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Abstract – The present study is devoted to the development and validation of a non-linear homogenization
approach of the mechanical behavior of Callovo-Oxfordian argillites. The material is modelled as an hetero-
geneous one composed of an elastoplastic clay matrix and of linear elastic or elastic damage inclusions. The
macroscopic constitutive law is obtained by adapting the Hill-type incremental method [1]. The approach
consists in formulating the macroscopic tangent operator of the material from the non-linear local behavior
of its phases. Due to the matrix/inclusion morphology of the microstructure of the argillites, a Mori-Tanaka
scheme is considered for the localization step. The developed model is first compared to Finite-Elements
calculations and then validated and applied for the prediction of the macroscopic stress-strain responses
of argillites.

Key words: Geomaterials / non-linear homogenization / plasticity and damage / dilatancy / unilateral
effects / experimental validation / rocks micromechanics

Résumé – Modélisation micro-macro du comportement élastoplastique endommageable de
l’argilite du Callovo-oxfordien. Cette étude est consacrée au développement et à la validation
d’une approche d’homogénéisation non-linéaire appliquée au comportement mécanique de l’argilite du
Callovo-oxfordien. Le matériau est modélisé comme un composite à trois phases constitué d’une matrice
élastoplastique et d’inclusions élastiques linéaires et élastiques endommageables. La loi constitutive macro-
scopique est obtenue à l’aide d’une adaptation de la méthode incrémentale de [1]. Cette approche aboutit
à la construction de l’opérateur tangent macroscopique du matériau qui dépend du comportement local
non-linéaire des phases. Compte tenu de la morphologie matrice/inclusion de la microstruture de l’argilite
du Callovo-oxfordien, un schéma d’homogénéisation de type Mori-Tanaka est utilisé pour la résolution du
problème de localisation. Le modèle ainsi développé est appliqué à la prédiction des réponses macrosco-
piques contrainte-déformation de l’argilite du Callovo-oxfordien sous différents trajets de chargement.

Mots clés : Géomatériaux / homogénéisation non-linéaire / plasticité et endommagement / dilatance /
effets unilateraux / validation expérimentale / micromécanique des roches

1 Introduction

This study is performed in the general context of
the project study of an underground disposal of radioac-
tive waste, undertaken by the French National Radioac-
tive Waste Management Agency (ANDRA). Its objec-
tive is to formulate a predictive constitutive model of
the Callovo-Oxfordian argillite, a geological material cho-
sen as one of possible barriers to radionuclides. Various

a Corresponding author:
ariane.guery@polytech-lille.fr

phenomenological models have been proposed in the past
for this class of materials. For instance [2, 3] developed
a phenomenological modelling approach which couples
plasticity and damage at macroscopic scale. The plas-
tic behavior is of non associated type with a particular
emphasis on the plastic dilatancy (positive volumetric
strains) while the damage component of the model allows
to describe the deterioration of the materials properties.
This model has been calibrated by using data from exper-
iments on the Callovo-Oxfordian argillites and provided
good predictions in term of the macroscopic stress-strain
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curve corresponding to various monotonic and cyclic com-
pressive loading paths. Despite these predictions, these
phenomenological models lack of link with a particular
deformation mechanisms of the studied material regard-
ing the strong heterogeneity of this one. Therefore it is
interesting to develop for the Callovo-Oxfordian argillite
a more physical modelling approach. The methodology
followed in the present study consists then to develop a
constitutive model of hard clays by using a non-linear ho-
mogenization approach. Various non-linear homogeniza-
tion techniques have been developed in literature. Men-
tion can be made of the so-called secant formulations
by [4–6] for which the non-linear local behavior of each
phase is linearized around an effective deformation.

Owing to the complexity of loading paths which are
involved in the project of underground storage of radioac-
tive waste, we have to adopt a rate type formulation in-
stead of the above mentioned methods. For this purpose,
we choose the incremental method of Hill [1] which con-
sists, at each loading step, in determining the macroscopic
tangent moduli from the local tangent behavior of the dif-
ferent constituents. The incremental approach has been
recently considered by various authors for two phase com-
posites; for instance [7] applied and discussed this method
to metals plasticity with classical J2 theory whereas [8]
considered also a cyclic plasticity with a non-linear kine-
matic hardening. In these studies, a brief account of the
interest of the incremental method in comparison with
other methods such as the tangent approaches proposed
by [9] and by [10]. In particular, it was demonstrated
that a combination of the basic Hill’s approach with an
“isotropization procedure” leads to efficient predictions.

