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a b s t r a c t 

This paper presents a hydro-mechanical constitutive model for clayey soils accounting for damage- 

plasticity couplings. Specific features of unsaturated clays such as confining pressure and suction effects 

on elastic domain and plastic strains are accounted for. A double effective stress incorporating both the 

effect of suction and damage is defined based on thermodynamical considerations, which results in a 

unique stress variable being thermodynamically conjugated to elastic strain. Coupling between damage 

and plasticity phenomena is achieved by following the principle of strain equivalence and incorporat- 

ing the double effective stress into plasticity equations. Two distinct criteria are defined for damage and 

plasticity, which can be activated either independently or simultaneously. Their formulation in terms of 

effective stress and suction allows them to evolve in the total stress space with suction and damage 

changes. This leads to a direct coupling between damage and plasticity and allows the model to capture 

the ductile/brittle behaviour transition occurring when clays are drying. Model predictions are compared 

with experimental data on Boom Clay, and the flexibility of the model is illustrated by presenting results 

of simulations in which either damage or plasticity dominates the coupled behaviour. 

© 2016 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Pressing needs for sustainable structures and safe geological

repositories require the development of reliable models to predict

the behaviour of natural geomaterials (e.g., soils, rocks) and engi-

neered materials (e.g. compacted backfill materials, cement-based

materials, ceramics etc.). One of the recurring modelling challenges

is the prediction of deformation, stiffness and strength of porous

media with a solid matrix containing clay minerals. 

Experimental evidence show that clayey soils can exhibit either

a brittle or a ductile behaviour ( Dehandschutter et al., 2005 ). The

transition between both behaviours depends on multiple factors

including moisture content ( Al-Shayea, 2001 ). Under deviatoric

loading, clayey soils can undergo large permanent strains. Their

properties, such as stiffness, strength, or permeability, are also

known to be subject to changes after being submitted to hydric

or mechanical solicitations. In clayey soils, these changes are

related to several physical phenomena, such as the deterioration of

cemented bonds, hence the destructuration of the material, or the
∗ Corresponding author. Tel.: +44 131 451 4243. 
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hange in water content, resulting in a decrease of suction-induced

onding. 

Sophisticated plasticity models proposed for clayey soils allow

apturing suction hardening and wetting collapse. However these

odels are not suited for stiffer or bonded materials, which can

ndergo both plastic deformation and stiffness degradation. A

henomenological variable d , called “damage”, can be defined at

he continuum scale to quantify the energy dissipated by stiff-

ess degradation. Note that d represents the effects of multiple

icroscopic dissipative processes that lead to the loss of adhesion

etween material surfaces, such as micro-crack propagation or

ebonding due to an increase of water saturation. Coupling dam-

ge and plasticity in a thermodynamically consistent framework

aises many issues when one wants to ensure thermodynamical

onsistency while keeping the model simple enough to allow for

asy calibration and incorporation into a numerical code. Models

oupling damage and plasticity are often material and loading

ath specific, and difficult to generalise to a broader category of

roblems related to the coupled effects of mechanical stress and

uction in unsaturated clay-bearing porous media. One of the

undamental issues that needs to be addressed is the choice of

hermodynamic variables, in particular the stress variable involved

n the yield and damage criteria. 

http://dx.doi.org/10.1016/j.ijsolstr.2016.04.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijsolstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijsolstr.2016.04.007&domain=pdf
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Fig. 1. Influence of suction on volumetric compression and volume changes due to 

wetting and drying, adapted from Alonso et al. (1990) . p ′ is the net mean stress. 
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State-of-the art models are often designed to fit experimen-

al data for specific materials subjected to specific stress-paths. By

ontrast, the modelling approach presented in this paper is aimed

o predict the transition between brittle and ductile deformation

egimes for different fabrics, clay contents and hydro-mechanical

tress paths. Model calibration and numerical implementation are

acilitated by the low number of constitutive parameters employed

n the formulation (14 parameters in total, 8 for the mechanical

art of the model and 6 for the hydraulic part). The proposed

ramework is flexible so that each component can be refined if one

ants to adapt it to a specific material. The described model is de-

igned in order to be adaptable to a wide range of geomaterials,

anging from stiff clayey soils to mixtures of clay and sand. To il-

ustrate the versatility of the framework, the model was calibrated

gainst experimental data obtained for a variety of geomaterials

ncluding Boom clay and mixtures of clay soil and sand. 

The work presented in this paper provides a general method to

ouple damage and plasticity in porous materials that have a clay-

earing solid matrix. Clay minerals are expected to play a critical

ole in the deformation and retention properties of the damaged

edium. Section 2 reviews the main modelling strategies avail-

ble to date to model hydro-mechanical plasticity and damage in

nsaturated porous media, and introduces the main concepts and

tates variables used to account for the effect of suction and dam-

ge. Then, the concept of double effective stress is introduced in

ection 3 , and its coupling with damage and plasticity is devel-

ped. In Section 4 , the behaviour of the mechanical model is anal-

sed, as well as its limits and its sensitivity to the main parame-

ers. Section 5 presents the simulation of different laboratory tests

erformed on unsaturated clay-bearing geomaterials. The compar-

son between models predictions and experimental data reported

n the literature is used as a basis to assess the performance of the

odel. 

The sign convention used is the one of soil mechanics. Com-

ressive stresses and strains take therefore positive values. 

. Damage in unsaturated clay-bearing porous media 

.1. Pore-scale hydro-mechanical couplings 

In this study, we are interested in modelling multiphasic me-

ia made of a solid skeleton containing pores filled with a mix-

ure of liquid and gas. The difference between gas and liquid pore

ressures, s = u a − u w 

, is called suction. In the case in which air

emains equal to the atmospheric pressure, water pressure is neg-

tive and suction takes a positive value. The air–water interface

called meniscus) starts to curve when suction increases. The ra-

ius of the meniscus decreases when suction increases, and once

t becomes as small as the pore throats, air can invade the porous

tructure, which becomes unsaturated. The combination of the wa-

er surface tension and the negative pore water pressure results

n a force that tends to pull the soil grains towards one another.

he resulting force on the solid skeleton is similar to a compres-

ive stress ( Santamarina, 2003 ). An increase in suction will there-

ore lead to a decrease of the total volume (shrinkage), and wet-

ing soils (i.e. decreasing suction) will usually make them swell.

uction also contributes to stiffen the soil against external load-

ng thanks to grain bonding induced by water menisci in tension.

he additional component of normal force at the contact will also

revent slippage between grains and thus increases the external

orce needed to cause plastic strains ( Ridley et al., 2009 ). However,

hen wetting a soil under constant mechanical loading, the re-

aturation destroys the bonds formed by water menisci and may

nduce an irrecoverable volumetric compression (called collapse)

 Muñoz Castelblanco et al., 2011 ). These main characteristics of

nsaturated soils mechanical behaviour are represented in Fig. 1 .
hanges in suction may also induce irreversible processes (plastic-

ty or damage) during a drying process ( Alonso et al., 2014; Wang

t al., 2014 ). 

.2. State variables for unsaturated porous media 

Unsaturated soil models are usually extensions of saturated soil

nes. The most widely used of them is the Cam-clay model, first

eveloped by Roscoe et al. (1958) and later modified by Roscoe

nd Burland (1968) . Extension to unsaturated states requires the

efinition of specific state variables. A comprehensive review of the

xisting stress frameworks can be found in the paper of Nuth and

aloui (2008) . 

Houlsby (1997) demonstrated that, assuming the incompress-

bility of the solid matrix and the water phase, the work input to

n unsaturated soil can be written as: 

˙ 
 = [ σ − (S r u w 

+ (1 − S r ) u a ) I ] : ˙ ε − (u a − u w 

) φ ˙ S r (1)

here σ is the total stress tensor, ˙ ε the total strain rate tensor,

 a and u w 

the air and water pore pressures, φ the porosity, S r the

egree of saturation, and I the identity matrix. 

This formulation leads to the introduction of two state variables

espectively conjugated to the strain rate, ˙ ε , and to the degree of

aturation rate ˙ S r . 

The stress quantity related to the strain increment is, 

∗ = σ − (S r u w 

+ (1 − S r ) u a ) I 

= σ − u a I + (u a − u w 

) S r I 

= σnet + sS r I (2) 

hich is a particular form of Bishop’s effective stress ( Bishop,

959 ) in which the χ factor is taken equal to 1. This stress has

een used by many authors and has been attributed different

ames, such as the average skeleton stress tensor ( Jommi, 20 0 0 ),

he constitutive stress ( Sheng et al., 2003 ) or the generalised ef-

ective stress ( Laloui and Nuth, 2009 ). In the following, the term

onstitutive stress will be used. 

Other expressions have been proposed for this constitutive

tress, accounting for the energy of the air–water interface

 Nikooee et al., 2012; Pereira et al., 2005 ), the different levels

f porosity ( Alonso et al., 2010 ), or the compressibility of the

olid matrix through the Biot’s coefficient ( Chateau and Dormieux,

002; Jia et al., 2007 ). However, for the sake of simplicity, we

ill keep the simple expression of Eq. (2) , although the framework

ould easily accommodate a different expression for the constitu-

ive stress. 

According to Eq. (1) , a second suction-related state variable,

ork-conjugated to the increment of degree of saturation is re-

uired. It will be called modified suction in the following and is
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written as: 

s ∗ = φs (3)

Constitutive equations are derived from an energy potential, 

σ∗ = 

∂ψ 

∂ ε 

e 
(4)

s ∗ = −∂ψ 

∂S r 
(5)

in which ψ is the Helmholtz free energy, and ε e is the elastic

strain tensor. 

