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Abstract

This paper presents a hydro-mechanical constitutive nfodelayey soils accounting for damage-
plasticity couplings. Specific features of unsaturategiskuch as confining pressure and suction
effects on elastic domain and plastic strains are accounted\fdouble éfective stress incorpo-
rating both the #ect of suction and damage is defined based on thermodynaroitsiderations,
which results in a unique stress variable being thermodycaliy conjugated to elastic strain.
Coupling between damage and plasticity phenomena is aghiey following the principle of
strain equivalence and incorporating the doultfeative stress into plasticity equations. Two dis-
tinct criteria are defined for damage and plasticity, whiah be activated either independently or
simultaneously. Their formulation in terms dfective stress and suction allows them to evolve
in the total stress space with suction and damage changessle@ts to a direct coupling between
damage and plasticity and allows the model to capture theleliacittle behaviour transition oc-
curring when clays are drying. Model predictions are coregavith experimental data on Boom
Clay, and the flexibility of the model is illustrated by pratiag results of simulations in which
either damage or plasticity dominates the coupled behaviou
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1. Introduction

Pressing needs for sustainable structures and safe geallogpositories require the devel-
opment of reliable models to predict the behaviour of natgematerials (e.g., soils, rocks)
and engineered materials (e.g. compacted backfill madedament-based materials, ceramics...).
One of the recurring modelling challenges is the predictibdeformation, stiness and strength
of porous media with a solid matrix containing clay minerals

Experimental evidence show that clayey soils can exhitiieeia brittle or a ductile behaviour
(Dehandschutter et al., 2005). The transition betweenlbellaviours depends on multiple factors
including moisture content (Al-Shayea, 2001). Under dievia loading, clayey soils can undergo
large permanent strains. Their properties, such @hess , strength, or permeability, are also
known to be subject to changes after being submitted to dyairmechanical solicitations. In
clayey soils, these changes are related to several physieabmena, such as the deterioration of
cemented bonds, hence the destructuration of the matartak change in water content, resulting
in a decrease of suction-induced bonding.

Sophisticated plasticity models proposed for clayey salisw capturing suction hardening
and wetting collapse. However these models are not suitestifter or bonded materials, which
can undergo both plastic deformation andfs@ss degradation. A phenomenological variahle
called “damage”, can be defined at the continuum scale totfyéme energy dissipated by £
ness degradation. Note thtepresents thefiects of multiple microscopic dissipative processes
that lead to the loss of adhesion between material surface$, as micro-crack propagation or
debonding due to an increase of water saturation. Couphngage and plasticity in a thermody-
namically consistent framework raises many issues whenvamgs to ensure thermodynamical
consistency while keeping the model simple enough to allmwesy calibration and incorpora-
tion into a numerical code. Models coupling damage andiplasare often material and loading
path specific, and éficult to generalise to a broader category of problems relatede coupled

effects of mechanical stress and suction in unsaturated elagifly porous media. One of the fun-
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damental issues that needs to be addressed is the choiermobitynamic variables, in particular
the stress variable involved in the yield and damage caiteri

State-of-the art models are often designed to fit experiah@latta for specific materials sub-
jected to specific stress-paths. By contrast, the modadiopgoach presented in this paper is aimed
to predict the transition between brittle and ductile defation regimes for dierent fabrics, clay
contents and hydro-mechanical stress paths. Model catihrand numerical implementation are
facilitated by the low number of constitutive parametergpkayed in the formulation (14 param-
eters in total, 8 for the mechanical part of the model and @Herhydraulic part). The proposed
framework is flexible so that each component can be refinedefwants to adapt it to a specific
material. The described model is designed in order to betadipto a wide range of geoma-
terials, ranging from sffi clayey soils to mixtures of clay and sand. To illustrate tlkesatility
of the framework, the model was calibrated against experiatelata obtained for a variety of
geomaterials including Boom clay and mixtures of clay sod aand.

