4 oC−1 1.05 W.m−1.oC−1 837 J.kg−1.oC−1

curve defined by a Van Genuchten model [38], whose parameters are denoted αV G and

nV G. Dmax
dg is the vapor conductivity which is assumed to be reached in a 95 percent

isotropic damage state. Its value is necessary to compute the internal length parameter

b∗, which is involved in the expression of the damaged vapor conductivity (equation

23). α∗0 is the thermal compressibility of the solid skeleton. Its value is negative in the

soil mechanics convention. λs and CPs are respectively the thermal conductivity and

calorific capacity of the solid skeleton.

The first stage of this study consists in running simulations in the elastic domain

in order to check if Θ-Stock program faithfully reproduces the results obtained by

Pollock [33]. The damage rigidities to tensile strains are thus equal to zero: gM =

gS = gT = 0. An initial geothermal temperature gradient is imposed in the massif,

the initial surface temperature amounting to 20 oC. Fluid pore pressures are initially

computed by assuming that the massif is in a hydrostatic state. During the simulation,

temperatures and pore pressures are maintained to their initial values at the upper

and lower boundaries of the model. Nuclear waste is modeled as a heating source. The

heating power initially amounts to 10 W.m−2, and then decreases exponentially [33].

Θ-Stock temperature predictions are excellent in the short term as well as in the long

term (Fig. 10). The initial saturation state computed by Θ-Stock is some decimals lower

than the one which is obtained by Pollock (Fig. 11). The evolution of the saturation

degree follow good trends till 100 years of decreasing heating. After 100 years of waste

storage, the saturation degree computed by Θ-Stock has an evolution close to the one

predicted by Pollock at high depths. Above 90 meters depth, the desaturation zone

obtained with Θ-Stock is wider than Pollock’s. Surface resaturation (above 20 meters

depth) is stronger in the simulations performed with Θ-Stock than in the computations

done by Pollock. A better estimate of the retention properties of the geological massif

in the “THHMD” model would certainly improve the conformity of the results obtained

on the saturation degree to the predictions of Pollock.

4.2 Parametric studies on damage trends

Regarding the difficulty in choosing material parameters, the thermo-hydraulic trends

of the “THHMD” program implemented in Θ-Stock are satisfactory in the elastic

domain, which justifies the use of the “THHMD” model to predict damage. In the

following, two kinds of parametric studies are performed:

1. one damage rigidity (gS for capillary damage, or gT for thermal damage) is varied

with a fixed maximal damaged permeability Kmax
wdg ;
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Fig. 10 Evolution of temperature in space and time in elasticity. Dots: numerical results from
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2. one damage rigidity (gS or gT ) is fixed to a non-zero value, while the parameter

Kmax
wdg , playing the role of an internal length parameter, is varied.

In the following simulations, the maximal damaged vapor conductivity Dmax
dg is as-

sumed to be two orders of magnitude higher than Kmax
wdg . Apart from gS , gT , Kmax

wdg

and Dmax
dg , all the parameters are identical to the ones used in the elastic study (Tab.

3). The thermal loading is the same as in the preceding elastic simulation, in order

to enable comparisons. The values of gS and gT are multiples of the value identified

by Chiarelli and Shao for clay rock [8]: gref
M = −1.414 Pa. The presented parametric

studies deal with either capillary (gS) or thermal (gT ) damage, growing with volu-

metric strains (equation 3). The tensile strains resulting from heating and drying are

thus isotropic, which leads to isotropic damage and thus, to an isotropic damaged per-

meability tensor Kw: Ωxx = Ωyy, Kwxx = Kwyy. That is the reason why only the

horizontal components of damage and permeability are represented in the following.

4.2.1 Damage evolution

Figure 12 shows that damage may develop when gT = 0 if gS 6= 0, which means that due

to coupling effects, heating may generate capillary cracking. When a damage rigidity

(gS or gT ) increases, the damaged zone spreads and the intensity of damage grows up.

For instance, the damaged zone reaches 200 meters depth after 1000 years of storage for

gT = 0.004 gref
M . The highest damage values are observed close to the heating source,

at 100 meters depth. The peak value is reached in the short term - while the heating

power is still high, and generally does not evolve between 50 years and 1000 years

of storage. However, the damaged zone spreads in the long term, which testifies the

diffusive character of heat transfer. A complete investigation of the numerical results

shows that after 200 years, the damaged zone lies between 90 and 110 meters depth

for gS 6= 0 and between 40 and 140 meters depth for gT 6= 0. After 1000 years, the

damaged zone spreads between 40 and 120 meters depth for gS 6= 0 and between 20

and 200 meters depth for gT 6= 0 (Fig. 12.c,d).

The internal length parameter, computed by means of Kmax
wdg parameter (equation 20),

does not influence much the extent of the damaged zone, nor the maximal damage

value (Fig. 13). In the long term, capillary damage (gS 6= 0) can reach a slightly higher

value for small internal lengths (up to 4 percent more damage for Kmax
wdg = 10 kw0 or

Kmax
wdg = 100 kw0 than for Kmax

wdg = 1000 kw0 or Kmax
wdg = 10000 kw0).