Due to the presence of the term sS r in the constitutive stress ex-

pression, the relationship between suction and degree of saturation

has a great impact on the soil unsaturated mechanical behaviour. 

For the sake of simplicity, hysteresis effects will be neglected in

the present study, and the degree of saturation is expressed as a

bijective function of the modified suction: 

S r = f (s ∗) (6)

The expression of van Genuchten (1980) , in which the modified

suction is used in place of suction, is used for the water retention

properties: 

S r = 

(
1 

1 + (αv g s ∗) n v g 

)m v g 

(7)

where αvg , n vg and m vg are parameters calibrated to fit experimen-

tal data. 

It is worth noting that this stress framework choice provides

many advantages in terms of numerical implementation. Indeed,

for a degree of saturation S r = 1 , Eq. (2) becomes σ∗ = σ − u w 

I ,

and Terzaghi’s saturated effective stress is recovered. This smooth

transition between unsaturated and saturated states makes it easy

to simulate the behaviour of a soil submitted to negative as well

as positive water pressures with a single model. 

2.3. Dissipative mechanisms: hydro-mechanical plasticity and 

damage models 

Under deviatoric loading, clayey soils can undergo large perma-

nent strains. Their properties, such as stiffness, strength, or perme-

ability, are also known to be subject to changes after being sub-

mitted to hydric or mechanical solicitations. In clayey soils, these

changes can be related to the destructuration of the material or

to the deterioration of water bonds induced by tension in the

menisci. Several approaches have been used to model this degra-

dation. Some models have been developed which assume elastic

moduli to be functions of the amount of plastic strains ( Gajo and

Bigoni, 2008; Hueckel, 1976; Sulem et al., 1999 ). However, these

models usually (except for Sulem et al., 1999 ) do not incorpo-

rate a strength reduction with plastic straining. Other models, de-

veloped for so-called structured, bonded or sensitive clays, focus

on the increase in the size of the yield surface due to structure,

which decreases at large strains to recover the yield surface of the

reconstituted material ( Baudet and Stallebrass, 2004; Karstunen

et al., 2005; Kavvadas and Amorosi, 2000; Liu and Carter, 2002;

Nova et al., 2003; Rouainia and Muir wood, 20 0 0 ). A parameter

is then introduced to account for the degradation of structure,

which evolves with plastic strains in the aforementioned models.

These models do not account for the concomitant degradation of

elastic stiffness, although it has been shown to decrease during

loading for stiff clays such as claystones ( Chiarelli et al., 2003 ).

Boom Clay samples extracted around a gallery have also shown

a reduced small-strain shear modulus in the excavation damage

zone ( Dao et al., 2015 ) Another approach, the one that is used

in this paper, is to use the framework of Continuum Damage Me-

chanics, first developed for metals and later extended to concrete
nd rocks. This approach assumes that the degradation of ma-

erial properties is due to the initiation and propagation of mi-

rocracks in rocks. This approach has been used for concrete be-

aviour modelling ( Grassl and Jirásek, 2006 ) as well as for stiff

emented clays ( Einav et al., 2007 ). Several approaches were pro-

osed to model the evolution of stiffness and the accumulation

f irreversible deformation induced by anisotropic damage ( Arson,

014 ). Up to now, few attempts have been made to model damage

n unsaturated geomaterials. Some models have been developed

hich consider damage in unsaturated geomaterials ( Arson and

atmiri, 2009 ), damage-plasticity couplings in saturated geomate-

ials ( Chiarelli et al., 2003; Conil et al., 2004; Yu et al., 2013 ), dam-

ge and viscoplasticity in unsaturated geomaterials ( Dufour et al.,

012 ), and even damage-plasticity couplings in unsaturated geo-

aterials ( Hoxha et al., 2007; Jia et al., 2007 ). However, these mod-

ls, initially formulated for rocks, ignore some specific important

eatures of clayey soil behaviour, such as the dependence of elastic

oduli to pressure. Moreover, damage-plasticity models proposed

or rocks so far fail at predicting the transition between ductile

nd brittle behaviour associated with suction increase. Vaunat and

ens (2003) developed a model for bonded granular soils, based

n microstructural considerations, which is able to reproduce both

trength and stiffness degradation coupled with elastoplasticity. It

as been later extended to other materials and loading scenarios

 Cardoso et al., 2013; Pinyol et al., 2007; Yang et al., 2008 ). This

odel, however, has been developed for a very specific class of ge-

materials. By contrast, our modelling framework can be applied to

 broader range of materials, from quasi-brittle stiff clays for which

amage occurs in the elastic strain domain, to soft clays for which

lasticity is the predominant dissipative mechanism. 

.4. Principle of effective stress in Continuum Damage Mechanics 

Introduced by Kachanov (1958) , the effective stress in the sense

f damage mechanics is based on the fact that the resisting sec-

ion decreases when micro-cracks develop. This approach can be

xtended to a broad range of unsaturated clay-bearing geomate-

ials, in which damage also represents the loss of bonding due

o water menisci. Note for instance that in some thermodynamic

rameworks ( Coussy et al., 2010 ), air–water interfaces are part of

he apparent solid skeleton. 

A scalar damage variable, d , is defined as an average of the pro-

ortion of damaged surfaces in the material. d ranges from d = 0

or an intact material to d = 1 for a totally damaged material with

o residual resistance. Assuming that damage is isotropic and af-

ects similarly all components of the stress tensor, the effective

tress tensor then becomes 

˜ = 

σ

1 − d 
(8)

More complex expressions could be used in place of Eq. (8) ,

n order to accommodate more sophisticated behaviours, such as

nisotropic damage. 

In this study, damage is a phenomenological variable that de-

cribes the combined effects of multiple mechanisms on elastic

tiffness degradation. 

. Hydro-mechanical damage-plasticity model based on the 

oncept of double effective stress 

.1. Introduction of a double effective stress accounting for suction 

nd damage effects 

The two previous sections allowed us to introduce two quan-

ities describing the stress applied on the solid matrix. On the

ne hand, the constitutive stress, in unsaturated soils, takes into
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Fig. 2. Principle of strain equivalence. 
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ccount the effect of water menisci in tension, acting like a com-

ressive stress on the solid matrix. On the other hand, the effective

tress, in the sense of damage mechanics, enables us to account

or the decreasing material surface sustaining mechanical loads, re-

ulting from the creation of micro-cracks and the modification of

ater bonds. There is a need to define a new quantity, represent-

ng the stress applied on the solid matrix when the material is af-

ected by both suction and damage simultaneously. This quantity

ill be called the double effective stress and is assumed to control

he porous material mechanical behaviour. 

Two simple combinations of the previous effective stresses can

e imagined to incorporate both damage and suction into this dou-

le effective stress, ˜ σ∗: 

˜ ∗1 = 

σ − u a I + sS r I 

1 − d 
= 

σ∗

1 − d 
(9) 

˜ ∗2 = 

σ

1 − d 
− u a I + sS r I = 

˜ σ − u a I + sS r I (10)

To choose between these two expressions, we assume that a

amaged sample submitted to a change in suction should behave

ifferently com pared to the intact sample. This hypothesis has

een considered by other authors, such as Carmeliet and Van Den

beele (20 0 0) , who consider that damaged materials experience

ore swelling when wetted that intact ones. 

Assuming that the total applied stress, the gas pressure, as well

s damage are kept constant, the change in the double effective

tress due to a suction increment would be: 

˙ ˜ ∗1 = 

(s ̇ S r + S r ̇ s ) I 

1 − d 
(11) 

˙ ˜ ∗2 = (s ̇ S r + S r ̇ s ) I (12)

Thanks to the use of a hyperelastic formulation ( Section 3.3 )

lastic strains are directly related to the double effective stress. The

train change due to suction change would therefore be the same

or an intact and a damaged sample for the second expression. 

We will thus choose the first expression for the double effective

tress : 

˜ ∗ = 

σ − u a I + sS r I 

1 − d 
(13) 

We define the following quantities: 

• Mean stress: p = 

1 
3 tr( σ) 

• Deviatoric stress tensor: σd = σ − pI 

• Deviatoric stress: q = 

√ 

3 
2 σd : σd 

Then the double effective triaxial variables are: 

˜ p ∗ = 

p − u a + sS r 

1 − d 
(14) 

˜ 
 

∗ = 

˜ q = 

q 

1 − d 
(15) 

It can be noted that with this definition of the double effective

tress, suction effects are isotropic, and thus don’t have any impact

n the deviatoric stress. 

The existence of a double effective stress, in which suction

nd damage effects on mechanical behaviour are included, is a

ey assumption in the following modelling developments. In the

ollowing sections, we will study how this double effective stress

llows for damage and suction effects on elastic and dissipative

ehaviours to be reproduced. 

.2. Expression of Helmholtz free energy 

We assume that the material state is described by the values

f the following state variables: The elastic strain, ε e , the degree
f saturation, S r , damage, d , and a hardening variable, χ. We as-

ume that elastic, plastic and hydraulic potential energy functions

re decoupled and that processes are isothermal. We propose the

ollowing form for Helmholtz free energy: 

 = ψ( ε 

e , S r , d, χ) = ψ 

e ( ε 

e , d) + ψ l (S r ) + ψ 

p ( ε 

p , χ) (16)

In order to build a damage constitutive model, an extra assump-

ion has to be added to the concept of effective stress. 