The objective of the present study is mainly to imple-
ment the incremental method for the modelling of a three
phase material, namely the argillite which is constituted
of a plastic clay matrix and elastic or damaged mineral
inclusions. In addition to the coupling between plasticity
and damage, the particularities of the study lie in the con-
sideration of non associated and dilatant plasticity for the
clay matrix and the extensive validation of the homoge-
nized constitutive law by comparison with experimental
data on various loading paths.

2 Experimental observations
on the Callovo-Oxfordian argillite behavior

The material studied here is a sedimentary rock called
Callovo-Oxfordian argillite, from the site where the un-
derground research laboratory for nuclear waste disposal
is operated by Andra. The Callovo-Oxfordian argillite is
about 130 m thick. In this study, the rock samples come
from three different depths. Although the depth differ-
ence is quite small (less than 30 m), some variations in
mineralogical compositions still exist (Fig. 1).

Mineralogical compositions, initial porosity and natu-
ral water content of samples were first investigated. Min-
eralogy was determined from results of X-ray diffractom-
etry and calcimetry that showed a rather homogeneous

Depth (m) Calcite content Quartz content Clays content

Borehole EST104 (%) (%) (%)

Depth 1 : 451.4–466.8 20–40 20–30 40–55

Depth 2 : 468.9–469.1 25–55 20–30 35–55

Depth 3 : 482.1–482.4 25–35 15–20 45–60

Fig. 1. Mineral compositions and basic proporties of Callovo-
Oxfordian argillite.

Fig. 2. Micrography of a typical Callovo-Oxfordian argillite
structure: calcite grains (C), quartz grains (tectosilicates) (T)
and clay matrix (MA).

composition of quartz (23% average), calcite (28% aver-
age) and clay minerals (45% average) together with subor-
dinate feldspars, pyrite and iron oxides (5% average). The
clay minerals composition is relatively constant at 65%
I/S (illite-smectite interstratified minerals), 30%–35% il-
lite and 0%–5% kaolinite and chlorite. At the microscopic
level, quartz and large calcite grains are scattered in a fine
matrix of clay minerals and calcite which acts to cement
the larger grains (see Fig. 2). Mineral grains have princi-
pally a rounded shape and a dimension between 10 and
40 µm. The clay minerals are grouped in clusters of some
microns large that can coat very well the grain form. Mi-
crostructural observations, [11] has shown the presence of
clay particles in the layer of sheets, including quartz and
calcite crystal grains. It was noted that the carbonated
phase does not constitute a cement but is organized in
grains spread in a clay matrix [2] remark in the same way
that quartz and calcite grains are tied to the clay matrix.
In Figure 2, we observe an organization of the clay min-
erals to a matrix in which we can find essentially calcite
and quartz particles.

The previous analyses lead us to consider for the
argillite a representative elementary volume (r.e.v.) com-
posed of a three phase composite of inclusion/matrix type
in which we discern the calcite and quartz phases sup-
posed spherical and distributed in a clay matrix.

Other microstructural observations showed a lot of
clay minerals extruded. This could be due to a relative
slide movement between the slice inducing residual plastic
deformations observed during triaxial compression tests
(Σ = Σ11e1 ⊗ e1 + Σ33(e2 ⊗ e2 + e3 ⊗ e3)) in the axial
(E11) and lateral (E33) directions after unloading.

Relying on microscopic analysis, it is noted as well
that mechanical properties of the argillite minerals are
very contrasted (the quartz and calcite elasticity moduli
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Fig. 3. Micrography of a calcite grain with transgranular frac-
tures.

is around 100 GPa whereas the clay one is around 10 GPa,
ten less). This can induce high local deformations in the
clay mass and weak one in the calcite and quartz grains.
The phases heterogeneity also leads to shear stress con-
centration at the interfaces and can bring on microcracks
by decohesion at the grains/matrix boundary or on trans-
granular fractures. The cracks inside the grains are prin-
cipally visible in the calcite (Fig. 3) where it can be ob-
served a network of microcracks with a quite isotropic
distribution. For the sake of simplicity, we assume then
an isotropic damage in this work. We will neglect as well
the microcracking by decohesion to suppose that the only
constituent who has an elastic damaged behavior is the
calcite. This damage induced by microcracks growth can
explain the degradation of the elastic stiffness observed
during macroscopic tests on the argillite.

