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Abstract

This paper presents a hydro-mechanical constitutive mfodelays accounting for damage-plasticity cou-
plings. Specific features of unsaturated clays such as @ogfpressure and suctiorifects on elastic do-
main and plastic strains are accounted for. A doulflecive stress incorporating both th@eet of suction
and damage is defined based on thermodynamical consideratitiich results in a unique stress variable
being thermodynamically conjugated to elastic strain. @iag between damage and plasticity phenomena
is achieved by following the principle of strain equivalenand incorporating the doubléfective stress
into plasticity equations. Two distinct criteria are defirfer damage and plasticity, which can be activated
either independently or simultaneously. Their formulatio terms of &ective stress and suction allows
them to evolve in the total stress space with suction and damhanges. This leads to a direct coupling
between damage and plasticity and allows the model to aafiter ductilgbrittle behaviour transition oc-
curring when clays are drying. Model predictions are coregarith experimental data on Boom Clay,
and the flexibility of the model is illustrated by presentiegults of simulations in which either damage or

plasticity dominates the coupled behaviour.
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1. Introduction

Pressing needs for sustainable structures and safe geallogpositories require the development of

reliable models to predict the behaviour of natural geonedse(e.g., soils, rocks) and engineered materials
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(e.g. compacted backfill materials, cement-based matedaramics...). One of the recurring modelling
challenges is the prediction of deformation,ffsiéss and strength of porous media with a solid matrix
containing clay minerals.

Experimental evidence show that clays can exhibit eitheitiebor a ductile behaviour (Dehandschutter
et al., 2005). The transition between both behaviours digpen multiple factors including clay moisture
content (Al-Shayea, 2001). Under deviatoric loading, €lagn undergo large permanent strains. Their
properties, such as rigidity, strength, or permeabilitg @so known to be subject to changes after being
submitted to hydric or mechanical solicitations. In clajissdhese changes are related to the deterioration
of cemented bonds, and therefore to the destructuratidmeahtaterial.

Sophisticated plasticity models proposed for clayey soisv capturing suction hardening and wetting
collapse. However these models are not suited fdfestor bonded materials, which can undergo both
plastic deformation and microcracking. The propagatiomafro-cracks softens materials rigidity, which
is known as “damage”. Coupling damage and plasticity in antieelynamically consistent framework
raises many issues when one wants to ensure thermodynaoicastency while keeping the model simple
enough to allow for easy calibration and incorporation atwumerical code. Models coupling damage and
plasticity are often material and loading path specific, difidicult to generalise to a broader category of
problems related to the coupleffexts of mechanical stress and suction in unsaturated elasiFly porous
media. One of the fundamental issues that needs to be addrisgbe choice of thermodynamic variables,
in particular the stress variable involved in the yield aadhdge criteria.

State-of-the art models are often designed to fit experiahatzta for specific materials subjected to
specific stress-paths. By contrast, the modelling apprpaesented in this paper is aimed to predict the
transition between brittle and ductile deformation reginfier different fabrics, clay contents and hydro-
mechanical stress paths. Model calibration and numeriggliementation are facilitated by the low number
of constitutive parameters employed in the formulationgadameters in total, 8 for the mechanical part of
the model and 6 for the hydraulic part). The proposed framlevwsdflexible so that each component can be
refined if one wants to adapt it to a specific material.

The work presented in this paper provides a general methoduple damage and plasticity in porous
materials that have a clay-bearing solid matrix. Clay nafseare expected to play a critical role in the de-

formation and retention properties of the damaged mediwguti@ 2 reviews the main modelling strategies
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available to date to model hydro-mechanical plasticity dachage in unsaturated porous media, and intro-
duces the main concepts and states variables used to adootime dfect of suction and damage. Then,
the concept of doublefiective stress is introduced in section 3, and its couplirth damage and plasticity
is developed. In Section 4, the behaviour of the mechanicalains analysed, as well as its limits and its
sensitivity to the main parameters. Section 5 presentsiaation of diferent laboratory tests performed
on unsaturated clay-bearing geomaterials. The compakbistween models predictions and experimental
data reported in the literature is used as a basis to assepsitfiormance of the model.

The sign convention used is the one of soil mechanics. Caaprestresses and strains take therefore

positive values.

2. Damagein Unsaturated Clay-Bearing Porous Media

2.1. Pore-Scale Hydro-Mechanical Couplings

In this study, we are interested in modelling multiphasidaenade of a solid skeleton containing pores
filled with a mixture of liquid and gas. Theftierence between gas and liquid pore pressigesy, — Uy,
is called suction. In the case in which air remains equal éatmospheric pressure, water pressure is
negative and suction takes a positive value. The air-waterface (called meniscus) starts to curve when
suction increases. The radius of the meniscus decreasessubgon increases, and once it becomes as
small as the pore throats, air can invade the porous steyaitlnich becomes unsaturated. The combination
of the water surface tension and the negative pore watesymesesults in a force that tends to pull the
soil grains towards one another. The resulting force ondkid skeleton is similar to a compressive stress
(Santamarina, 2003). An increase in suction will therefeael to a decrease of the total volume (shrinkage),
and wetting soils (i.e. decreasing suction) will usuallykenghem swell. Suction also contributes tdisti
the soil against external loading thanks to grain bondidg@ed by water menisci in tension. The additional
component of normal force at the contact will also preveippsige between grains and thus increases the
external force needed to cause plastic strains (Ridley.eP@09). However, when wetting a soil under
constant mechanical loading, the resaturation destraybdhds formed by water menisci and may induce
an irrecoverable volumetric compression (called collpgstifioz Castelblanco et al., 2011). These main

characteristics of unsaturated soils mechanical beha@mirepresented in figure 1. Changes in suction



may also induce irreversible processes (plasticity or dghduring a drying process (Wang et al., 2014;

Alonso et al., 2014).
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Figure 1: Influence of suction on volumetric compression @sldme changes due to wetting and drying, adapted from Alons

et al. (1990).p’ is the net mean stress.