The work presented in this paper provides a general methoduple damage and plasticity
in porous materials that have a clay-bearing solid matrikay@inerals are expected to play a
critical role in the deformation and retention propertiéth® damaged medium. Section 2 re-
views the main modelling strategies available to date toehbgldro-mechanical plasticity and
damage in unsaturated porous media, and introduces thecoradepts and states variables used
to account for the fect of suction and damage. Then, the concept of doubéetese stress is
introduced in section 3, and its coupling with damage anstjgidy is developed. In Section 4, the
behaviour of the mechanical model is analysed, as well dsiiis and its sensitivity to the main
parameters. Section 5 presents the simulation féémdint laboratory tests performed on unsatu-
rated clay-bearing geomaterials. The comparison betwestels predictions and experimental
data reported in the literature is used as a basis to assepsitiormance of the model.

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

therefore positive values.



2. Damage in Unsaturated Clay-Bearing Porous Media

2.1. Pore-Scale Hydro-Mechanical Couplings

In this study, we are interested in modelling multiphasiadmenade of a solid skeleton con-
taining pores filled with a mixture of liquid and gas. Théféience between gas and liquid pore
pressuress = U, — Uy, is called suction. In the case in which air remains equatécatmospheric
pressure, water pressure is negative and suction takesitav@eslue. The air-water interface
(called meniscus) starts to curve when suction increasas. rddius of the meniscus decreases
when suction increases, and once it becomes as small asrththpmats, air can invade the porous
structure, which becomes unsaturated. The combinatidreokater surface tension and the nega-
tive pore water pressure results in a force that tends tdhpeiBoil grains towards one another. The
resulting force on the solid skeleton is similar to a comgiresstress (Santamarina, 2003). An in-
crease in suction will therefore lead to a decrease of tlaévotume (shrinkage), and wetting soils
(i.e. decreasing suction) will usually make them swell. tRurcalso contributes to sten the soll
against external loading thanks to grain bonding induced/der menisci in tension. The addi-
tional component of normal force at the contact will alsovpre slippage between grains and thus
increases the external force needed to cause plasticss{Riidiey et al., 2009). However, when
wetting a soil under constant mechanical loading, the veaabn destroys the bonds formed by
water menisci and may induce an irrecoverable volumetmepression (called collapse) (Mufhoz
Castelblanco et al., 2011). These main characteristiceigditurated soils mechanical behaviour
are represented in figure 1. Changes in suction may alsoendaversible processes (plasticity

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

2.2. State variables for unsaturated porous media

Unsaturated soil models are usually extensions of satlisai# ones. The most widely used
of them is the Cam-clay model, first developed by Roscoe €t1868) and later modified by
Roscoe and Burland (1968). Extension to unsaturated stadesres the definition of specific
state variables. A comprehensive review of the existingsstframeworks can be found in the

paper of Nuth and Laloui (2008).
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Figure 1: Influence of suction on volumetric compression @sidme changes due to wetting and drying, adapted

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

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

water phase, the work input to an unsaturated soil can beewias:
W= [0~ (Stuy + (1 - S/)Ua)l]: &~ (Ua — Uw)¢sr (1)

whereo is the total stress tensa,the total strain rate tensau, andu,, the air and water pore
pressuresp the porosityS; the degree of saturation, ahthe identity matrix.

This formulation leads to the introduction of two state &htes respectively conjugated to the
strain rateg; and to the degree of saturation r&e

The stress quantity related to the strain increment is,

o =0 —(Siuy + (1 - Sy)uy)l

= 0 — Ugl + (Ug — Uy)S;! (2)

= o™ + sS/|
which is a particular form of Bishop’skective stress (Bishop, 1959) in which théactor is taken
equal to 1. This stress has been used by many authors anddmeattyébuted dterent names, such
as the average skeleton stress tensor (Jommi, 2000), tk&tative stress (Sheng et al., 2003) or
the generalisedfiective stress (Laloui and Nuth, 2009). In the following, teem constitutive
stresswill be used.

Other expressions have been proposed for this constitsttigss, accounting for the energy of

the air-water interface (Pereira et al., 2005; Nikooee e28l12), the dierent levels of porosity
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(Alonso et al., 2010), or the compressibility of the solidtmathrough the Biot’s cofficient
(Chateau and Dormieux, 2002; Jia et al., 2007). Howeveth®sake of simplicity, we will keep
the simple expression of equation 2, although the framewoukd easily accommodate dlidirent
expression for the constitutive stress.