Therefore we will suppose an isotropic, linear and elas-
tic behavior of the quartz grains, a damaged elastic be-
havior of the calcite grains with microcracks distributed
in isotropic orientation and an elastoplastic behavior for
the clay matrix. Further, influences of mineralogical com-
position on mechanical behavior of argillite have also been
studied. The macroscopic elastic modulus increases with
calcite content while it decreases with clay content. The
Poisson’s ratio is nearly insensitive to all the mineralogical
constituents. Mineralogical compositions have also some
effects on plastic deformation and induced damage.

3 Incremental formulation
of the homogenized constitutive law

3.1 Principle of the method

As already stated, the Callovo-Oxfordian argillite can
be represented by a three phases composite with dis-
tinct mechanical properties. This material is of a matrix-
inclusion morphology with phases randomly distributed,
the calcite and quartz minerals being embedded in the
clay matrix.

As classicaly, the r.v.e., named V , is subjected to an
uniform strain rate boundary condition. Vr and fr, with
r = 0,2, are the volume of the different phases and the

volume fraction of phase r, respectively. The compact no-
tations l and lr will be used to denote the average of a field
l in the entire r.v.e. V and in each phase Vr , respectively

l = 〈l〉 =
2∑

r=0

frlr , lr = 〈l〉r =
1

|Vr|
∫

Vr

l(x)dx (1)

As already indicated, the methodology of the incremental
method [1] consists to derive the overall tangent opera-
tor from the knowledge of the local behaviors. It requires
a rate formulation of the mechanical behaviors of con-
stituents:

σ̇(x) = L(x) : ε̇(x) (2)

Since these local behaviors take the form of a linearized
law given by tangent moduli, the classical Eshelby-based
homogenization procedure is used for the resolution of the
problem. For this purpose, a tangent localization tensor
A which relates the local strain rate to the macroscopic
strain rate has to be introduced:

ε̇(x) = A(x) : Ė (3)

By introducing the macroscopic tangent operator
Lhom, the macroscopic stress rate reads then:

Σ̇ = L
hom : Ė with L

hom = 〈L : A〉 (4)

3.2 Determination of the anisotropic tangent
localization tensor

For the implementation of the incremental method,
we need an approximation of the tangent operator in each
phase: at any point x of the phase (r)1, the relation linking
the strain rate to the stress rate can be approximated by:

∀x ∈ (r), σ̇(x) = Lr : ε̇(x) (5)

It appears that Lr is evaluated for a reference state ε
r

classically chosen as the average of the strain field in the
phase (r). This way to treat the homogenization prob-
lem supposes implicitely that each phase have an uniform
moduli while in the real material the strain field around
and inside the inclusion is strongly heterogenous. The lo-
calization relation (3) reads then:

˙̄ε
r

= Ar : Ė (6)

where Ar is the constant localization tensor in phase r
computed here by using the the Mori-Tanka scheme [12].
This scheme appears to be appropriate due to the
matrix/inclusion morphology of the Callovo-Oxfordian
argillite:

Ar =
[
I + P

0
Ir

: (Lr − L0)
]−1

:[∑
r

fr

[
I + P

0
Ir

: (Lr − L0)
]−1

]−1

(7)

1 (0) is the clay phase, (1) is the calcite phase and (2) the
quartz phase.
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P0
Ir

is the so-called Hill tensor which depends on the ge-
ometry of the inclusions r (considered here as spheres)
and on the tangent operator L0 associated to the clay
matrix. Since the calcite and quartz grains have the same
geometry, we will denote P0

I1
= P0

I2
= P0

I with:

P
0
I = S

E(L0) : L
−1
0 (8)

in which SE is the Eshelby tensor. Because of the
anisotropy of the tangent operator L0, a numerical in-
tegration procedure is needed for the computation of the
Hill tensor.