2.2. State variables for unsaturated porous media

Unsaturated soil models are usually extensions of sathisaii ones. The most widely used of them
is the Cam-clay model, first developed by Roscoe et al. (1868)later modified by Roscoe and Burland
(1968). Extension to unsaturated states requires the til@firf specific state variables. A comprehensive
review of the existing stress frameworks can be found in #pepof Nuth and Laloui (2008).

Houlsby (1997) demonstrated that, assuming the incomipilitysof the solid matrix and the water

phase, the work input to an unsaturated soil can be written as
W= [0 = (SrUw + (1 = Sy)ug)l]: é_(ua—uw)‘ﬁ.sr 1)

whereo is the total stress tensat the total strain rate tensar, anduy, the air and water pore pressures,
the porosity,S; the degree of saturation, ahdhe identity matrix.

This formulation leads to the introduction of two state abtes respectively conjugated to the strain
rate,&, and to the degree of saturation r&te

The stress quantity related to the strain increment is,

= o™+ sS|
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which is a particular form of Bishop’stkective stress (Bishop, 1959) in which thdactor is taken equal to
1. This stress has been used by many authors and has beeutedtdiferent names, such as the average
skeleton stress tensor (Jommi, 2000), the constitutiessi{Sheng et al., 2003) or the generaliséelcdve
stress (Laloui and Nuth, 2009). In the following, the taramstitutive streswiill be used.

Other expressions have been proposed for this constitsiiees, accounting for the energy of the air-
water interface (Pereira et al., 2005; Nikooee et al., 20t®) diferent levels of porosity (Alonso et al.,
2010), or the compressibility of the solid matrix througke tBiot’s codficient (Chateau and Dormieux,
2002; Jia et al., 2007). However, for the sake of simpliaitg, will keep the simple expression of equation
2, although the framework could easily accommodatédfamint expression for the constitutive stress.

According to equation 1, a second suction-related staiahlar work-conjugated to the increment of

degree of saturation is required. It will be calleddified suctiorin the following and is written as:
s'=¢s 3)

Constitutive equations are derived from an energy potentia

i
= 560 (4)

Y
s = 7S, (5)

in which ¢ is the Helmholtz free energy, amfl is the elastic strain tensor.
Due to the presence of the teg8, in the constitutive stress expression, the relationshiyden suction
and degree of saturation has a great impact on the soil uasadumechanical behaviour.
For the sake of simplicity, hysteresiffects will be neglected in the present study, and the degree of

saturation is expressed as a bijective function of the nemtiguiction:
S = f(s9) (6)

The expression of van Genuchten (1980), in which the modsietdion is used in place of suction, is
used for the water retention properties:
1 Mg
Si=|l———— 7
- reesr) ™

whereayg, Nyg andm,g are parameters calibrated to fit experimental data.
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It is worth noting that this stress framework choice prosideany advantages in terms of numerical
implementation. Indeed, for a degree of saturaSer- 1, equation 2 becomes’ = o—u,l, and Terzaghi's
saturated fective stress is recovered. This smooth transition betwemsaturated and saturated states
makes it easy to simulate the behaviour of a soil submittatetmtive as well as positive water pressures

with a single model.

2.3. Dissipative mechanisms: Hydro-mechanical plastiaitd damage models

Under deviatoric loading, clays can undergo large permisstesins. Their properties, such as rigidity,
strength, or permeability, are also known to be subject singhs after being submitted to hydric or me-
chanical solicitations. In clay soils, these changes deta@ to the deterioration of cemented bonds, and
therefore to the destructuration of the material. Seveppt@aches have been used to model this degra-
dation. Some models have been developed which assume efaxlili to be functions of the amount of
plastic strains (Hueckel, 1976; Sulem et al., 1999; Gajokigdni, 2008). However, these models usually
(except for Sulem et al. (1999)) do not incorporate a stiengduction with plastic straining. Other models,
developed for so-called structured, bonded or sensitagscifocus on the increase in the size of the yield
surface due to structure, which decreases at large st@irecover the yield surface of the reconstituted
material (Rouainia and Muir wood, 2000; Kavvadas and Amog#00; Liu and Carter, 2002; Nova et al.,
2003; Baudet and Stallebrass, 2004; Karstunen et al., 2@0parameter is then introduced to account for
the degradation of structure, which evolves with plastiaiss in the aforementioned models. These models
do not account for the concomitant degradation of elagjidity. Another approach, the one that is used in
this paper, is to use the framework of Continuum Damage Machafirst developed for metals and later
extended to concrete and rocks. This approach assumekétdddgradation of material properties is due to
the initiation and propagation of microcracks in rocks. sTépproach has been used for concrete behaviour
modelling (Grassl and Jirasek, 2006) as well as for semsiiays (Einav et al., 2007). Several approaches
were proposed to model the evolution offstess and the accumulation of irreversible deformationdadu
by anisotropic damage (Arson, 2014). Up to now, few atterhat® been made to model damage in unsatu-
rated geomaterials. Some models have been developed vdristder damage in unsaturated geomaterials
(Arson and Gatmiri, 2009), damage-plasticity couplingsaturated geomaterials (Chiarelli et al., 2003;