According to equation 1, a second suction-related statahar work-conjugated to the incre-

ment of degree of saturation is required. It will be calheddified suctiorn the following and is

written as:
S =¢s 3)
Constitutive equations are derived from an energy potentia

oy
= L 4
o= (4)

o
S* = —— 5
75, (5)

in whichy is the Helmholtz free energy, asfl is the elastic strain tensor.

Due to the presence of the tersfs in the constitutive stress expression, the relationship be
tween suction and degree of saturation has a great impadteosdil unsaturated mechanical
behaviour.

For the sake of simplicity, hysteresiffects will be neglected in the present study, and the

degree of saturation is expressed as a bijective functidimeofmodified suction:
S, = f(s) (6)

The expression of van Genuchten (1980), in which the modsiediion is used in place of

suction, is used for the water retention properties:

s - (;)W @)

1+ (aygS)™e
wherea,4, Nyg andm,q are parameters calibrated to fit experimental data.
It is worth noting that this stress framework choice prosiaeany advantages in terms of
numerical implementation. Indeed, for a degree of salmé®} = 1, equation 2 becomes’ =
o — u,l, and Terzaghi’'s saturatedfective stress is recovered. This smooth transition between
unsaturated and saturated states makes it easy to simudabeehaviour of a soil submitted to

negative as well as positive water pressures with a singteemo
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2.3. Dissipative mechanisms: Hydro-mechanical plastiaitd damage models

Under deviatoric loading, clayey soils can undergo largena@ent strains. Their properties,
such as sffness , strength, or permeability, are also known to be sutgezhanges after being
submitted to hydric or mechanical solicitations. In clayeyls, these changes can be related to
the destructuration of the material or to the deterioratibwater bonds induced by tension in the
menisci. Several approaches have been used to model theddéign. Some models have been
developed which assume elastic moduli to be functions oaitheunt of plastic strains (Hueckel,
1976; Sulem et al., 1999; Gajo and Bigoni, 2008). Howevears¢hmodels usually (except for
Sulem et al. (1999)) do not incorporate a strength reduetidm plastic straining. Other models,
developed for so-called structured, bonded or sensitiagsclfocus on the increase in the size
of the yield surface due to structure, which decreases @ Isirains to recover the yield surface
of the reconstituted material (Rouainia and Muir wood, 200é8vvadas and Amorosi, 2000; Liu
and Carter, 2002; Nova et al., 2003; Baudet and Stalleb?@€gl; Karstunen et al., 2005). A pa-
rameter is then introduced to account for the degradatistra€ture, which evolves with plastic
strains in the aforementioned models. These models do wouatfor the concomitant degra-
dation of elastic sfiness, although it has been shown to decrease during loaalirggiff clays
such as claystones (Chiarelli et al., 2003). Boom Clay samektracted around a gallery have
also shown a reduced small-strain shear modulus in the aioaxdamage zone (Dao et al., 2015)
Another approach, the one that is used in this paper, is ttheseamework of Continuum Dam-
age Mechanics, first developed for metals and later extetudeahcrete and rocks. This approach
assumes that the degradation of material properties isadihe tinitiation and propagation of mi-
crocracks in rocks. This approach has been used for conoegi@viour modelling (Grassl and
Jirasek, 2006) as well as for §tcemented clays (Einav et al., 2007). Several approaches wer
proposed to model the evolution offétiess and the accumulation of irreversible deformation in-
duced by anisotropic damage (Arson, 2014). Up to now, feangits have been made to model
damage in unsaturated geomaterials. Some models have &espmkd which consider damage
in unsaturated geomaterials (Arson and Gatmiri, 2009),adgmplasticity couplings in saturated
geomaterials (Chiarelli et al., 2003; Conil et al., 2004; éfual., 2013), damage and viscoplas-