Concerning the damage-elastic part of Helmholtz free energy,

e choose to use the form proposed by Ju (1989) , 

 

e ( ε 

e , d) = ψ 

e 
0 ( ε 

e )(1 − d) (17)

hich, after derivation gives the following expression of the con-

titutive stress: 

∗ = 

∂ψ 

e 

∂ ε 

e 
= (1 − d) 

∂ψ 

e 
0 

∂ ε 

e 
(18) 

The double effective stress is therefore related to elastic strains

hrough the following constitutive relationship: 

˜ ∗ = 

σ∗

1 − d 
= 

∂ψ 

e 
0 

∂ ε 

e 
(19) 

The relationship given in Eq. (19) implies that, in a damaged

aterial, the double effective stress will be linked to elastic strains

ith the same relationships that the constitutive stress in an in-

act material. This is the principle of strain equivalence defined by

emaitre and Chaboche (1978) which states that the strain associ-

ted with a damaged state under the applied stress is equivalent to

he strain associated with its undamaged state under the effective

tress. The principle of strain equivalence is illustrated in Fig. 2 . 

This approach has the advantage of being easily extensible to

lasticity, by replacing stresses by double effective stresses in clas-

ical equations. 

.3. Elasticity 

For the sake of simplicity, the elasticity is assumed to be linear

n the following developments. However, experimental evidence

how that bulk and shear moduli of geomaterials increase with

onfining pressure, which may have an important effect on the

aterial behaviour, especially if a large confining pressure range is

onsidered. The present framework can be adapted to non-linear

lasticity. In order to ensure the conservation of the elastic defor-

ation energy, it is necessary to formulate the model within the

ramework of hyper-elasticity ( Zytynski et al., 1978 ). Challenges re-

ated to the degradation of pressure dependent elastic moduli in

orous material were discussed in Le Pense (2014) . 

Incorporating linear elasticity into Eq. (19) gives: 

˜ p ∗

˜ q 

}
= 

[
K 0 

0 3 G 

]{
ε e v 
ε e s 

}
(20) 

n which K is the bulk modulus, G the shear modulus, ε e v the volu-

etric elastic strain, and ε e s the deviatoric elastic strain. 
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Fig. 3. Shape of damage criterion. (a) Double effective stress space, (b and c) total stress space (b. effect of suction, c. effect of damage). 
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This gives the following apparent stiffness matrix when ex-

pressed in terms of constitutive stresses: {
p ∗

q 

}
= 

[
K(1 − d) 0 

0 3 G (1 − d) 

]{
ε e v 
ε e s 

}
(21)

Coupling of the principle of strain equivalence with a damaged

effective stress therefore leads to a degradation of apparent elastic

moduli with damage, without the need to explicitly express them

as functions of the damage parameter. 

3.4. Damage onset and evolution 

Since suction has no effect on deviatoric stress, we will not con-

sider the anisotropy induced by damage in this paper. We adopt

Drucker–Prager damage criterion, which is expressed in terms of

double effective stresses, so as to follow the principle of strain

equivalence: 

f d = 

˜ q − C 2 ̃  p ∗ − C 0 − C 1 d = 0 (22)

in which C 1 is a hardening parameter. The lower C 1 , the faster d

will increase with deviatoric stress. The C 2 coefficient allows the

dependence on confining pressure to be accounted for. Indeed, ge-

omaterials are known to be more brittle at low confining pressure

and more plastic at high confining pressures. C 0 enables the mod-

ification of the damage threshold. 

The shape of the damage criterion in the double effective stress

space is given in Fig. 3 a for different values of damage. It can be

seen that, when damage increases, the material is hardening with

respect to effective stresses. 

Expressed in total stresses, Eq. (22) becomes: 

q 

1 − d 
− C 2 

p + sS r 

1 − d 
− C 0 − C 1 d = 0 (23)

q − C 2 (p + sS r ) − (1 − d)(C 0 + C 1 d) = 0 (24)

The shape of the corresponding damage criterion in the total

stress space is given in Fig. 3 . 

Fig. 3 b shows the evolution of the damage criterion with suc-

tion. Although suction does not have an effect on the damage

criteria in the double effective stress space, suction increases the

stress value for which damage is initiated when considering total

stresses. 

Fig. 3 c shows the evolution of the damage criterion with dam-

age. It can be seen that, although the intact fraction of the material

is hardening, an apparent softening behaviour appears after a cer-

tain value of damage is reached, when considering total stresses. 
Deriving Eq. (22) gives the consistency condition, 

 = 

˙ f d = 

∂ f d 
∂ ̃  p ∗

˙ ˜ p ∗ + 

∂ f d 
∂ ̃  q 

˙ ˜ q + 

∂ f d 
∂d 

˙ d (25)

rom which the damage evolution law can be deduced: 

˙ 
 = A d ( ̃  σ) : ˙ ˜ σ∗ (26)

here A d = 

1 
C 1 

[ −C 2 
3 I + 

˜ σd 
˜ q 

] . 

This expression of the damage evolution rate as well as the

amage criterion implies that damage initiation and evolution are

olely related to elastic strains. Note that some authors assumed

hat damage is initiated by an accumulation of plastic strains.

y contrast, we decoupled damage and plasticity, which allows

odelling a wide range of materials, subject to damage propaga-

ion only, or plastic dissipation only, or both damage and plastic

issipation. 

.5. Coupled damage and plasticity model: suction hardening and 

amage softening 

According to Jommi (20 0 0) , extending a poromechanical model

rom saturated to unsaturated materials requires the two following

teps: 

• the substitution of the average skeleton stress for effective

stress 
• introduction in the basic saturated elastoplastic model of the

modifications necessary to take into account the effects of the

interfaces on the overall mechanical behaviour 

According to Ju (1989) , plasticity occurs only in the undamaged

ounterpart of the bulk, and the expression of plastic flow for the

amaged material can be obtained by using effective properties

nd effective stress in the expression of plastic flow for undamaged

aterials. Therefore, the characterisation of the plastic response

hould be formulated in the damaged effective stress space and

he stress tensor should be replaced by the damaged stress ten-

or, ˜ σ, into the equations of plasticity. This follows the principle of

train equivalence. 

Similarly to the Barcelona Basic Model (BBM) ( Alonso et al.,

990 ), the most widely used model for unsaturated soils, we use

he modified Cam-Clay model ( Burland, 1965 ) as a basis to predict

lasticity in saturated geomaterials. Based on Jommi’s and Ju’s rec-

mmendations, we formulate the yield criterion in terms of double

ffective stress to extend the model to damaged and unsaturated

eomaterials. In addition, we introduce a dependence of the yield

riterion to suction: 

The yield surface is therefore taken of the following form: 

f p = 

˜ q 2 − M 

2 ˜ p ∗(p ∗c (p 0 , s ) − ˜ p ∗) (27)
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n which p ∗c is the preconsolidation pressure, which is a function of

uction and the saturated preconsolidation pressure, p 0 ( Eq. (34) ). 

Cam-clay models have been developed in the framework of

ritical State Soil Mechanics ( Roscoe et al., 1958 ). The critical state

oncept states that soils and other granular materials, if continu-

usly distorted until they flow as a frictional fluid, will come into

 well-defined critical state. At the onset of the critical state, shear

istortions occur without any further changes in mean stress, de-

iatoric stress or void ratio. The critical state is described in the

( ̃  p ∗, ̃  q ) plane by the line of equation: 

˜ 
 = M ̃

 p ∗ (28) 

In some recent models (such as BBM), non-associate flow rules

re adopted to predict plastic volumetric strains under a variety of

tress paths. For the sake of simplicity, we considered an associate

ow rule (like in the original Cam-Clay model). The plastic poten-

ial is defined as: 

 p = f p = 

˜ q 2 − M 

2 ˜ p ∗(p ∗c − ˜ p ∗) (29)

The plastic flow rule is: 

˙ 
 

p = 

˙ �p 
∂g p 

∂ ̃  σ∗ = 

˙ �p 

(
∂g p 

∂ ̃  p ∗
I 

3 

+ 

∂g p 

∂q 

3 ̃

 σd 

2 ̃

 q 

)
(30) 

n which 

∂g p 

∂ ̃  σ∗ = 

M 

2 (2 ̃

 p ∗ − ˜ p c 
∗) 

3 

I + 3 ̃

 σd (31) 

The hardening law is defined as: 

˙ p 0 = 

p 0 
λ − κ

˙ ε p v (32) 

In order to reproduce the extension of the elastic domain with

uction, the preconsolidation pressure is sought in the form of a

unction of suction and saturated preconsolidation pressure ( p 0 ): 

p ∗c = p ∗c (p 0 , s ) (33)

When drawn in the ( p, s ) plane, this curve is called the Loading-

ollapse (LC) curve. Many different expressions were proposed for

he equation of the LC curve ( Alonso et al., 1990; Buisson et al.,

0 03; Jommi, 20 0 0; Sheng et al., 2004; Sun et al., 2008 ). Experi-

ental characterisation of clay-bearing unsaturated materials is of-

en driven by the determination of BBM parameters. In order to

acilitate the calibration of our model, we chose the LC equation

roposed by Sheng et al. (2004) , because Sheng et al.’s approach

s the closest we found to the BBM model. The equation of the LC

urve is: 

p ∗c = p r 

(
p 0 
p r 

) λ−κ
λs −κ + sS r (34)
Fig. 4. Shape of yield surface. (a) Double effective stress space, (b an
s = λ[(1 − r) exp (−βs ) + r] (35)

The shape of the yield criterion in the double effective stress

pace is given in Fig. 4 a. As expected, the yield surface in the

ouble effective stress space does depend on suction, but not on

amage. 