Conil et al., 2004; Yu et al., 2013), damage and viscopliégtin unsaturated geomaterials (Dufour et al.,
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2012), and even damage-plasticity couplings in unsatdirgemmaterials (Hoxha et al., 2007; Jia et al.,
2007). However, these models, initially formulated forkscignore some specific important features of
clay soil behaviour, such as the dependence of elastic mtmlpkessure. Moreover, damage-plasticity

models proposed for rocks so far fail at predicting the ftaorsbetween ductile and brittle behaviour asso-
ciated with suction increase. Vaunat and Gens (2003) deedla model for bonded granular soils, based on
microstructural considerations, which is able to repredboth strength and fiiness degradation coupled

with elastoplasticity. It has been later extended to othatenmls and loading scenarios (Pinyol et al., 2007;
Yang et al., 2008; Cardoso et al., 2013). This model, howénaes been developed for a very specific class

of geomaterials, and our approach aims at being applicatdenider range of materials.

2.4. Principle of gfective stress in Continuum Damage Mechanics

Introduced by Kachanov (1958), th&ective stress in the sense of damage mechanics is based on the
fact that the resisting section decreases when micro-sraekelop.

A scalar damage variablel, is defined as an average of the proportion of damaged sarfacie
material.d ranges frond = O for an intact material td = 1 for a totally damaged material with no residual
resistance. Assuming that damage is isotropic dfetes similarly all components of the stress tensor, the

gffective stresgensor then becomes
g

13 8

o=
More complex expressions could be used in place of equationdBder to accommodate more sophis-

ticated behaviours, such as anisotropic damage.

3. Hydro-mechanical damage-plasticity model based on the concept of double effective stress

3.1. Introduction of a doubleffective stress accounting for suction and damafjeces

The two previous sections allowed us to introduce two gtiestidescribing the stress applied on the
solid matrix. On the one hand, the constitutive stress, saturated soils, takes into account tlteet
of water menisci in tension, acting like a compressive ststhe solid matrix. On the other hand, the
effective stress, in the sense of damage mechanics, enabteaacotint for the decreasing material surface
sustaining mechanical loads, resulting from the creatfomioro-cracks. There is a need to define a new

guantity, representing the stress applied on the solidixnatren the material isféected by both suction and
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damage simultaneously. This quantity will be called dogible ¢fective stresand is assumed to control
the porous material mechanical behaviour.
Two simple combinations of the previoufective stresses can be imagined to incorporate both damage

and suction into this doubldfective stressg™

rw O —Ugl +s§I  o"
1714 T 1-d ©)
7= —— —Ual +SS| =& — Ual + S| (10)

1-d
To choose between these two expressions, we assume thatagethisample submitted to a change
in suction should behave feéitrently compared to the intact sample. This hypothesis bas bonsidered
by other authors, such as Carmeliet and Van Den Abeele (20a®) consider that damaged materials
experience more swelling when wetted that intact ones.
Assuming that the total applied stress, the gas pressuveglbas damage are kept constant, the change

in the double &ective stress due to a suction increment would be:

., (S +S9)
15" 71-q (11)
05 = (SSy + Sr9)l (12)

Since elastic strains are directly related to the doullective stress, for the second expression, the
strain change due to suction change would be the same fotant and a damaged sample.

We will thus choose the first expression for thaible effective stress:

o 13
1.4 (13)
We define the following quantities:
1
e Mean stressp = étr(a)
e Deviatoric stress tensov:g = o — pl
. 3
e Deviatoric stressq = 504d o
Then the doubleféective triaxial variables are:
—Ug+S
< _ P~UatSS (14)

1-d
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w s G
G =08=71"4 (15)

It can be noted that with this definition of the doubf&eetive stress, suctiorffects are isotropic, and
thus don't have any impact on the deviatoric stress.

The existence of a doubldfective stress, in which suction and damaffe@s on mechanical behaviour
are included, is a key assumption in the following modellilyelopments. In the following sections, we
will study how this double #ective stress allows for damage and suctifieas on elastic and dissipative

behaviours to be reproduced.

3.2. Expression of Helmholtz free energy

We assume that the material state is described by the valties fmllowing state variables: The elastic
strain,&®, the degree of saturatio8,, damaged, and a hardening variablg, We assume that elastic, plas-
tic and hydraulic potential energy functions are decoupled that processes are isothermal. We propose

the following form for Helmholtz free energy :

¥ =y(s% Sr.d x) =y d) + v (S) + ¢ PP, x) (16)

In order to build a damage constitutive model, an extra apomhas to be added to the concept of
effective stress.
Concerning the damage-elastic part of Helmholtz free gnevg choose to use the form proposed by

Ju (1989),
yo(e%, d) = y5(e®)(1 - d) (17)

which, after derivation gives the following expression lod tonstitutive stress:
(18)

The double #&ective stress is therefore related to elastic strains tfirdie following constitutive rela-
tionship:
ot 0y
T 1-d  de®

~

(19)

The relationship given in equation 19 implies that, in a dgesamaterial, the doublefective stress

will be linked to elastic strains with the same relationshiipat the constitutive stress in an intact material.
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Figure 2: Principle of strain equivalence

This is the principle of strain equivalence defined by Lensaiind Chaboche (1978) which states that the
strain associated with a damaged state under the appless s¢requivalent to the strain associated with its
undamaged state under thegtive stress. The principle of strain equivalence isfitated in figure 2.