ticity in unsaturated geomaterials (Dufour et al., 2012y aven damage-plasticity couplings in
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unsaturated geomaterials (Hoxha et al., 2007; Jia et &@.4)2MHowever, these models, initially
formulated for rocks, ignore some specific important fezgunf clayey soil behaviour, such as
the dependence of elastic moduli to pressure. Moreoveradasplasticity models proposed for
rocks so far fail at predicting the transition between daand brittle behaviour associated with
suction increase. Vaunat and Gens (2003) developed a nmwdsbhded granular soils, based on
microstructural considerations, which is able to repredoecth strength and finess degradation
coupled with elastoplasticity. It has been later extenadedther materials and loading scenarios
(Pinyol et al., 2007; Yang et al., 2008; Cardoso et al., 20T8)s model, however, has been de-
veloped for a very specific class of geomaterials. By cotit@ag modelling framework can be
applied to a broader range of materials, from quasi-britit€ clays for which damage occurs in
the elastic strain domain, to soft clays for which plasyicit the predominant dissipative mecha-

nism.

2.4. Principle of gective stress in Continuum Damage Mechanics

Introduced by Kachanov (1958), thffective stress in the sense of damage mechanics is based
on the fact that the resisting section decreases when rofexks develop. This approach can
be extended to a broad range of unsaturated clay-bearingpajenals, in which damage also
represents the loss of bonding due to water menisci. Noiastance that in some thermodynamic
frameworks (Coussy et al., 2010), air-water interfacegpareof the apparent solid skeleton.

A scalar damage variabld, is defined as an average of the proportion of damaged sariiace
the materiald ranges frond = O for an intact material td = 1 for a totally damaged material with
no residual resistance. Assuming that damage is isotropic@ects similarly all components of

the stress tensor, tlggective stressensor then becomes

(o

14 (8)

o=

More complex expressions could be used in place of equatioro8der to accommodate more
sophisticated behaviours, such as anisotropic damage.
In this study, damage is a phenomenological variable thsd¢rdees the combinedtects of

multiple mechanisms on elasticfétiess degradation.
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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 damafeces

The two previous sections allowed us to introduce two gtiastdescribing the stress applied
on the solid matrix. On the one hand, the constitutive stressisaturated soils, takes into account
the dfect of water menisci in tension, acting like a compressikesston the solid matrix. On the
other hand, theféective stress, in the sense of damage mechanics, enablesaosount for the
decreasing material surface sustaining mechanical loadsjting from the creation of micro-
cracks and the modification of water bonds. There is a needftoeda new quantity, representing
the stress applied on the solid matrix when the materiaftected by both suction and damage
simultaneously. This quantity will be called tdeuble gective stresand is assumed to control
the porous material mechanical behaviour.

Two simple combinations of the previou§ective stresses can be imagined to incorporate both

damage and suction into this doubléeetive stressg™

~w O —Ul +sSI o
1T T4 T 1-d ©)
&) = %d—ual + 58S =& — Uyl + S (10)

To choose between these two expressions, we assume thatgethsample submitted to a
change in suction should behavéféeiently compared to the intact sample. This hypothesis has
been considered by other authors, such as Carmeliet and &am\beele (2000), who consider
that damaged materials experience more swelling when adviitéd intact ones.

Assuming that the total applied stress, the gas pressureglaas damage are kept constant,
the change in the doubldfective stress due to a suction increment would be:

.. (SS+S9)

= 11)

75 = (SS; + S;9)l (12)

Thanks to the use of a hyperelastic formulation (sectioh 8lastic strains are directly related
to the double fective stress. The strain change due to suction change wWwarkefore be the same

for an intact and a damaged sample for the second expression.
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We will thus choose the first expression for tiaeible effective stress:

5" 13
1 g (13)
We define the following quantities:
1
e Mean stressp = étr(o-)
e Deviatoric stress tensoo:g = o — pl
L /3
e Deviatoric stressq = 504104
Then the doubleféective triaxial variables are:
~. P—-Us+SS
= — 14
1 g (14)
me o q
0 =0=71"4 (15)

It can be noted that with this definition of the doubl@eetive stress, suctionffects are
isotropic, and thus don’t have any impact on the deviatdress.