Expressed in total stresses, the equation of the yield surface

 Eq. (27) ) becomes 

 

2 − M 

2 (p + sS r ) [ (1 − d) p ∗c − (p + sS r ) ] = 0 (36)

nd the equation of the critical state line becomes 

 = M(p + sS r ) (37)

Fig. 4 b shows the evolution of the yield surface with suction.

ith respect to total stresses, the elastic domain increases with

uction. Suction also induces an apparent cohesion. 

Fig. 4 c shows the evolution of the yield surface with dam-

ge. Damage has a softening effect on the plastic behaviour. Al-

hough plastic and damage dissipative potentials were assumed to

e decoupled, the assumption of a double effective stress, associ-

ted with the principle of strain equivalence, allows for a direct

amage-plasticity coupling. Indeed, although damage and plastic-

ty criteria are expressed in terms of the double effective stress,

nd consequently do not depend explicitly on damage and suction,

hey evolve with damage and suction in the total stress space. 

The following section will illustrate how the proposed model

ehaves for its mechanical part, based on specific sets of

arameters. 

. Illustration of the mechanical damage-plastic behaviour 

The model has been designed in a flexible way, which en-

bles the independent refinement of its basic components (effec-

ive stresses, elasticity, damage and plasticity equations) to fit spe-

ific materials behaviours. Analysis of the model behaviour, as well

s its validation, will focus on clayey geomaterials, such as Boom

lay, since these materials exhibit simultaneously a strong plastic

ehaviour, as well as damage. 

.1. Summary of Boom Clay data from the literature 

Boom Clay has been selected as a possible host rock for deep

adioactive waste disposal in Belgium. It is considered as an over-

onsolidated plastic clay. 

Most experimental studies published on Boom Clay focus on

he characterisation of physical properties (such as retention and

ermeability), or on the hydro-mechanical response of the soil in

nsaturated conditions. Very few measures were done to study
d c) total stress space (b. effect of suction, c. effect of damage). 
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Table 1 

List of the model parameters and their range of values as found in the literature. 

François et al. (2009) Bésuelle et al. (2013) Delahaye and Alonso (2002) Della Vecchia et al. (2011) a Wu et al. (2004) 

Elasticity 

E (MPa) 20 0–40 0 150–500 70 b 

ν 0.125–0.45 0.333 

Retention 

αvg ( MPa −1 ) 0 .15(d)–0.5(w) 

m vg 0 .19(d)–0.22(w) 

n vg 2 .8(d)–2(w) 

Plasticity 

M 1 0 .78 

λ − κc 0.15 0 .06 0 .03–0.23 

p 0 (MPa) 5.4–6 4 

r 0.564 0 .015–0.3 

β ( MPa −1 ) 54.4 0 .41–1.336 

p r (MPa) 0.06 0 .595–1.2 

a Results for natural Boom Clay, parameters for drying and wetting curves. 
b Calculated from K = 

k i 
(1+ e ) p (non-linear elasticity) for an initial state e = 0 . 59 and p = 4 . 4 MPa . 

c equivalent to λ−κ
1+ e in the cited references. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Parameters chosen as a basis for the parametric study. 

Elasticity Plasticity Damage Initial state 

E ν M λ − κ p 0 C 0 C 1 C 2 p 

MPa MPa MPa MPa MPa 

300 0.4 1 0.05 5.5 0 10 0.5 3 
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the degradation of stiffness with stress and suction, despite the

proven existence of an Excavation Damaged Zone (EDZ) around un-

derground openings. Excavation induced fractures were observed

around galleries ( Bastiaens et al., 2007; Bernier et al., 2007; Van

Marcke and Bastiaens, 2010 ). Damage was also studied by means

of seismic ( Bastiaens et al., 2007 ) and acoustic ( Lavrov et al., 2002 )

measurements. Boom clay can exhibit both ductile and brittle be-

haviours ( Dehandschutter et al., 2005 ). More recent studies using

advanced imaging technique provided evidence of cracks in Boom

Clay samples ( Bésuelle et al., 2013 ) The transition between the fail-

ure modes depends strongly on the confining pressure and is also

influenced by the water content ( Al-Shayea, 2001 ) and by the over-

consolidation ratio. 

Boom clay has been extensively studied either from experi-

ments on undisturbed natural samples, or on samples prepared by

compaction from Boom clay powder. Many experimental data on

saturated natural Boom clay are available in the literature ( Baldi

et al., 1991; Coll, 2005; Sultan et al., 2010 ). However, concerning

the unsaturated behaviour, most of the studies have been made

on compacted ( Bernier et al., 1997; Romero, 1999 ) or remoulded

( Al-Mukhtar et al., 1996 ) samples, and only a few on undisturbed

samples ( Cui et al., 2007; Della Vecchia et al., 2011 ). Moreover, me-

chanical tests at different suctions are limited to oedometer and

isotropic compression tests. By comparing experiments on natural

and compacted samples, ( Della Vecchia et al., 2011 ) concluded that

the same constitutive framework seems to be applicable to natural

Boom clay and to the material compacted from the clay powder.

However, mechanical parameters have to be adapted for different

microstructures. 

Boom clay is a more complex material than other clay stones

such as Callovo-Oxfordian argillites, which exhibit a less plastic be-

haviour. The following simulations will demonstrate that the mod-

elling approach that we proposed above is suitable to predict the

brittle/ductile transition in unsaturated geomaterials in which the

behaviour is strongly influenced by plastic deformation, confining

pressure, and water content. 

Data available to calibrate our model involves tests performed

on cores of different origins, taken at different depths. The min-

eral composition of the samples varied greatly from one experi-

ment to the other, and therefore, a high variability was noted in

the mechanical and physical properties. In the following numerical

study, we used material parameters that fell in the range of values

reported in the literature, and we adapted the set of parameters

to the different soils tested, in order to match experimental test

results. 
i  
Some values found in the literature for elasticity, plasticity,

nd retention parameters are given in Table 1 . No similar damage

odel has been found which would allow to determine the range

f values for our damage parameters. 

The set of data chosen to study the sensitivity of the damage-

lastic model to the different parameters is given in Table 2 . 

.2. Damage model 

Although the damage part of the model has been chosen to be

ormulated with the minimum number of parameters, and to be

ased on Drucker–Prager, no identical model, expressed in terms

f the damaged effective stress has be found in the literature. The

ehaviour of this model, and the range of parameters for which it

ives sensible results is studied in this section. 

It can be seen in Fig. 5 a that the model can exhibit a radial

ontraction under triaxial loading for certain sets of parameters. 

This feature appears for sets of parameters which do not re-

pect Eq. (38) (details of the calculation are given in Appendix A ):

3(1 − 2 ν) 

1 + ν
� C 2 � 3 (38)

n which ν is the Poisson’s ratio, and C 2 the slope of the damage

riterion. 

Fig. 5 shows the effect of the damage parameters C 2 (slope of

he damage criterion) and C 1 (hardening parameter) on the stress–

train curves as well as the evolution of damage with axial strain.

s expected from the theoretical developments presented earlier,

he damage model can reproduce a hardening behaviour followed

y a softening behaviour. It can be seen that variations of C 2 result

ainly in a modification of the damage threshold, whereas chang-

ng C 1 modifies the damage evolution rate. High values of C 1 there-

ore result in higher peak stress values. 

.3. Damage-plasticity coupling 

The plasticity part of the model is similar to BBM, expressed

n terms of the unsaturated constitutive stress. It has been widely
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Fig. 5. Effect of C 2 (a,c) and C 1 (b,d) on the stress–strain curves (a,b) and damage evolution as a function of axial strain (c,d). 
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tudied in the literature and sensitivity to its parameters will not

e detailed here. 

Fig. 6 compares the behaviour of the coupled damage plas-

icity model to the behaviour when only damage or plasticity

s considered. Two cases are presented, one for which plastic-

ty is the dominant dissipative phenomena, using the parameters

f Table 2 ( Fig. 6 a,c,e), and one for which damage is dominant

 Fig. 6 b,d,f). 

For the plasticity dominated case, it can be seen in Fig. 6 a that

he softening behaviour after deviatoric stress peak, characteristic

f the damage model, is absent for the coupled model. The cou-

led model stress–strain behaviour also follows the same pattern

s the plasticity model. This shows that, when using model pa-

ameters suitable for Boom clay, plasticity dominates damage ef-

ects. Fig. 6 c shows, however, that damage is triggered, and de-

elops up to 20%. When looking only at the stress–strain curve,

ne could mistake the non-linear behaviour as being the results of

lasticity effects only. It should therefore be noted that the anal-

sis of the strain–stress measurement only could hide the appear-

nce of damage. The main effect of damage in that case, is to de-

rease the apparent yield stress of the material, as seen in Fig. 6 a,

hich has a negligible effect on the final amount of plastic strain

 Fig. 6 e). 

In order to demonstrate the capabilities of the model, Fig. 6 b

hows the behaviour of the model when damage dominates plas-

icity effects. The parameters chosen for this example are mostly

he one of Table 2 , but with C 1 = 5 MPa and λ − κ = 0 . 01 , values

hosen to increase the influence of damage, and decrease the in-

uence of plasticity. These results show that the presented model

an also reproduce a damage dominated behaviour, with a stress–

train behaviour of the coupled model similar to the one of the

amage model. Plasticity effects result in greater strains, but have

o effect on the peak deviatoric stress. 
These illustrative simulations show that the current model is

ighly versatile and, depending on the set of parameters chosen,

an reproduce damage-plasticity couplings, dominated either by

lasticity or damage behaviours. 