4.2.2 Influence of the damage parameters on the liquid water permeability

For a sufficiently high internal length parameter (Kmax
wdg = 1000 kw0), water perme-

ability is significantly affected by damage (equation 19). Liquid water conductivity in-

creases with damage intensity, and, according to the preceding paragraph, with damage

rigidities. The results observed on figure 14 confirm this physical statement. For the

highest tested damage rigidities, damage peak values amount to up to 12 percent in

the vicinity of the heating source (Fig.12). Correspondingly, water permeability is one

order of magnitude higher than in the intact state (Fig. 14). The extent of the zone

of influence of damage on permeability is larger for thermal damage (up to 200 meters

depth for gT 6= 0) than for capillary damage (concentrated around the heating source

for gS 6= 0).

According to the model assumptions, the damaged permeability strongly depends on
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a. b.

c. d.

Fig. 12 Influence of damage rigidities on cracking in the problem of nuclear waste storage
exposed by Pollock [33]. Kmax

wdg = 1000 kw0. a,c. Influence of gS . b,d. Influence of gT .
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a. b.

c. d.

Fig. 13 Influence of the maximal damaged permeability Kmax
wdg on cracking in the prob-

lem of nuclear waste storage exposed by Pollock [33]. a,c. gS = gref
M , gT = 0. b,d. gT =

0.003 gref
M , gS = 0.
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the internal length parameter (equations 19 and 20). For a given damage rigidity (gS

or gT ), a higher maximal damaged permeability, and thus a higher internal length pa-

rameter, results in a higher sensitivity of water conductivity to damage (Fig. 15). For

high gS and gT values, water permeability increases by up to two orders of magnitude

for Kmax
wdg = 1000 kw0 or Kmax

wdg = 10000 kw0. On the contrary, low internal length

parameters neutralize damage effects on permeability, as can be seen from the curves

obtained for Kmax
wdg = 10 kw0 and Kmax

wdg = 100 kw0. In these latter cases, the additional

crack-related permeability k2 (Ω) is negligible in comparison to the permeability in-

duced by the pores of the intact matrix. The presented parametric studies highlight

the important role of the internal length parameter in fluid transfer modeling.

The coupled parametric studies on gS and gT on the one hand, and on Kmax
wdg on the

other hand, make it possible to assess the dependence of conductivities on damage on

the one hand, and to check a possible dependence of damage growth on the increase of

permeability on the other hand. Figure 14 shows that damage affects water permeability

according to the theoretical assumptions of the “THHMD” model. Figure 13 shows that

permeability changes do not contribute to the development of damage.

5 Conclusion

The “THHMD” model is a fully-coupled thermo-hydro-mechanical damage model ded-

icated to unsaturated porous media. The damage variable is a second-order tensor

expressed in its principal base. The model is formulated for a Representative Elemen-

tary Volume in net stress, suction and thermal stress independent state variables. The

strain tensor is split into three components, each of which being conjugate to a stress

state variable (equations 2). Each of the three components encompasses a non-elastic

part due to damage growth (equation 3). The increment of damage is computed by

an associate flow rule depending on tensile strains. The model development mixes

phenomenological and micro-mechanical concepts. On the one hand, the stress/strain

relations are derived from a postulated thermodynamic potential. The free energy is

assumed to be the sum of damaged elastic deformation energies and of residual strain

potentials (equations 12 and 13). On the other hand, the damaged rigidities are com-

puted by applying the Principle of Equivalent Elastic Energy for the three couples of

state variables (equations 15 and 16).

Crack-related intrinsic conductivities account for the influence of damage on the ori-

entation and intensity of moisture transfers. Specific internal length parameters are

defined to take damage into account in the equations of liquid water flow and vapor

flow (equations 19, 20 and 23). Damage is assumed to influence air and heat transfers

isotropically, through the inelastic component of volumetric strains, which is involved

in the diffusive terms of the flow equations.

The “THHMD” model has been implemented in Θ-Stock Finite Element code [19].

The mechanical aspects of the model have been validated by comparing the numeri-

cal results to experimental data and and to theoretical predictions. Isothermal triaxial

compression tests performed on saturated geomaterials have also been successfully re-

produced in drained and undrained conditions. A full scale study has assessed the

ability of the program to predict the behavior of an unsaturated massif hosting a heat-

ing source. In the elastic domain, the results given by Θ-Stock are in conformity with

the reference temperature and saturation degree evolutions. Moreover, damage and
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a. b.

c. d.

Fig. 14 Influence of damage rigidities on liquid water permeability in the problem of nuclear
waste storage exposed by Pollock [33]. Kmax

wdg = 1000 kw0. Solid lines: permeability contribution

of the intact porous matrix. Dashed lines: permeability in the damaged material (Kwxx =
Kwyy). a,c. Influence of gS . b,d. Influence of gT .
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a. b.

c. d.

Fig. 15 Influence of the maximal damaged permeability Kmax
wdg on liquid water peremability

in the problem of nuclear waste storage exposed by Pollock [33]. Solid lines: permeability
contribution of the intact porous matrix. Dashed lines: permeability in the damaged material

(Kwxx = Kwyy). a,c. gS = gref
M , gT = 0. b,d. gT = 0.003 gref

M , gS = 0.
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permeability trends in the brittle domain are in agreement with the physical assump-

tions of the “THHMD” model. Additional fully coupled in situ tests are currently being

simulated in order to test the model performance. In the mid term, the “THHMD”

model is expected to be a useful tool for the design of nuclear waste repositories.
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