This approach has the advantage of being easily extensiplagticity, by replacing stresses by double

effective stresses in classical equations.

3.3. Elasticity

For the sake of simplicity, the elasticity is assumed tobedr in the following developments. However,
experimental evidence show that bulk and shear moduli ofngéerials increase with confining pressure,
which may have an importantffect on the material behaviour, especially if a large confjrjpmessure
range is considered. The present framework can be adaptemhttinear elasticity. In order to ensure the
conservation of the elastic deformation energy, it is neagsto formulate the model within the framework
of hyper-elasticity (Zytynski et al., 1978). Challengetated to the degradation of pressure dependent
elastic moduli in porous material were discussed in Le P&&H4).

Incorporating linear elasticity into equation 19 gives:

p* K 0]
= ' (20)
q 0 3G||&8
in which K is the bulk modulusG the shear modulug;; the volumetric elastic strain, arg the deviatoric
elastic strain.
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This gives the following apparent rigidity matrix when egpsed in terms of constitutive stresses:

* K(1-d 0 €
| _|ka-a = o
q 0 /A-d)||e

Coupling of the principle of strain equivalence with a daetgffective stress therefore leads to a

degradation of apparent elastic moduli with damage, wittieineed to explicitly express them as functions

of the damage parameter.

3.4. Damage onset and evolution

Since suction has ndlect on deviatoric stress, we will not consider the anisgtioduced by damage
in this paper. We adopt Drucker-Prager damage criteriongiwils expressed in terms of doubl&extive

stresses, so as to follow the principle of strain equivaenc
fa=g-Cop"—Co-Cad=0 (22)

in which C; is a hardening parameter. The lowgy, the fasterd will increase with deviatoric stress. The
C, codficient allows the dependence on confining pressure to be aiszbior. Indeed, geomaterials are
known to be more brittle at low confining pressure and morstjgat high confining pressureSgy enables
the modification of the damage threshold.

The shape of the damage criterion in the doulffeative stress space is given in figure 3a fafatient
values of damage. It can be seen that, when damage incréfasesnaterial is hardening with respect to
effective stresses.

Expressed in total stresses, equation 22 becomes:

q p+sS ~
T~ Cop—g ~Co-Cad=0 (23)
q-Ca(p+sS)-(1-d)(Co+Cyd) =0 (24)

The shape of the corresponding damage criterion in thedtds space is given in figure 3.
Figure 3b shows the evolution of the damage criterion witttien. Although suction does not have an
effect on the damage criteria in the doubfteetive stress space, suction increases the stress valvahiftdr

damage is initiated when considering total stresses.
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Figure 3: Shape of damage criterion. (a) Douliffedive stress space, (b and c) Total stress spacéf@at ef suction, c. #ect of

damage)

Figure 3c shows the evolution of the damage criterion wittnage. It can been seen that, although the
intact fraction of the material is hardening, an apparefteaing behaviour appears after a certain value of
damage is reached, when considering total stresses.

Deriving equation 22 gives the consistency condition,

Oy, Dy o

from which the damage evolution law can be deduced:
d=Ay@): & (26)

whereAqy = Cil [—%I + %].

This expression of the damage evolution rate as well as theagda criterion implies that damage ini-
tiation and evolution are solely related to elastic straiNste that some authors assumed that damage is
initiated by an accumulation of plastic strains. By cortirage decoupled damage and plasticity, which
allows modelling a wide range of materials, subject to daam@gpagation only, or plastic dissipation only,

or both damage and plastic dissipation.

3.5. Coupled damage and plasticity model: suction hardgind damage softening

According to Jommi (2000), extending a poromechanical riods saturated to unsaturated materials

requires the two following steps:

e the substitution of the average skeleton stressflectve stress
12



e introduction in the basic saturated elastoplastic moddghefmodifications necessary to take into

account the gects of the interfaces on the overall mechanical behaviour

According to Ju (1989), plasticity occurs only in the undgeth counterpart of the bulk, and the ex-
pression of plastic flow for the damaged material can be pbthby using fective properties andiective
stress in the expression of plastic flow for undamaged nads¢eriTherefore, the characterisation of the
plastic response should be formulated in the damagfedt&e stress space and the stress tensor should be
replaced by the damaged stress tensoimtd the equations of plasticity. This follows the prineipf strain
equivalence.

Similarly to the Barcelona Basic Model (BBM) (Alonso et dl990), the most widely used model for
unsaturated soils, we use the modified Cam-Clay model (Bdyld965) as a basis to predict plasticity in
saturated geomaterials. Based on Jommi's and Ju’s recodatiens, we formulate the yield criterion in
terms of double #ective stress to extend the model to damaged and unsatgedetaterials. In addition,
we introduce a dependence of the yield criterion to suction:

Theyield surface is therefore taken of the following form:

fo = & — M?p"(P:(Po, 9 - ) (27)

in which pg is the preconsolidation pressure, which is a function ofisn@nd the saturated preconsolida-
tion pressurepg (equation 34).