The existence of a doubléfective stress, in which suction and damaffe@s on mechanical
behaviour are included, is a key assumption in the follownmgdelling developments. In the
following sections, we will study how this doubléfective stress allows for damage and suction

effects 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 valube @llowing state variables:
The elastic straing®, the degree of saturatio8,, damaged, and a hardening variablg, We as-
sume that elastic, plastic and hydraulic potential enanggtions are decoupled and that processes

are isothermal. We propose the following form for HelImhdtee energy :

¥ =y(e% Sr, d, x) = Yo%, d) + Y (Sr) + yP(eP, x) (16)

In order to build a damage constitutive model, an extra apsiom has to be added to the

concept of &ective stress.
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Figure 2: Principle of strain equivalence

Concerning the damage-elastic part of Helmholtz free snerg choose to use the form pro-
posed by Ju (1989),

(&% d) = y(e9)(1 - d) (17)

which, after derivation gives the following expressionlud tonstitutive stress:

q

C_ O g%
_886_(1 d)ﬁse (18)

The double &ective stress is therefore related to elastic strains tirahe following consti-

tutive relationship:
R
g = = —
1-d oe®

The relationship given in equation 19 implies that, in a dgetamaterial, the doubletective

(19)

stress will be linked to elastic strains with the same reteghips that the constitutive stress in
an intact material. This is the principle of strain equivede defined by Lemaitre and Chaboche
(1978) which states that the strain associated with a dafhsiggée under the applied stress is
equivalent to the strain associated with its undamagee stater the #ective stress. The principle
of strain equivalence is illustrated in figure 2.

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

by double &ective stresses in classical equations.
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3.3. Elasticity

For the sake of simplicity, the elasticity is assumed to bedr in the following developments.
However, experimental evidence show that bulk and sheauiotigeomaterials increase with
confining pressure, which may have an importdfeéat on the material behaviour, especially if a
large confining pressure range is considered. The presaneWwork can be adapted to non linear
elasticity. In order to ensure the conservation of the el@stformation energy, it is necessary to
formulate the model within the framework of hyper-elasyi¢Zytynski et al., 1978). Challenges
related to the degradation of pressure dependent elastlalmio porous material were discussed
in Le Pense (2014).

Incorporating linear elasticity into equation 19 gives:

oo b
o 2

in which K is the bulk modulusG the shear modulug;, the volumetric elastic strain, ard the

K 0
0 3G

deviatoric elastic strain.

This gives the following apparent fiiess matrix when expressed in terms of constitutive

i ¥
q €3

Coupling of the principle of strain equivalence with a daethgtective stress therefore leads

stresses:
KL-d) 0

0 3G(1-d)

to a degradation of apparent elastic moduli with damagehowit the need to explicitly express

them as functions of the damage parameter.

3.4. Damage onset and evolution

Since suction has ndfect on deviatoric stress, we will not consider the anisgtinduced by
damage in this paper. We adopt Drucker-Prager damagei@nievhich is expressed in terms of

double d¢fective stresses, so as to follow the principle of strainwajance:

fa=4-Cop'-Co—-Cid=0 (22)

12
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Figure 3: Shape of damage criterion. (a) Doulffedive stress space, (b and c) Total stress spacé¢at ef suction,

c. dfect of damage)

in which C; is a hardening parameter. The low@y, the fasterd will increase with deviatoric
stress. Th€, codficient allows the dependence on confining pressure to be ammbfor. Indeed,
geomaterials are known to be more brittle at low confiningspuee and more plastic at high
confining pressure£, enables the modification of the damage threshold.

The shape of the damage criterion in the doulfiective stress space is given in figure 3a for
different values of damage. It can be seen that, when damagasesrgéhe material is hardening
with respect to ffective stresses.