4 Modelling of the local constituents
behaviors

4.1 Elastoplastic behavior of the clay phase

For the elastoplastic phase, we propose a non associ-
ated Drucker-Pager type model ([13]) with isotropic hard-
ening. As classically, the free energy associated to the
elastoplastic behavior is the sum of the elastic energy and
the stored energy W γ(γp):

W (ε, β) =
1
2
(ε − εp) : C : (ε − εp) + W γ(γp) (9)

εp represents the plastic strain. An isotropic hardening,
described by a scalar variable γp, is assumed. C is the
elastic stiffness tensor of the clay matrix which is assumed
isotropic: C = 3kJ+2µK. The positive scalars k and µ are
respectively the elastic bulk and shear moduli; J and K

the spherical and deviatoric operators, respectively. J =
1
31⊗1 and K = I−J. The tensors 1 and I are respectively
the second and fourth-order symmetric identity tensor.

In order to take into account the pressure sensitivity
(effect of the hydrostatic stress), a Drucker-Prager type
plastic yield function is used: f(F p, F γ , γp) = f(σ, γp) =

q + αp(γp)(p − cp) where p = tr(σ)/3 and q =
√

3
2
s : s;

tensor s is the stress deviator. In agreement with ex-
perimental observations, an exponential form is adopted:
αp(γp) = αp

m − (αp
m − αp

0)e−bγp
.

To describe dilatancy effects of the matrix, we adopt
the following form of the plastic potential: g(σ, γp) = q +
βp(γp)p where βp is the dilatancy parameter. By analogy
with α(γp), we adopt: βp(γp) = βp

m − (βp
m − βp

0 )e−b′γp
.

The rate form of the constitutive equations, obtained
by time derivation of the stress tensor σ, takes the follow-
ing form:

σ̇ = L : ε̇ (10)

where the tangent modulus L is computed by using the
classical methodology in plasticity:

L = 3k1J + 2k2K − 2k3n ⊗ 1 − 2k41 ⊗ n − 2k5n ⊗ n

The parameters ki, i = 1...5 are given by:

k1 = k
(
1 − αpβpk

h

)
, k2 = µ, k3 =

µ

h

√
2
3
αpk,

k4 =
µ

h

√
2
3
βpk, k5 =

6µ

h
.

The other quantities read: n =
s

√
s : s

and scalar

h = αpβpk + 3µ − (p − cp)
dαp

dγp
.

4.2 Elastic unilateral damage behavior of the calcite
phasis

As classically, a quadratic form has been chosen for the
thermodynamical potential (free energy) corresponding
to the elastic damage process:

W (ε, d) =
1
2
ε : C(d) : ε (11)

d is a positive and increasing scalar variable which char-
acterizes the damage state of the calcite grains. It is de-
signed to take into account the evolving of microstructure
and in particular the microcracks growth. Because of the
unilateral effects induced by the opening/closing of mi-
crocracks, the stiffness tensor C depends on the state of
existing microcracks in the material. By considering the
mathematical condition on the potential W ([14,15]) and
with micromechanical considerations, it is shown that C

must take the following form:

C(d) =
{

3K(d)J + 2G(d)K if tr(ε) > 0
3K0(d)J + 2G(d)K if tr(ε) ≤ 0 (12)

In order to provide a physical basis to the damage
model, we have chosen for the expression of the bulk
modulus and for the shear modulus K(d) and G(d) mi-
cromechanical results established by Ponte-Castañeda &
Willis [16] for microcracked media. These results have
the interest of taking into account, not only the inter-
actions between microcracks, but also their spatial distri-
bution. For the yield function f the following form has
been adopted:

f(F d, d) = F d − H(d) (13)

where F d is the thermodynamical force associated to the
damage variable d and H is a scalar strictly positive func-
tion: {

H(d) = H0(1 + ηd)
with H0 > 0 and η > 0 (14)

We then deduce the evolution law of the elastic damage
law:

σ̇ = L : ε̇ (15)

with the tangent operator L given by the following ex-
pression:

L = 3k1J + 2k2K − 2k3(1 ⊗ e + e ⊗ 1) − 2k4e ⊗ e (16)
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Fig. 4. Hard clay under uniaxial compression application of
the incremental method to a compression test, prof: 466.8 m,
f0 = 51%, f1 = 26%, f2 = 23%.

k2 = G(d), k4 =
2(G′(d))2

h
,




k1 =
(
K(d) − (K ′(d)trε)2

h

)
and k3 =

(
K(d) − G′(d)K ′(d)

h

)
if tr(ε) > 0

k1 = K0 and k3 = 0 if tr(ε) ≤ 0

(17)

h = H0η + K ′′(d)trε1 + G′′(d)e

5 Calibration and evaluations
of the predictive capabilities
of the micro-macro model

5.1 Local integration of the micromechanical model

The practical implementation of the proposed micro-
macro incremental law requires the computation of the
homogenized tangent operator in (4). We propose the fol-
lowing numerical scheme corresponding to a Representa-
tive Elementary Volume (r.e.v.) subjected to an uniform
macroscopic strain rate Ė. At a step k tensor ε̇

k

r
which

represents the average strain rate in each phase r is as-
sumed to be known.