. Simulation of hydro-mechanical experiments on Boom Clay 

This section aims at comparing simulation results, using the

odel developed in the previous sections, with hydro-mechanical

xperiments results on clayey soils from the literature. As men-

ioned previously, parameters are adjusted to fit specific tests,

ut are chosen to lie within the range of values reported in the

iterature. 

.1. Elastic swelling 

A significant advantage of the constitutive stress approach is the

bility to capture suction induced strains without the need of extra

arameters in addition to mechanical and retention parameters. 

To illustrate this feature, an oedometer swelling test was sim-

lated on a clay material (experimental data from Volckaert et al.,

996 ). The vertical stress was kept constant ( σv = 0 . 1 MPa ) while

uction was decreased from 230 to 0 MPa. The mechanical and re-

ention properties chosen in the simulation are given in Table 3 . 

Swelling strains (volumetric strains) computed for an intact as

ell as a damaged material are represented in Fig. 7 . Damage is

ssumed to remain constant during the test, and the suction state

o be homogeneous within the sample. 

Knowledge of the water retention properties in addition to me-

hanical stiffness parameters allows us to reproduce adequately

he elastic swelling behaviour observed during wetting. More-

ver, a different swelling behaviour is observed for intact and

amaged samples, which is in accordance with other works
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a b

c d

e f

Fig. 6. Comparison of damage, plastic, and coupled model behaviour, for a plasticity dominated (a,c,e) and a damage dominated (b,d,f) coupling. (a,b) stress–strain curve, 

(c,d) damage evolution, (e,f) plastic strain evolution. 

Table 3 

Elasticity and retention parameters for the swelling test. 

Elasticity Retention 

K ν S r αvg n vg m vg 

MPa kPa 
−1 

200 0.3 0 0 . 28 . 10 −3 2.3 0.21 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Volumetric swelling strains in oedometric conditions under a vertical load 

σv = 0 . 1 MPa (compared with experimental data from Volckaert et al., 1996 ). 

T  

o  

t

r

( Carmeliet and Van Den Abeele, 20 0 0 ). Indeed, the test is suction-

controlled, therefore the volume of the sample can change as wa-

ter tends to fill the pores during the wetting phase. Damaged sam-

ples are more compliant than undamaged samples: the resistance

of the solid skeleton to pore filling and expansion is less in dam-

aged materials, which tend to swell more than undamaged sam-

ples during wetting. This behaviour has been observed in oedo-

metric swelling experiments on callovo-oxfordian argillite samples

( Mohajerani et al., 2011 ), where it is seen that swelling capacity

increases with damage. 

5.2. Triaxial tests on saturated samples at different confining 

pressures 

Triaxial drained compression tests with unloading–reloading cy-

cles are simulated for two confining pressures (3 MPa and 4 MPa).
he experimental data (from Baldi et al., 1991 ) show the influence

f the confining pressure on the deviatoric response. A degrada-

ion of the elastic modulus can also be seen from the unloading–

eloading curves. 
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Table 4 

Boom Clay mechanical parameters. 

Elasticity Plasticity Damage 

K ν M λ − κ p 0 C 0 C 1 C 2 
MPa MPa MPa MPa 

300 0.4 1 0.05 5.5 0 4 0.5 

Fig. 8. (a–d) Triaxial test data from Baldi et al. for confinements (a,c) 3 MPa and 

(b,d) 4 MPa, compared with simulation results (a–f). (g) Double effective stress 

paths. 
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Elastic, plastic and damage parameters chosen in this study

re summarised in Table 4 . The preconsolidation pressure is taken

qual to 6 MPa, which is in the range of values observed on sam-

les from underground laboratories. The other mechanical param-

ters are chosen to fit the experimental results reported in Baldi

t al. (1991) . 

Fig. 8 shows the comparison between experimental and nu-

erical stress/strain curves. The main trends observed in the lab-

ratory are captured by the model. For instance, it is noted that

he stiffness measured during the unloading paths is less than the

tiffness measured during the first loading paths. As expected, the
oading stress supported by the sample before damage propaga-

ion is higher at higher confining pressure. However, the model

oes not capture well the smooth transition between elastic and

lastic behaviour. This limitation of the model can be explained

y the use of Cam-clay model, in which elasticity is assumed for

ll states of stress inside the yield surface. This behaviour could

e improved by using more advanced versions of the Cam-Clay

odel, such as bounding surface plasticity ( Dafalias, 1986 ) or con-

inuous hyperplasticity ( Puzrin and Houlsby, 2001 ). The volumet-

ic behaviour could also be improved by using non-associated flow

ules. 

Fig. 8 g shows the corresponding stress paths in the double ef-

ective stress space. It can be seen that for low confining pres-

ure, the stress path attains the damage criterion earlier, which

llows for more damage to be developed before the critical state

s reached. The activation of the two competitive dissipation phe-

omena, damage and plasticity, depends on the confining pressure.

.3. Simulation of the ductile/brittle transition with suction increase 

Although no experimental data have been found in the liter-

ture about Boom clay, Al-Shayea (2001) showed that materials

ith high clay content exhibit a ductile/brittle behaviour transition

hen their water content decreases (see Fig. 9 a). Ductile behaviour

s characterised by the ability to sustain large plastic strains during

lastic hardening. Brittle behaviour is characterised by abrupt fail-

re at a well-defined peak strength with strong softening. Fig. 9 a

lso shows higher shear strength for low water contents. 

Although the experimental data from Al-Shayea (2001) are dif-

cult to interpret and the exact experimental procedure cannot be

eproduced in simulation due to the lack of data (retention prop-

rties, preconsolidation pressure, unloading–reloading curves), we 

ill show that our model can reproduce a similar transition be-

ween a ductile and brittle behaviour when suction increases. 

Triaxial compression tests under constant suction (0 MPa,

.5 MPa, 1 MPa) are simulated. The confining pressure is taken

qual to 200 kPa, and since samples are compacted in the exper-

ments taken as reference, the preconsolidation pressure is taken

qual to 500 kPa. The complete list of parameters chosen for this

tudy are given in Table 5 . The stress–strain curves obtained for

ifferent suctions are given in Fig. 9 b. The corresponding effective

tress paths can be seen in Fig. 9 e. The evolution of damage and

lastic strains with axial strain is given in Fig. 9 c–d. Fig. 9 b shows

hat our model can adequately reproduce the transition from a

uctile behaviour for low suction, to a brittle behaviour for higher

uctions. 

At low suction, the plastic yield stress is low, and the plastic

riterion is reached before the damage criterion. This leads to the

evelopment of large plastic strains, and damage remains low be-

ause of the lack of increase of the deviatoric stress . At higher

uctions, the elastic domain is enlarged. The damage criterion is

herefore reached before the plastic criterion. The deviatoric stress,

nd therefore damage, reaches higher values before the triggering

f plasticity. 

. Discussion and conclusions 

A constitutive modelling framework allowing for damage-

lasticity couplings in unsaturated porous media has been pro-

osed. This framework is based on the assumption of a double

ffective stress, accounting for damage and suction effects, which

ontrols the material mechanical behaviour. 

The principle of strain equivalence has been chosen for its abil-

ty to provide a straightforward way of coupling damage and plas-

icity. Damage and suction effects are taken into account by re-

lacing the total stress by the double effective stress into elasticity
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a

b

c

d

e

Fig. 9. Stress–strain behaviour of a clay-sand mixture (40% clay) at different mois- 

ture contents: (a) Experimental data from Al-Shayea (2001) . (b) Present model. (c) 

Damage evolution. (d) Plastic strains. (e) Double effective stress path. 

Table 5 

Material mechanical parameters – ductile/brittle transition test. 

Elasticity Plasticity LC curve Damage Retention 

K ν M λ − κ p 0 p r β r C 0 C 1 C 2 αvg n vg m vg 

MPa kPa MPa MPa −1 MPa MPa MPa −1 

300 0.3 1.1 0.2 500 0.001 2 0.6 0 3 0.5 0.28 2.3 0.21 
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nd plasticity equations, which means that damage and plasticity

riteria and evolution laws are expressed in terms of the double

ffective stress. This allows for a direct dependence of damage and

lasticity criteria on suction and damage in the total stress space. 

Illustrative examples have shown that the model is highly ver-

atile, and can reproduce damage-plasticity coupled behaviour,

ominated either by plasticity, or damage. This framework has

herefore the potential to be adapted to various materials, from

uasi-brittle stiff clays, in which damage and stiffness degradation

re the dominating dissipative phenomena, to soft clays, in which

lastic strains are predominant. 

The developed model has then been used to reproduce ex-

erimental results on clayey soils, from the literature presented.

ealistic parameters have been chosen so as to adequately

epresent a selected set of laboratory mechanical tests. Triaxial

ompression test at different suctions have then been simulated

n order to highlight how the developed model capture the duc-

ile/brittle transition due to suction increase. 

The presented modelling framework, based on the combined

ssumptions of the existence of a double effective stress and the

rinciple of strain equivalence, presents many advantages. The nu-

erical implementation is straightforward and is able to accom-

odate different plasticity and damage models without the need

f heavy code modifications. 

Once implemented into a finite element code, this modelling

ramework will enable the modelling of fully coupled hydro-

echanical problems, such as desiccation-induced damage or

he creation of the excavation damage zone around underground

alleries. 

cknowledgements 

The authors would like to thank ENS Cachan for funding the

h.D. thesis of the first author. 

ppendix A. Damage model, limits for which the sample 

xperiences radial contraction during a triaxial test 

For a triaxial stress state, the elasticity law reads: 

˙  r = −ν

E 
˙ ˜ σa + 

1 − ν

E 
˙ ˜ σr (A.1)

n which E is the Young’s modulus, and ν the Poisson’s ratio.

ubscript a is related to the axial direction, and r to the radial

irection. 