Cam-clay models have been developed in the framework dE@lritate Soil Mechanics (Roscoe et al.,
1958). Thecritical state concept states that soils and other granular materialsntfrtuously distorted until
they flow as a frictional fluid, will come into a well-defineditaral state. At the onset of the critical state,
shear distortions occur without any further changes in nsgess, deviatoric stress or void ratio. The

critical state is described in th@(q) plane by the line of equation:
4= Mp" (28)

In some recent models (such as BBM), non-associate flow aneadopted to predict plastic volumetric
strains under a variety of stress paths. For the sake of isityplve considered an associate flow rule (like
in the original Cam-Clay model). Thatastic potential is defined as:

Op = fp = & — M2p*(ps - P") (29)
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The plastic flow rule is:

. . 0gp . (09p| O0Q9p 304

P=A =A - ——
&= Rrgee p(ar)* 3759 24 ) (30)

in which
9gp _ M*(2p* - fc’) ~
F = fl + 30'd (31)
Thehardening law is defined as:
po = 2 3P (32)
A—k

In order to reproduce the extension of the elastic domaih stittion, the preconsolidation pressure is

sought in the form of a function of suction and saturated gmeolidation pressureg):

Pz = Pe(Po, S) (33)

When drawn in thef, s) plane, this curve is called the Loading-Collapse (LC) eurMany diferent
expressions were proposed for the equation of the LC curlenéa et al., 1990; Jommi, 2000; Buisson
etal., 2003; Sheng et al., 2004; Sun et al., 2008). Expetmheharacterisation of clay-bearing unsaturated
materials is often driven by the determination of BBM partare In order to facilitate the calibration of
our model, we chose the LC equation proposed by Sheng et0@l4)2because Sheng et al.’s approach is

the closest we found to the BBM model. The equation of the L@eis:

A-«k

Pe = Pr (%)ASK + 8§ (34)
As= AL - r)expEps) +r] (35)

The shape of the yield criterion in the doublieetive stress space is given in figure 4a. As expected,
the yield surface in the doublédfective stress space does depend on suction, but not on damage

Expressed in total stresses, the equation of the yieldsifiguation 27) becomes
0 — M*(p+sS)[(1-d)p; - (p+5S)] =0 (36)
and the equation of the critical state line becomes
q=M(p+sS) (37)

Figure 4b shows the evolution of the yield surface with surctwWith respect to total stresses, the elastic

domain increases with suction. Suction also induces anrappeohesion.
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—— Yield surface (s=0) a. —— Yield surface (s=0y b. —— Yield surface (d=0) . c.
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Figure 4: Shape of yield surface. (a) Doubféeetive stress space, (b and c) Total stress spacdigrt ef suction, c. fect of

damage)

Figure 4c shows the evolution of the yield surface with daend@damage has a softeninffext on the
plastic behaviour. Although plastic and damage dissipgtiotentials were assumed to be decoupled, the
assumption of a doubleffective stress, associated with the principle of strain\edeince, allows for a
direct damage-plasticity coupling. Indeed, although dzerend plasticity criteria are expressed in terms of
the double fective stress, and consequently do not depend explicitigamnage and suction, they evolve
with damage and suction in the total stress space.

. The following section will illustrate how the proposed nebtbehaves for its mechanical part, based

on specific sets of parameters.

4. Illustration of the mechanical damage-plastic behaviour

The model has been designed in a flexible way, which enabiesmtependent refinement of its ba-
sic components (Eective stresses, elasticity, damage and plasticity espstito fit specific materials be-
haviours. Analysis of the model behaviour, as well as itgladlon, will focus on clayey geomaterials, such

as Boom clay, since these materials exhibit simultaneausltyong plastic behaviour, as well as damage.

4.1. Summary of Boom Clay data from the literature

Boom Clay has been selected as a possible host rock for ddieactve waste disposal in Belgium. It
is considered as an overconsolidated plastic clay.
Most experimental studies published on Boom Clay focus enctiaracterisation of physical proper-

ties (such as retention and permeability), or on the hydeshanical response of the rock in unsaturated
15



conditions. Very few measures were done to study the detipadaf stiffness with stress and suction,
despite the proven existence of an Excavation Damaged Z&idg&)(around underground openings. Exca-
vation induced fractures were observed around galleriest{&ns et al., 2007; Bernier et al., 2007; Van
Marcke and Bastiaens, 2010). Damage was also studied bysmoéaerismic (Bastiaens et al., 2007) and
acoustic (Lavrov et al., 2002) measurements. Boom clay ghibi¢ both ductile and brittle behaviours
(Dehandschutter et al., 2005). More recent studies usingragéd imaging technique provided evidence
of cracks in Boom Clay samples (Bésuelle et al., 2013) Taesition between the failure modes depends
strongly on the confining pressure and is also influenced dwtiter content (Al-Shayea, 2001) and by the
overconsolidation ratio.