1. ε̇
0

r
= Ė.

2. For each phase and corresponding average deforma-
tion rate, the tangent operator Lk

r is computed.
3. We then deduce the Hill tensor PI0

r
and the localisa-

tion operator Ak
r (Eq. (7)).

4. The average field of the local rate deformation is given
by: ε̇

k+1

r
= Ak

r : Ė.

5. If
∣∣∣ε̇k+1

r
− ε̇

k

r

∣∣∣ >Tolerance goto 2.

6. Else Σ̇ =
∑

r frLk
r : Ak

r : Ė.

5.2 Identification of the model parameters

The purpose of this section is to provide a first eval-
uation of the predictive capability of the proposed model

by comparison with experimental data on the mechanical
behavior of the hard clay. A first step is to determine the
parameters of the model (6 elastic coefficients, 7 param-
eters involved in plastic law and 2 in the elastic damage
law). The identification of the parameters in the local
plastic and elastic damage model have been performed
by calibration on uniaxial compression test at the depth
466.8 m (Fig. 4).

The matrix behavior is described by the following pa-
rameters: E0 = 3 GPa, ν0 = 0.3, αp

0 = 0.05, αp
m = 0.95,

b = 300, βp
0 = −1.8, βp

m = 0.3, b′ = 400 and cp = 14. For
the calcite one has: E1 = 95 GPa, v1 = 0.27, h = 0.001
and η = 150. Finally, the elastic coefficients introduced
for the quartz grains behavior are: E2 = 101 GPa and
ν2 = 0.06. In Figure 4, we present for an uniaxial com-
pression test, a comparison between the model predic-
tion and the experimental data. Unfortunately, it appears
that the predicted response is too stiff comparatively to
the experimental curve. This observation is similar to the
one already reported by ([7, 8]) in the context of metals
plasticity.

5.3 Isotropization procedure and numerical
predictions

As suggested by [7] and [8] in the context of associ-
ated metals plasticity, a way to improve the model pre-
dictions consists in considering an isotropization proce-
dure in which the Eshelby tensor is evaluated by using
an isotropic approximation of the tangent moduli. In the
case of a Drucker-Prager matrix, we have recourse to the
general isotropization method described in [17] and ap-
plicable to any fourth order tensor:

L
iso
0 = (J :: L0)J +

1
5
(K :: L0)K (18)

Replacing L0 by its expression (11) in (18), we obtain:

L
iso
0 = 3kTJ + 2µTK (19)

kT = k

(
1 − kαpβp

h

)
and µT = µ

(
1 − 3µ

5h

)

with, h = αpβpk + 3µ − (p − cp)
dαp

dγp

It can be noted that in the isotropic case as considered
here, the Eshelby tensor is classicaly expressed as:

S
E =

3kT

3kT + 4µT
J +

6
5

kT + 2µT

3kT + 4µT
K (20)

At the step (3) of the algorithm previously described,
the Hill tensor is simply calculated from the following
expression:

P
0
Ir

= S
E(Liso

0 ) : L
−1
0 , r = 1, 2 (21)

Application of this new version of the model to the
uniaxial compression test is shown in Figure 5 a and
proves that the isotropization procedure improves signif-
icant by the predictions of the micromechanical model.
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Fig. 5. Depth 1. a) Simulation of an uniaxial compression test. b) Simulation of a triaxial compression test with 5 MPa confining
pressure. c) Simulation of a triaxial compression test with 10 MPa confining pressure. d) Simulation of a loading and unloading
triaxial compression test with 10 MPa confining pressure.
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Fig. 6. Depth 2. a) Simulation of an uniaxial compression test. b) Simulation of a triaxial compression test with 5 MPa confining
pressure. c) Simulation of a triaxial compression test with 10 MPa confining pressure. d) Simulation of a loading and unloading
triaxial compression test with 10 MPa confining pressure.