Damage increment for a triaxial stress state: 

˙ 
 = 

1 

C 1 
( ̇ ˜ q − C 2 ˙ ˜ p) = 

˙ ˜ σa 

(
1 

C 1 

(
1 − C 2 

3 

))
− ˙ ˜ σr 

(
1 

C 1 

(
1 + 2 

C 2 
3 

))
(A.2)

˙ ˜ a = 

3 C 1 
3 − C 2 

˙ d + 

3 + 2 C 2 
3 − C 2 

˙ ˜ σr (A.3)

˙  r = −ν

E 

3 C 1 
3 − C 2 

˙ d + 

[ 
−ν

E 

3 + 2 C 2 
3 − C 2 

+ 

1 − ν

E 

] 
˙ ˜ σr (A.4)

Triaxial test �⇒ ˙ σr = 0 , σr = cste = σ0 

˜ r = 

σr 

1 − d 
�⇒ 

˙ ˜ σr = 

˙ σr 

1 − d 
+ 

˙ d 

(1 − d) 2 
σr = 

˙ d 

(1 − d) 2 
σ0 (A.5)
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˙  r = −ν

E 

3 C 1 
3 − C 2 

˙ d + 

[ 
−ν

E 

3 + 2 C 2 
3 − C 2 

+ 

1 − ν

E 

] ˙ d 

(1 − d) 2 
σ0 (A.6) 

˙  r = 

[ 
−ν

3 C 1 
3 − C 2 

− ν
3 + 2 C 2 
3 − C 2 

σ0 

(1 − d) 2 
+ (1 − ν) 

σ0 

(1 − d) 2 

] 
1 

E 
˙ d 

(A.7) 

We want ε r ≤ 0. Since ˙ d � 0 : 

ν
3 C 1 

3 − C 2 
− ν

3 + 2 C 2 
3 − C 2 

σ0 

(1 − d) 2 
+ (1 − ν) 

σ0 

(1 − d) 2 
� 0 (A.8)

ν
(1 − d) 2 

3 − C 2 
− ν

3 + 2 C 2 
3 − C 2 

σ0 

3 C 1 
+ (1 − ν) 

σ0 

3 C 1 
� 0 (A.9)

We can see that this expression is always true when there is no

onfinement, i.e. for σ0 = 0 (true if C 2 ≤ 3). 

Otherwise: 

(1 − d) 2 + 

[ 
(6 + C 2 ) − 3 − C 2 

ν

] 
σ0 

3 C 1 
� 0 (A.10)

If one wants it to be true for complete damage, i.e. d = 1 , this

ives the following relationship between the slope of the damage

riterion, C 2 , and the Poisson’s ratio, ν: 

 2 � 

3(1 − 2 ν) 

1 + ν
(A.11) 

For a given set of parameters, it is also possible to determine

rom which value of damage radial contraction will start: 

 = 1 −
√ [ 

3 − C 2 
ν

− (6 + C 2 ) 
] 

σ0 

3 C 1 
(A.12) 

eferences 

l-Mukhtar, M., Belanteur, N., Tessier, D., Vanapalli, S.K., 1996. The fabric of a clay

soil under controlled mechanical and hydraulic stress states. Appl. Clay Sci. 11
(2-4), 99–115. doi: 10.1016/S0169-1317(96)0 0 023-3 . 

l-Shayea, N.A., 2001. The combined effect of clay and moisture content on the be-
havior of remolded unsaturated soils. Eng. Geol. 62 (4), 319–342. doi: 10.1016/

S0013-7952(01)00032-1 . 
lonso, E.E., Gens, A., Josa, A., 1990. A constitutive model for partially saturated

soils. Géotechnique 40 (3), 405–430. doi: 10.1680/geot.1990.40.3.405 . 

lonso, E.E., Pineda, J.A., Romero, E., 2014. Environmental degradation of claystones.
Géotechnique 64 (1), 64–82. doi: 10.1680/geot.13.P.056 . 

lonso, E.E., Vaunat, J., Pereira, J.-M., Olivella, S., 2010. A microstructurally based ef-
fective stress for unsaturated soils. Géotechnique 60 (12), 913–925. doi: 10.1680/

geot.8.P.002 . 
rson, C., 2014. Generalized stress variables in continuum damage mechanics. Mech.

Res. Commun. 60, 81–84. doi: 10.1016/j.mechrescom.2014.06.006 . 

rson, C., Gatmiri, B., 2009. A mixed damage model for unsaturated porous media.
Comptes Rendus Méc. 337 (2), 68–74. doi: 10.1016/j.crme.20 09.03.0 05 . 

aldi, G. , Hueckel, T. , Peano, A. , Pellegrini, R. , 1991. Developments in Modelling of
Thermo- Hydro-Geomechanical Behaviour of Boom Clay and Clay-Based Buffer

Materials, vol. 1. Technical Report. Commission of the European Communities . 
astiaens, W., Bernier, F., Li, X.-L., 2007. SELFRAC: experiments and conclusions on

fracturing, self-healing and self-sealing processes in clays. Phys. Chem. Earth,

Parts A/B/C 32 (8-14), 600–615. doi: 10.1016/j.pce.2006.04.026 . 
audet, B., Stallebrass, S., 2004. A constitutive model for structured clays. Géotech-

nique 54 (4), 269–278. doi: 10.1680/geot.2004.54.4.269 . 
ernier, F., Li, X.-L., Bastiaens, W., 2007. Twenty-five years’ geotechnical observation

and testing in the tertiary boom clay formation. Géotechnique 57 (2), 229–237.
doi: 10.1680/geot.2007.57.2.229 . 

ernier, F., Volckaert, G., Alonso, E.E., Villar, M., 1997. Suction-controlled experi-

ments on boom clay. Eng. Geol. 47 (4), 325–338. doi: 10.1016/S0013-7952(96)
00127-5 . 

ésuelle, P., Viggiani, G., Desrues, J., Coll, C., Charrier, P., 2013. A laboratory experi-
mental study of the hydromechanical behavior of boom clay. Rock Mech. Rock

Eng. 47 (1), 143–155. doi: 10.10 07/s0 0603- 013- 0421- 8 . 
ishop, A.W. , 1959. The effective stress principle. Tek. Ukebl. 39, 859–863 . 

uisson, M.S.R., Wheeler, S.J., Sharma, R.S., 2003. Coupling of hydraulic hysteresis
and stress–strain behaviour in unsaturated soils. Géotechnique 53 (1), 41–54.

doi: 10.1680/geot.2003.53.1.41 . 

urland, J.B., 1965. Correspondence. Géotechnique 15 (2), 211–214. doi: 10.1680/geot.
1965.15.2.211 . 

ardoso, R., Alonso, E.E., Maranha Das Neves, E., 2013. A constitutive model for com-
pacted expansive and bonded marls. Géotechnique 63 (13), 1116–1130. doi: 10.

1680/geot.12.P.101 . 
armeliet, J. , Van Den Abeele, K. , 20 0 0. Poromechanical modelling of shrinkage
and damage processes in unsaturated porous media. In: Baroghel Bouny, V.,

Aïtcin, P.-C. (Eds.), Proceedings of International RILEM Workshop on Shrinkage
of Concrete. RILEM Publications SARL, pp. 287–298 . 

hateau, X., Dormieux, L., 2002. Micromechanics of saturated and unsaturated
porous media. Int. J. Numer. Anal. Methods Geomech. 26 (8), 831–844. doi: 10.

1002/nag.227 . 
hiarelli, A.-S., Shao, J., Hoteit, N., 2003. Modeling of elastoplastic damage behavior

of a claystone. Int. J. Plast. 19 (1), 23–45. doi: 10.1016/S0749-6419(01)0 0 017-1 . 

oll, C. , 2005. Endommagement des Roches Argileuses et Perméabilité Induite au
Voisinage d’ouvrages Souterrains. Université Joseph Fourier (Ph.D. thesis) . 

onil, N., Djéran-Maigre, I., Cabrillac, R., Su, K., 2004. Poroplastic damage model for
claystones. Appl. Clay Sci. 26 (1-4), 473–487. doi: 10.1016/j.clay.2003.12.019 . 

oussy, O., Pereira, J.-M., Vaunat, J., 2010. Revisiting the thermodynamics of hard-
ening plasticity for unsaturated soils. Comput. Geotech. 37 (1-2), 207–215.

doi: 10.1016/j.compgeo.20 09.09.0 03 . 

ui, Y.-J., Le, T., Tang, A.M., Li, X.-L., Delage, P., 2007. Suction effects in deep boom
clay block samples. Géotechnique 57 (2), 239–244. doi: 10.1680/geot.2007.57.2.