Boom clay has been extensively studied either from experisnen undisturbed natural samples, or on
samples prepared by compaction from Boom clay powder. Mapgrémental data on saturated natural
Boom clay are available in the literature (Baldi et al., 19€bll, 2005; Sultan et al., 2010). However,
concerning the unsaturated behaviour, most of the studies heen made on compacted (Bernier et al.,
1997; Romero, 1999) or remoulded (Al-Mukhtar et al., 199&nples, and only a few on undisturbed
samples (Cui et al., 2007; Della Vecchia et al., 2011). Meeeomechanical tests atftBrent suctions are
limited to oedometer and isotropic compression tests. Bypgaring experiments on natural and compacted
samples, (Della Vecchia et al., 2011) concluded that theesamstitutive framework seems to be applicable
to natural Boom clay and to the material compacted from thg pbwder. However, mechanical parameters
have to be adapted forfeirent microstructures.

Boom clay is a more complex material than other clay stoned sis Callovo-Oxfordian argillites,
which exhibit a less plastic behaviour. The following siatidns will demonstrate that the modelling ap-
proach that we proposed above is suitable to predict thibefditctile transition in unsaturated geomaterials
in which the behaviour is strongly influenced by plastic defation, confining pressure, and water content.

Data available to calibrate our model involves tests paréat on cores of dierent origins, taken at
different depths. The mineral composition of the samples variedtly from one experiment to the other,
and therefore, a high variability was noted in the mechdraca physical properties. In the following
numerical study, we used material parameters that felleraimge of values reported in the literature, and
we adapted the set of parameters to tHEedent rocks tested, in order to match experimental testtsesu

Some values found in the literature for elasticity, plasti@and retention parameters are given in table
16



1. No similar damage model has been found which would allogei®rmine the range of values for our

damage parameters.

Table 1: List of the model parameters and their range of gahsefound in the literature

Francois et al. Bésuelle et al. Delahaye and Della Vecchia Wu et al. (2004)

(2009) (2013) Alonso (2002) etal. (2011}

Elasticity

E (MPa) 200 - 400 150 - 500 70

v 0.125-0.45 0.333

Retention

ayg (MPat) 0.15(d)-0.5(w)

Myg 0.19(d)-0.22(w)

Mg 2.8(d)-2(w)

Plasticity

M 1 0.78

A—«kC 0.15 0.06 0.03-0.23
po (MPa) 54-6 4

r 0.564 0.015-0.3
B (MPal) 54.4 0.41-1.336
pr (MPa) 0.06 0.595-1.2
aResults for natural Boom Clay, parameters for drying andingturves

bCalculated fronK = ﬁ) (non linear elasticity) for an initial state= 0.59 andp = 4.4 MPa

c . A=K . .
equivalent toﬁa in the cited references

The set of data chosen to study the sensitivity of the darpéagtic model to the dierent parameters is

given in table 2.

4.2. Damage model

Although the damage part of the model has been chosen to meilsted with the minimum number
of parameters, and to be based on Drucker-Prager, no idemidel, expressed in terms of the damaged
effective stress has be found in the literature. The behavibilisomodel, and the range of parameters for

which it gives sensible results is studied in this section.
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Elasticity Plasticity Damage Initial state

E v M A—«k Po Co C Co p
MPa MPa MPa MPa MPa
300 0.4 1 0.05 55 0 10 0.5 3

Table 2: Parameters chosen as a basis for the parametnc stud

It can be seen in figure 5a that the model can exhibit a radiatraction under triaxial loading for
certain sets of parameters.

This feature appears for sets of parameters which do noécespuation 38 (details of the calculation
are given in Appendix A):

3(1-2v)
—= <Gy <3 38
1+v 2 (38)

in whichv is the Poisson’s ratio, arc, the slope of the damage criterion.

Figure 5 shows theffect of the damage paramet&:s(slope of the damage criterion) a@d (hardening
parameter) on the stress-strain curves as well as the mrohftdamage with axial strain. As expected from
the theoretical developments presented earlier, the dammagiel can reproduce a hardening behaviour
followed by a softening behaviour. It can be seen that viariatofC, result mainly in a modification of the
damage threshold, whereas changtgmodifies the damage evolution rate. High value€otherefore

result in higher peak stress values.

4.3. Damage-plasticity coupling

The plasticity part of the model is similar to BBM, expressederms of the unsaturated constitutive
stress. It has been widely studied in the literature andtbgtysto its parameters will not be detailed here.

Figure 6 compares the behaviour of the coupled damage gitgstiodel to the behaviour when only
damage or plasticity is considered. Two cases are presesiedor which plasticity is the dominant dis-
sipative phenomena, using the parameters of table 2 (figuee§, and one for which damage is dominant
(figure 6b,d,f).

For the plasticity dominated case, it can be seen on figuresdite softening behaviour after deviatoric
stress peak, characteristic of the damage model, is almethiefcoupled model. The coupled model stress-
strain behaviour also follows the same pattern as the pigsthodel. This shows that, when using model
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Effect of C, Effect of C;

C2=0.3 ---- C2=0.5 — C2=0.7 ----- C1=5 MPa

8 a T T T T T T b T.

g (MPa)
N
T

100 T T T T T T
75

50

damage (%)

25

Figure 5: Hfect of C, (a,c) andC, (b,d) on the stress-strain curves (a,b) and damage evolasi@ function of axial strain (c,d)
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Figure 6: Comparison of damage, plastic, and coupled mae\iour, for a plasticity dominated (a,c,e) and a damagarmited
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(b,d,f) coupling. (a,b) Stress-strain curve, (c,d) Damagmution, (e,f) Plastic strain evolution
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parameters suitable for Boom clay, plasticity dominatanaltye &ects. Figure 6¢ shows, however, that

damage is triggered, and develops up to 20%. When looking anthe stress-strain curve, one could

mistake the non-linear behaviour as being the results stipity efects only. It should therefore be noted

that the analysis of the strain-stress measurement onlyl ¢ode the appearance of damage. The main
effect of damage in that case, is to decrease the apparent yiedd of the material, as seen in figure 6a,
which has a negligibleféect on the final amount of plastic strain (figure 6e).