5.4 Experimental validations of the micromechanical
model

5.4.1 Triaxial compression tests

After the above calibration step, we propose to show
the potentialities of the proposed model, keeping the same
identified parameters on all tests (uniaxial and triax-
ial compression tests with 5 and 10 MPa confinement
pressure, proportional compression tests, lateral exten-
sion tests). The comparisons of the macroscopic stress-
strain curves and the experimental data are presented

in Figures 5–7 for triaxial compression tests. These com-
parisons indicate a good general agreement between the
model predictions and experimental data including cyclic
response of the materials. They provide a clear validation
of the model for the study of the argillite. The simulations
of unloading paths during the triaxial tests (Figs. 5, 6 and
7d) allow also to show the capability of the model to re-
produce the deterioration of the macroscopic elastic prop-
erties of the material as observed in the experiments [2].

It is important to note that, without any complemen-
tary calibration, the model is able to reproduce tests
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corresponding to samples at different depths only by
considering the appropriate (and measured) change in the
mineral composition of the material. Another interesting
advantage of the micromechanical model over purely
phenomenological-based models is to provide predictions
of the local fields at each macroscopic stress level. As
an example, we report in Figure 8a the damage evolu-
tion in the calcite grains as function of the macroscopic

axial strain. The effect of this local damage on the elas-
ticity of the calcite grains, as well as on the macro-
scopic elastic moduli are shown in Figures 8b and c. It
is worthnoticing that the amplitude of the decrease of
the elastic moduli at local and macroscopic scales are
strongly different. A possible consequence of the local
damage is that it can favour a strong increase of the
overall permeability though the macroscopic mechanical
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effect of damage is limited. Still, this is a crucial point
which need to be investigated in future works (see for
instance [18, 19]).

5.4.2 Proportional triaxial compression tests and lateral
extension tests

In order to provide complementary validations of the
model, we investigate now very different loading paths,
namely the proportional triaxial compression and the lat-
eral extension test which are common in various geome-
chanical applications. In a lateral extension test, the sam-
ple is first submitted to a hydrostatic stress and then the
confining pressure is reduced while the axial stress is kept
at a constant value. In a proportional test, the axial stress
and confining pressure are simultaneously increased with

a constant ratio k =
Σ11

Σ33
. The results, shown in Figure 9

for proportional tests and in Figure 10 for lateral exten-
sion tests, demonstrate that the predictions of the model
on this loading path are in agreement with experimental
stress-strain curves. A good agreement is observed be-
tween the new theoretical results and experimental data.
This proves again that the isotropization procedure im-
proves the predictive capabilities of the micromechanical
model.

6 Conclusions

The coupled elastoplastic damage behavior of a co-
hesive geomaterial, the Callovo-Oxfordian argillite, is in-
vestigated by the means of a non linear homogenization
approach. The formulation of the model is carried out
after a careful analysis of the microstructure and the de-
formation mechanisms of the studied class of materials.
It is pointed out that the argillite can be described as a
three phase medium whose constituents are the clay ma-
trix, the quartz grains and the calcite grains. The clay
matrix behaves as an elastoplastic material with possibil-
ity of a transition from plastic volumetric compressibility
to dilatancy. In a first approximation and for the range
of loadings considered, the quartz grains have been con-
sidered as linear elastic. Observation of intragranular mi-
crocracks in calcite grains has motivated the modelling
of these grains by using a continuum damage mechanics
approach.

Based on the various experimental data and observa-
tions, we have proposed a suitable model which takes ad-
vantage of the well known Hill-type incremental homoge-
nization procedure, classically applied to plastic behavior
of heterogeneous metals. The proposed micromechanical
formulation of the plastic-damage coupled behavior en-
ables the simulation of monotonous and cyclic loadings. A
large validation of the model is provided, by confrontation
with experimental data on various loading paths. More
precisely, it is shown that, by considering a modified ver-
sion of the original Hill method based on the use of an
isotropization procedure of the local tangent moduli, we

obtain model predictions in a very satisfactory agreement
with experimental data. Moreover, the superiority of the
micromechanical model over his phenomenological com-
petitors is underlined by showing some predictions of local
damage, local plastic deformations or of the effect of min-
eral composition of the material. Among others, current
developments concern mainly the extension of the model
to the poroplastic damage behavior of the argillite mate-
rial when it is saturated by fluid under pressure as in [20]
or in [21].
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