239 . 
afalias, Y.F., 1986. Bounding surface plasticity. I: mathematical foundation and hy-

poplasticity. J. Eng. Mech. 112 (9), 966–987. doi: 10.1061/(ASCE)0733-9399(1986)
112:9(966) . 

ao, L.Q., Cui, Y.J., Tang, A.M., Pereira, J.M., Li, X.L., Sillen, X., 2015. Impact of excava-

tion damage on the thermo-hydro-mechanical properties of natural boom clay.
Eng. Geol. 195, 196–205. doi: 10.1016/j.enggeo.2015.06.011 . 

ehandschutter, B., Vandycke, S., Sintubin, M., Vandenberghe, N., Wouters, L., 2005.
Brittle fractures and ductile shear bands in argillaceous sediments: inferences

from oligocene boom clay (Belgium). J. Struct. Geol. 27 (6), 1095–1112. doi: 10.
1016/j.jsg.2004.08.014 . 

elahaye, C., Alonso, E.E., 2002. Soil heterogeneity and preferential paths for gas

migration. Eng. Geol. 64 (2-3), 251–271. doi: 10.1016/S0013-7952(01)00104-1 . 
ella Vecchia, G. , Jommi, C. , Lima, A. , Romero, E. , 2011. Some remarks on the hy-

dro-mechanical constitutive modelling of natural and compacted boom clay.
In: Alonso, Gens (Eds.), Unsaturated soils. Taylor & Francis, pp. 803–809 ISBN:

978-0-415-60428-4 . 
ufour, N., Wong, H., Arson, C., Deleruyelle, F., Pereira, J.-M., 2012. A thermodynam-

ically consistent framework for saturated viscoplastic rock-materials subject to

damage. Mech. Res. Commun. 45, 15–21. doi: 10.1016/j.mechrescom.2012.06.009 .
inav, I., Houlsby, G.T., Nguyen, G.D., 2007. Coupled damage and plasticity models

derived from energy and dissipation potentials. Int. J. Solids Struct. 44 (7-8),
2487–2508. doi: 10.1016/j.ijsolstr.2006.07.019 . 

rançois, B., Laloui, L., Laurent, C., 2009. Thermo-hydro-mechanical simulation of
ATLAS in situ large scale test in boom clay. Comput. Geotech. 36 (4), 626–640.

doi: 10.1016/j.compgeo.20 08.09.0 04 . 

ajo, A., Bigoni, D., 2008. A model for stress and plastic strain induced nonlinear,
hyperelastic anisotropy in soils. Int. J. Numer. Anal. Methods Geomech. 32 (7),

833–861. doi: 10.1002/nag.648 . 
rassl, P., Jirásek, M., 2006. Damage-plastic model for concrete failure. Int. J. Solids

Struct. 43 (22-23), 7166–7196. doi: 10.1016/j.ijsolstr.2006.06.032 . 
oulsby, G.T., 1997. The work input to an unsaturated granular material. Géotech-

nique 47 (1), 193–196. doi: 10.1680/geot.1997.47.1.193 . 
oxha, D., Giraud, A., Homand, F., Auvray, C., 2007. Saturated and unsaturated be-

haviour modelling of Meuse-Haute/Marne argillite. Int. J. Plast. 23 (5), 733–766.

doi: 10.1016/j.ijplas.20 06.05.0 02 . 
ueckel, T., 1976. Coupling of elastic and plastic deformations of bulk solids. Mec-

canica 11 (4), 227–235. doi: 10.1007/BF02128296 . 
ia, Y., Song, X., Duveau, G., Su, K., Shao, J., 2007. Elastoplastic damage modelling

of argillite in partially saturated condition and application. Phys. Chem. Earth,
Parts A/B/C 32 (8-14), 656–666. doi: 10.1016/j.pce.2006.02.054 . 

ommi, C. , 20 0 0. Remarks on the constitutive modelling of unsaturated soils. In:

Tarantino, Mancuso (Eds.), Experimental evidence and theoretical approaches in
unsaturated soils. Balkema, pp. 139–153 ISBN: 90 5809 186 4 . 

u, J.W., 1989. On energy-based coupled elastoplastic damage theories: constitu-
tive modeling and computational aspects. Int. J. Solids Struct. 25 (7), 803–833.

doi: 10.1016/0 020-7683(89)90 015-2 . 
achanov, L.M. , 1958. Time of the rupture process under creep conditions. Isv. Akad.

Nauk. SSR. Otd Tekh. Nauk 8, 26–31 . 

arstunen, M., Krenn, H., Wheeler, S.J., Koskinen, M., Zentar, R., 2005. Effect of
anisotropy and destructuration on the behavior of murro test embankment. Int.

J. Geomech. 5 (2), 87–97. doi: 10.1061/(ASCE)1532-3641(2005)5:2(87) . 
avvadas, M.J., Amorosi, A., 20 0 0. A constitutive model for structured soils. Géotech-

nique 50 (3), 263–273. doi: 10.1680/geot.20 0 0.50.3.263 . 
aloui, L., Nuth, M., 2009. On the use of the generalised effective stress in the

constitutive modelling of unsaturated soils. Comput. Geotech. 36 (1-2), 20–23.

doi: 10.1016/j.compgeo.20 08.03.0 02 . 
avrov, A., Vervoort, A., Filimonov, Y., Wevers, M., Mertens, J., 2002. Acoustic emis-

sion in host-rock material for radioactive waste disposal: comparison between
clay and rock salt. Bull. Eng. Geol. Environ. 61 (4), 379–387. doi: 10.1007/

s10 064-0 02-0160-7 . 
e Pense, S., 2014. Mean stress dependent nonlinear hyperelasticity coupled with

damage stiffness degradation. A thermodynamical approach. Mech. Res. Com-

mun. 60, 85–89. doi: 10.1016/j.mechrescom.2014.06.007 . 
emaitre, J. , Chaboche, J.-l. , 1978. Aspect phénoménologique de la rupture par en-

dommagement. J. Méc. Appl. 2 (3), 317–365 . 

http://dx.doi.org/10.1016/S0169-1317(96)00023-3
http://dx.doi.org/10.1016/S0013-7952(01)00032-1
http://dx.doi.org/10.1680/geot.1990.40.3.405
http://dx.doi.org/10.1680/geot.13.P.056
http://dx.doi.org/10.1680/geot.8.P.002
http://dx.doi.org/10.1016/j.mechrescom.2014.06.006
http://dx.doi.org/10.1016/j.crme.2009.03.005
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0008
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0008
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0008
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0008
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0008
http://dx.doi.org/10.1016/j.pce.2006.04.026
http://dx.doi.org/10.1680/geot.2004.54.4.269
http://dx.doi.org/10.1680/geot.2007.57.2.229
http://dx.doi.org/10.1016/S0013-7952(96)00127-5
http://dx.doi.org/10.1007/s00603-013-0421-8
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0014
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0014
http://dx.doi.org/10.1680/geot.2003.53.1.41
http://dx.doi.org/10.1680/geot.1965.15.2.211
http://dx.doi.org/10.1680/geot.12.P.101
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0018
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0018
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0018
http://dx.doi.org/10.1002/nag.227
http://dx.doi.org/10.1016/S0749-6419(01)00017-1
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0022
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0022
http://dx.doi.org/10.1016/j.clay.2003.12.019
http://dx.doi.org/10.1016/j.compgeo.2009.09.003
http://dx.doi.org/10.1680/geot.2007.57.2.239
http://dx.doi.org/10.1061/(ASCE)0733-9399(1986)112:9(966)
http://dx.doi.org/10.1016/j.enggeo.2015.06.011
http://dx.doi.org/10.1016/j.jsg.2004.08.014
http://dx.doi.org/10.1016/S0013-7952(01)00104-1
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0030
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0030
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0030
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0030
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0030
http://dx.doi.org/10.1016/j.mechrescom.2012.06.009
http://dx.doi.org/10.1016/j.ijsolstr.2006.07.019
http://dx.doi.org/10.1016/j.compgeo.2008.09.004
http://dx.doi.org/10.1002/nag.648
http://dx.doi.org/10.1016/j.ijsolstr.2006.06.032
http://dx.doi.org/10.1680/geot.1997.47.1.193
http://dx.doi.org/10.1016/j.ijplas.2006.05.002
http://dx.doi.org/10.1007/BF02128296
http://dx.doi.org/10.1016/j.pce.2006.02.054
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0041
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0041
http://dx.doi.org/10.1016/0020-7683(89)90015-2
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0043
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0043
http://dx.doi.org/10.1061/(ASCE)1532-3641(2005)5:2(87)
http://dx.doi.org/10.1680/geot.2000.50.3.263
http://dx.doi.org/10.1016/j.compgeo.2008.03.002
http://dx.doi.org/10.1007/s10064-002-0160-7
http://dx.doi.org/10.1016/j.mechrescom.2014.06.007
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0049
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0049
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0049


114 S. Le Pense et al. / International Journal of Solids and Structures 91 (2016) 102–114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S  

 

S  

 

S  

S  

S  

 

v  

 

 

 

V  

 

V
 

 

 

W  

 

W  

 

Y  

 

Y  

Z  

 

Liu, M.D., Carter, J.P., 2002. A structured cam clay model. Can. Geotech. J. 39 (6),
1313–1332. doi: 10.1139/t02-069 . 

Mohajerani, M., Delage, P., Monfared, M., Tang, A.M., Sulem, J., Gatmiri, B., 2011. Oe-
dometric compression and swelling behaviour of the callovo-oxfordian argillite.

Int. J. Rock Mech. Min. Sci. 48 (4), 606–615. doi: 10.1016/j.ijrmms.2011.02.016 . 
Muñoz Castelblanco, J., Pereira, J.-M., Delage, P., Cui, Y.-J., 2011. Some aspects of the

compression and collapse behaviour of an unsaturated natural loess. Géotech.
Lett. 1, 17–22. doi: 10.1680/geolett.11.0 0 0 03 . 

Nikooee, E., Habibagahi, G., Hassanizadeh, S.M., Ghahramani, A., 2012. Effective

stress in unsaturated soils: a thermodynamic approach based on the interfacial
energy and hydromechanical coupling. Transp. Porous Media 96 (2), 369–396.

doi: 10.1007/s11242-012-0093-y . 
Nova, R., Castellanza, R., Tamagnini, C., 2003. A constitutive model for bonded ge-

omaterials subject to mechanical and/or chemical degradation. Int. J. Numer.
Anal. Methods Geomech. 27 (9), 705–732. doi: 10.1002/nag.294 . 