In order to demonstrate the capabilities of the model, figlreahows the behaviour of the model when
damage dominates plasticitffects. The parameters chosen for this example are mostlynthefdable 2,
but withC; = 5 MPa andl — x = 0.01, values chosen to increase the influence of damage, arehdedhe
influence of plasticity. These results show that the presemtodel can also reproduce a damage dominated
behaviour, with a stress-strain behaviour of the coupledehsimilar to the one of the damage model.
Plasticity dfects result in greater strains, but have fie on the peak deviatoric stress.

These illustrative simulations show that the current maslbighly versatile and, depending on the set
of parameters chosen, can reproduce damage-plasticipficgs, dominated either by plasticity or damage

behaviours.

5. Simulation of hydro-mechanical experiments on Boom Clay

This section aims at comparing simulation results, usiegniodel developed in the previous sections,
with hydro-mechanical experiments results on clayey rdak® the literature. As mentioned previously,
parameters are adjusted to fit specific tests, but are chodenwtithin the range of values reported in the

literature.

5.1. Elastic swelling

A significant advantage of the constitutive stress appraadhe ability to capture suction induced
strains without the need of extra parameters in additiongolranical and retention parameters.

To illustrate this feature, an oedometer swelling test wamilated on a clay material (experimental
data from Volckaert et al. (1996)). The vertical stress wes kkonstantd, = 0.1 MPa) while suction was
decreased from 230 to 0 MPa. The mechanical and retentigegires chosen in the simulation are given
in table 3.
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Elasticity Retention

K % Sy Qvg MNyg Myg
MPa kPat

200 0.3 0 028103 2.3 0.21

Table 3: Elasticity and retention parameters for the snglest

6 T T T

Volckaert et al. (1996)  * i

swelling (%)

0 = 1 1 1
250 200 150 100 50 0

s (MPa)

Figure 7: Volumetric swelling strains in oedometric coratis under a vertical load, = 0.1 MPa (compared with experimental

data from Volckaert et al. (1996))

Swelling strains (volumetric strains) computed for an ébtas well as a damaged material are rep-
resented on figure 7. Damage is assumed to remain constang dlne test, and the suction state to be
homogeneous within the sample.

Knowledge of the water retention properties in addition tchanical rigidity parameters allows us to
reproduce adequately the elastic swelling behaviour ebdeturing wetting. Moreover, aftierent swelling
behaviour is observed for intact and damaged samples, whintaccordance with other works (Carmeliet
and Van Den Abeele, 2000). Indeed, the test is suction-clted; therefore the volume of the sample can
change as water tends to fill the pores during the wettinggpHaamaged samples are more compliant than
undamaged samples: the resistance of the solid skeletoorécfiling and expansion is less in damaged

materials, which tend to swell more than undamaged samplésgdwetting.
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5.2. Triaxial tests on saturated samples gfatient confining pressures

Triaxial drained compression tests with unloading-relogdcycles are simulated for two confining
pressures (3 MPa and 4 MPa). The experimental data (from B, (1991)) show the influence of the
confining pressure on the deviatoric response. A degradafithe elastic modulus can also be seen from
the unloading-reloading curves.

Elastic, plastic and damage parameters chosen in this stedgummarised in table 4. The precon-
solidation pressure is taken equal to 6 MPa, which is in timgeaof values observed on samples from
underground laboratories. The other mechanical paramaterchosen to fit the experimental results re-
ported in Baldi et al. (1991).

Figure 8 shows the comparison between experimental and muahstresgstrain curves. The main
trends observed in the laboratory are captured by the mdeei.instance, it is noted that the fitiess
measured during the unloading paths is less than tfimests measured during the first loading paths.
As expected, the loading stress supported by the sampleebdfomage propagation is higher at higher
confining pressure. However, the model does not capturethelbmooth transition between elastic and
plastic behaviour. This limitation of the model can be ekmd by the use of Cam-clay model, in which
elasticity is assumed for all states of stress inside thig \@arface. This behaviour could be improved
by using more advanced versions of the Cam-Clay model, ssiddoanding surface plasticity (Dafalias,
1986) or continuous hyperplasticity (Puzrin and Houlst§0D). The volumetric behaviour could also be
improved by using non-associated flow rules.

Figure 8g shows the corresponding stress paths in the defibletive stress space. It can be seen
that for low confining pressure, the stress path attains dimeagie criterion earlier, which allows for more
damage to be developed before the critical state is readtnedactivation of the two competitive dissipation

phenomena, damage and plasticity, depends on the confiresgyre.