Nuth, M., Laloui, L., 2008. Effective stress concept in unsaturated soils: clarification

and validation of a unified framework. Int. J. Numer. Anal. Methods Geomech.
32 (7), 771–801. doi: 10.1002/nag.645 . 

Pereira, J.-M., Wong, H., Dubujet, P., Dangla, P., 2005. Adaptation of existing be-
haviour models to unsaturated states: application to CJS model. Int. J. Numer.

Anal. Methods Geomech. 29 (11), 1127–1155. doi: 10.1002/nag.453 . 
Pinyol, N.M., Alonso, E.E., Vaunat, J., 2007. A constitutive model for soft clayey rocks

that includes weathering effects. Géotechnique 57 (2), 137–151. doi: 10.1680/

geot.2007.57.2.137 . 
Puzrin, A.M., Houlsby, G.T., 2001. Fundamentals of kinematic hardening hyper-

plasticity. Int. J. Solids Struct. 38 (21), 3771–3794. doi: 10.1016/S0 020-7683(0 0)
00238-9 . 

Ridley, A ., Jotisankasa, A ., Coop, M., 2009. The mechanical behaviour of an unsat-
urated compacted silty clay. Géotechnique 59 (5), 415–428. doi: 10.1680/geot.

20 07.0 0 060 . 

Romero, E. , 1999. Characterisation and Thermo-Hydro-Mechanical Behaviour of
Unsaturated Boom Clay: An Experimental Study. Universitat Politècnica de

Catalunya (Ph.D. thesis) . 
Roscoe, K.H. , Burland, J.B. , 1968. On the generalized stress-strain behaviour of ‘wet’

clay. Eng. Plast. 3, 539–609 . 
Roscoe, K.H., Schofield, A.N., Wroth, C.P., 1958. On the yielding of soils. Géotechnique

8 (1), 22–53. doi: 10.1680/geot.1958.8.1.22 . 

Rouainia, M., Muir wood, D., 20 0 0. A kinematic hardening constitutive model for
natural clays with loss of structure. Géotechnique 50 (2), 153–164. doi: 10.1680/

geot.20 0 0.50.2.153 . 
Santamarina, J.C., 2003. Soil behavior at the microscale: particle forces. In: Soil Be-

havior and Soft Ground Construction. American Society of Civil Engineers, Re-
ston, VA, pp. 25–56. doi: 10.1061/40659(2003)2 . 
heng, D., Sloan, S.W., Gens, A., 2004. A constitutive model for unsaturated soils:
thermomechanical and computational aspects. Comput. Mech. 33 (6), 453–465.

doi: 10.10 07/s0 0466-0 03-0545-x . 
heng, D., Sloan, S.W., Gens, A., Smith, D.W., 2003. Finite element formulation and

algorithms for unsaturated soils. Part I: theory. Int. J. Numer. Anal. Methods Ge-
omech. 27 (9), 745–765. doi: 10.1002/nag.295 . 

ulem, J., Vardoulakis, I., Papamichos, E., Oulahna, A., Tronvoll, J., 1999. Elastoplastic
modelling of Red Wildmoor sandstone. Mech. Cohes.-Frict. Mater. 4 (3), 215–

245. doi: 10.1002/(SICI)1099-1484(199905)4:3 〈 215::AID-CFM61 〉 3.0.CO;2-8 . 

ultan, N., Cui, Y.-J., Delage, P., 2010. Yielding and plastic behaviour of boom clay.
Géotechnique 60 (9), 657–666. doi: 10.1680/geot.7.00142 . 

un, D., Sheng, D., Xiang, L., Sloan, S.W., 2008. Elastoplastic prediction of hydro-
mechanical behaviour of unsaturated soils under undrained conditions. Comput.

Geotech. 35 (6), 845–852. doi: 10.1016/j.compgeo.20 08.08.0 02 . 
an Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic con-

ductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44 (5), 892. doi: 10.2136/

sssaj1980.036159950 0440 0 050 0 02x . 
Van Marcke, P., Bastiaens, W., 2010. Excavation induced fractures in a plastic clay

formation: Observations at the HADES URF. J. Struct. Geol. 32 (11), 1677–1684.
doi: 10.1016/j.jsg.2010.01.010 . 

aunat, J. , Gens, A. , 2003. Bond degradation and irreversible strains in soft argilla-
ceous rock. In: Proceedings of the 12th Panamerican Conference on Soil Me-

chanics and Geotechnical Engineering . 

olckaert, G. , Bernier, F. , Alonso, E.E. , Gens, A. , Samper, J. , Villar, M. , Martin–
Martin, P. , Cuevas, J. , Campos, R. , Thomas, H.R. , Imbert, C. , Zingarelli, V. , 1996.

Thermal-Hydraulic-Mechanical and Geochemical Behaviour of the Clay Barrier
in Radioactive Waste Repositories (Model Development and Validation). Techni-

cal Report. European Commission . 
ang, L., Bornert, M., Héripré, E., Yang, D., Chanchole, S., 2014. Irreversible defor-

mation and damage in argillaceous rocks induced by wetting/drying. J. Appl.

Geophys. doi: 10.1016/j.jappgeo.2014.05.015 . 
u, W., Li, X., Charlier, R., Collin, F., 2004. A thermo-hydro-mechanical constitutive

model and its numerical modelling for unsaturated soils. Comput. Geotech. 31
(2), 155–167. doi: 10.1016/j.compgeo.20 04.02.0 04 . 

ang, C., Cui, Y.-J., Pereira, J.-M., Huang, M., 2008. A constitutive model for unsat-
urated cemented soils under cyclic loading. Comput. Geotech. 35 (6), 853–859.

doi: 10.1016/j.compgeo.20 08.08.0 05 . 

u, H.-D., Chen, W.-Z., Li, X.-L., Sillen, X., 2013. A transversely isotropic damage
model for boom clay. Rock Mech. Rock Eng. doi: 10.10 07/s0 0603- 012- 0346- 7 . 

ytynski, M., Randolph, M.F., Nova, R., Wroth, C.P., 1978. On modelling the
unloading–reloading behaviour of soils. Int. J. Numer. Anal. Methods Geomech.

2 (1), 87–93. doi: 10.1002/nag.1610020107 . 

http://dx.doi.org/10.1139/t02-069
http://dx.doi.org/10.1016/j.ijrmms.2011.02.016
http://dx.doi.org/10.1680/geolett.11.00003
http://dx.doi.org/10.1007/s11242-012-0093-y
http://dx.doi.org/10.1002/nag.294
http://dx.doi.org/10.1002/nag.645
http://dx.doi.org/10.1002/nag.453
http://dx.doi.org/10.1680/geot.2007.57.2.137
http://dx.doi.org/10.1016/S0020-7683(00)00238-9
http://dx.doi.org/10.1680/geot.2007.00060
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0059
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0059
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0060
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0060
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0060
http://dx.doi.org/10.1680/geot.1958.8.1.22
http://dx.doi.org/10.1680/geot.2000.50.2.153
http://dx.doi.org/10.1061/40659(2003)2
http://dx.doi.org/10.1007/s00466-003-0545-x
http://dx.doi.org/10.1002/nag.295
http://dx.doi.org/10.1002/(SICI)1099-1484(199905)4:3<215::AID-CFM61>3.0.CO;2-8
http://dx.doi.org/10.1680/geot.7.00142
http://dx.doi.org/10.1016/j.compgeo.2008.08.002
http://dx.doi.org/10.2136/sssaj1980.03615995004400050002x
http://dx.doi.org/10.1016/j.jsg.2010.01.010
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0070
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0070
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0070
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://refhub.elsevier.com/S0020-7683(16)30025-7/sbref0071
http://dx.doi.org/10.1016/j.jappgeo.2014.05.015
http://dx.doi.org/10.1016/j.compgeo.2004.02.004
http://dx.doi.org/10.1016/j.compgeo.2008.08.005
http://dx.doi.org/10.1007/s00603-012-0346-7
http://dx.doi.org/10.1002/nag.1610020107

	A fully coupled damage-plasticity model for unsaturated geomaterials accounting for the ductile-brittle transition in drying clayey soils
	1 Introduction
	2 Damage in unsaturated clay-bearing porous media
	2.1 Pore-scale hydro-mechanical couplings
	2.2 State variables for unsaturated porous media
	2.3 Dissipative mechanisms: hydro-mechanical plasticity and damage models
	2.4 Principle of effective stress in Continuum Damage Mechanics

	3 Hydro-mechanical damage-plasticity model based on the concept of double effective stress
	3.1 Introduction of a double effective stress accounting for suction and damage effects
	3.2 Expression of Helmholtz free energy
	3.3 Elasticity
	3.4 Damage onset and evolution
	3.5 Coupled damage and plasticity model: suction hardening and damage softening

	4 Illustration of the mechanical damage-plastic behaviour
	4.1 Summary of Boom Clay data from the literature
	4.2 Damage model
	4.3 Damage-plasticity coupling

	5 Simulation of hydro-mechanical experiments on Boom Clay
	5.1 Elastic swelling
	5.2 Triaxial tests on saturated samples at different confining pressures
	5.3 Simulation of the ductile/brittle transition with suction increase

	6 Discussion and conclusions
	 Acknowledgements
	Appendix A Damage model, limits for which the sample experiences radial contraction during a triaxial test
	 References