5.3. Simulation of the ductjerittle transition with suction increase

Although no experimental data have been found in the liteeadbout Boom clay, Al-Shayea (2001)
showed that materials with high clay content exhibit a defiittle behaviour transition when their water

content decreases (see figure 9a). Ductile behaviour iactesised by the ability to sustain large plastic
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Figure 8: (a-d) Triaxial test data from Baleli al. for confinements (a,c) 3 MPa and (b,d) 4 MPa, compared withlsition results

(a-f). (g) Double &ective stress paths

2 4 6
P’ (MPa)

Elasticity Plasticity Damage

K % M A—«k Po Co C Cy
MPa MPa MPa MPa

300 0.4 1 0.05 55 0 4 0.5

Table 4: Boom Clay mechanical parameters
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Elasticity | Plasticity LCcurve Damage Retention

MPa kPa MPa MPa? MPa  MPa MPa?t

300 03|11 0.2 500 | 0.001 2 06 |0 3 05 | 028 23 0.21

Table 5: Material mechanical parameters - dugtifigtle transition test

strains during plastic hardening. Brittle behaviour isreleterised by abrupt failure at a well-defined peak
strength with strong softening. Figure 9a also shows highear strength for low water contents.

Although the experimental data from Al-Shayea (2001) aficdit to interpret and the exact exper-
imental procedure can not be reproduced in simulation dukedack of data (retention properties, pre-
consolidation pressure, unloading-reloading curves)yillesshow that our model can reproduce a similar
transition between a ductile and brittle behaviour whertisnéncreases.

Triaxial compression tests under constant suction (0 MBayiPa, 1 MPa) are simulated. The confining
pressure is taken equal to 200 kPa, and since samples araciuin the experiments taken as reference,
the preconsolidation pressure is taken equal to 500 kPa.cdimplete list of parameters chosen for this
study are given in table 5. The stress-strain curves oltdimedifferent suctions are given in figure 9b.
The correspondingfective stress paths can be seen on figure 9e. The evolutioantdgk and plastic
strains with axial strain is given in figure 9c-d. Figure 9lowk that our model can adequately reproduce
the transition from a ductile behaviour for low suction, tbrdtle behaviour for higher suctions.

At low suction, the plastic yield stress is low, and the péastiterion is reached before the damage
criterion. This leads to the development of large plastiaiss, and damage remains low because of the
lack of increase of the deviatoric stress . At higher sustidhe elastic domain is enlarged. The damage
criterion is therefore reached before the plastic criteriofhe deviatoric stress, and therefore damage,

reaches higher values before the triggering of plasticity.

6. Discussion and conclusions

A constitutive modelling framework allowing for damageagticity couplings in unsaturated porous
media has been proposed. This framework is based on the pissnrmof a double fiective stress, account-

ing for damage and suctiorifects, which controls the material mechanical behaviour.
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Figure 9: Stress-strain behaviour of a clay-sand mixtutedgclay) at diferent moisture contents: (a) Experimental data from

Al-Shayea (2001). (b) Present model. (c) Damage evolufnPlastic strains. (e) Doubldfective stress path
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The principle of strain equivalence has been chosen fobitdyato provide a straightforward way of
coupling damage and plasticity. Damage and sucti®ects are taken into account by replacing the total
stress by the doubleffective stress into elasticity and plasticity equationsiciwvimeans that damage and
plasticity criteria and evolution laws are expressed imteof the double féective stress. This allows for a
direct dependence of damage and plasticity criteria oriduand damage in the total stress space.

lllustrative examples have shown that the model is hightgagle, and can reproduce damage-plasticity
coupled behaviour, dominated either by plasticity, or dagena

The developed model has then been used to reproduce exp@imesults on clayey rocks, from the
literature presented. Realistic parameters have beerictsmsas to adequately represent a selected set of
laboratory mechanical tests. Triaxial compression teslifeérent suctions have then been simulated in
order to highlight how the developed model capture the Bfotittle transition due to suction increase.

The presented modelling framework, based on the combirgdgsions of the existence of a double
effective stress and the principle of strain equivalence,gmtssmany advantages. The numerical imple-
mentation is straightforward and is able to accommoddferent plasticity and damage models without
the need of heavy code modifications.

Once implemented into a finite element code, this modelliagnEéwork will enable the modelling
of fully coupled hydro-mechanical problems, such as dasicn-induced damage or the creation of the

excavation damage zone around underground galleries.
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Appendix A. Damage Model, limits for which the sample experiences radial contraction during a
triaxial test

For a triaxial stress state, the elasticity law reads:

ot (A.1)
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in which E is the Young’s modulus, andthe Poisson’s ratio. Subscriptis related to the axial direction,
and, to the radial direction.

Damage increment for a triaxial stress state:

; 1. 2 1 C ~ 1 C
d= —(F-Cof) = Fal(—(1 - 2)) - (=1 +22 A2
(6= Cof) = Gal (1= ) - n( (L + 22 (A2)
- A.
Oa 3—C2d+ 3°C, Oy (A.3)
v 3C1 - v3+2C, 1-v|.
S e A4
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We can see that this expression is always true when there ¢gemftnement, i.e. foro = 0 (true if
Cy < 3).

Otherwise:

3-Cy| o9
— >0 A.10
T, (A.10)

If one wants it to be true for complete damage, des 1, this gives the following relationship between

(1-d)?+|(6+C) -

the slope of the damage criteridd,, and the Poisson’s ratio;

3(1-2v)
1+v
28
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For a given set of parameters, it is also possible to deterfnom which value of damage radial con-

traction will start:

3 3-C, oo
d=1- \/[ . - (6+Cy) 3 (A.12)
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