Expressed in total stresses, equation 22 becomes:

q p+sS B
-G g cid=0 23)
q-Co(p+sS)-(1-d)(Co+Cyd)=0 (24)

The shape of the corresponding damage criterion in thesgt&ds space is given in figure 3.
Figure 3b shows the evolution of the damage criterion witttien. Although suction does
not have an fect on the damage criteria in the doubfieetive stress space, suction increases the

stress value for which damage is initiated when consideotag stresses.
Figure 3c shows the evolution of the damage criterion withnaige. It can been seen that,
although the intact fraction of the material is hardeningapparent softening behaviour appears

after a certain value of damage is reached, when considertalgstresses.
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Deriving equation 22 gives the consistency condition,

Ota 5. a—f"a + Ao (25)

0=te=35F * 359" ad

from which the damage evolution law can be deduced:

d = Aq(d): & (26)
whereAq = Cil[—%l + %]
This expression of the damage evolution rate as well as timagda criterion implies that dam-
age initiation and evolution are solely related to eladfiaiss. Note that some authors assumed
that damage is initiated by an accumulation of plastic s&raBy contrast, we decoupled damage
and plasticity, which allows modelling a wide range of medksr subject to damage propagation

only, or plastic dissipation only, or both damage and ptadissipation.

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

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

materials requires the two following steps:
e the substitution of the average skeleton stressffeicéve stress

e introduction in the basic saturated elastoplastic mod#i@modifications necessary to take

into account the féects of the interfaces on the overall mechanical behaviour

According to Ju (1989), plasticity occurs only in the undgethcounterpart of the bulk, and
the expression of plastic flow for the damaged material caobba@ined by usingféective prop-
erties and ffective stress in the expression of plastic flow for undamaygaterials. Therefore,
the characterisation of the plastic response should beulated in the damagedfective stress
space and the stress tensor should be replaced by the dasteggetensotr, into the equations
of plasticity. This follows the principle of strain equiegice.

Similarly to the Barcelona Basic Model (BBM) (Alonso et dl990), the most widely used
model for unsaturated soils, we use the modified Cam-Clayetn@irland, 1965) as a basis to

predict plasticity in saturated geomaterials. Based onndissrand Ju’s recommendations, we
14



formulate the yield criterion in terms of doubl&ective stress to extend the model to damaged
and unsaturated geomaterials. In addition, we introducepemdence of the yield criterion to
suction:

Theyield surface is therefore taken of the following form:

fp = & — M?p"(Pi(Po. 9) - P") (27)

in which p; is the preconsolidation pressure, which is a function otisacand the saturated
preconsolidation pressurg, (equation 34).

Cam-clay models have been developed in the framework ofc@lriState Soil Mechanics
(Roscoe et al., 1958). Thaitical state concept states that soils and other granular materials,
if continuously distorted until they flow as a frictional fthiwill come into a well-defined critical
state. At the onset of the critical state, shear distortamtsir without any further changes in mean
stress, deviatoric stress or void ratio. The critical simtdescribed in theg*; §) plane by the line
of equation:

§=Mp' (28)

In some recent models (such as BBM), non-associate flow anteadopted to predict plastic
volumetric strains under a variety of stress paths. For #ke ®f simplicity, we considered an

associate flow rule (like in the original Cam-Clay model) ephastic potential is defined as:

gp = fo = G~ M*p(p; - P) (29)

The plastic flow rule is:

. . d9p . (09p| 00y 35¢
P=A = A — ==
NPT p(aﬁ* 3" 99 24 (30)
in which
8 2 N R
9[) — M (2p Pc )I + 30~_d (31)
9o 3
Thehardening law is defined as:
. Po .
po= ———éf (32)
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Figure 4: Shape of yield surface. (a) Doubfkeetive stress space, (b and c) Total stress spacéélt ef suction, c.

effect of damage)

In order to reproduce the extension of the elastic domaih suiction, the preconsolidation

pressure is sought in the form of a function of suction andraé¢d preconsolidation pressure

(Po):
Pe = P:(Po, ) (33)

When drawn in the, s) plane, this curve is called the Loading-Collapse (LC) eurMany
different expressions were proposed for the equation of the b ¢Alonso et al., 1990; Jommi,
2000; Buisson et al., 2003; Sheng et al., 2004; Sun et al8)20Bxperimental characterisation
of clay-bearing unsaturated materials is often driven leydétermination of BBM parameters. In
order to facilitate the calibration of our model, we choseltill equation proposed by Sheng et al.
(2004), because Sheng et al.’s approach is the closest wd foithe BBM model. The equation

of the LC curve is:

A—«k

Pe = Pr (%)AS_K +sS (34)
As = A[(L —r)expEps) +r] (35)

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

Expressed in total stresses, the equation of the yields(equation 27) becomes

o’ - M*(p+sS)[(1-d)p; - (p+5S)] =0 (36)
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and the equation of the critical state line becomes

q=M(p+sS) (37)

Figure 4b shows the evolution of the yield surface with saurctiwith respect to total stresses,
the elastic domain increases with suction. Suction alsodes an apparent cohesion.

Figure 4c shows the evolution of the yield surface with daedgamage has a softening ef-
fect on the plastic behaviour. Although plastic and damagsightive potentials were assumed to
be decoupled, the assumption of a doulffective stress, associated with the principle of strain
equivalence, allows for a direct damage-plasticity cauplindeed, although damage and plastic-
ity criteria are expressed in terms of the doulffeeive stress, and consequently do not depend
explicitly on damage and suction, they evolve with damagksarction in the total stress space.

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

based on specific sets of parameters.

4. lllustration of the mechanical damage-plastic behaviour

The model has been designed in a flexible way, which enabéemtlependent refinement of
its basic componentsffective stresses, elasticity, damage and plasticity egpustito fit specific
materials behaviours. Analysis of the model behaviour, a & its validation, will focus on
clayey geomaterials, such as Boom clay, since these matexhibit simultaneously a strong

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 ddeactve waste disposal in
Belgium. It is considered as an overconsolidated plasay. cl

Most experimental studies published on Boom Clay focus ercttaracterisation of physical
properties (such as retention and permeability), or on yidedimechanical response of the soil in
unsaturated conditions. Very few measures were done ty sheddegradation of gtness with
stress and suction, despite the proven existence of an &xgavDamaged Zone (EDZ) around

underground openings. Excavation induced fractures wiaserged around galleries (Bastiaens
17



et al., 2007; Bernier et al., 2007; Van Marcke and Bastia2d$0). Damage was also studied by
means of seismic (Bastiaens et al., 2007) and acousticqlzatral., 2002) measurements. Boom
clay can exhibit both ductile and brittle behaviours (Dedsntutter et al., 2005). More recent
studies using advanced imaging technique provided evelehcracks in Boom Clay samples

(Bésuelle et al., 2013) The transition between the failnoeles depends strongly on the confining
pressure and is also influenced by the water content (Al-<&ha&001) and by the overconsolida-
tion ratio.

Boom clay has been extensively studied either from experisnen undisturbed natural sam-
ples, or on samples prepared by compaction from Boom claydpowMany experimental data
on saturated natural Boom clay are available in the liteeatBaldi et al., 1991; Coll, 2005; Sul-
tan et al., 2010). However, concerning the unsaturatedvo@lra most of the studies have been
made on compacted (Bernier et al., 1997; Romero, 1999) coutad (Al-Mukhtar et al., 1996)
samples, and only a few on undisturbed samples (Cui et @.7;2Della Vecchia et al., 2011).
Moreover, mechanical tests afléirent suctions are limited to oedometer and isotropic cesipr
sion tests. By comparing experiments on natural and coragaamples, (Della Vecchia et al.,
2011) concluded that the same constitutive framework sderbge applicable to natural Boom
clay and to the material compacted from the clay powder. Hewenechanical parameters have
to be adapted for éfierent microstructures.

Boom clay is a more complex material than other clay stones si$ Callovo-Oxfordian
argillites, which exhibit a less plastic behaviour. Thddaling simulations will demonstrate that
the modelling approach that we proposed above is suitalgesttict the brittlgductile transition
in unsaturated geomaterials in which the behaviour is gtyanfluenced by plastic deformation,
confining pressure, and water content.

Data available to calibrate our model involves tests peréat on cores of dierent origins,
taken at diferent depths. The mineral composition of the samples vayiedtly from one ex-
periment to the other, and therefore, a high variability wated in the mechanical and physical
properties. In the following numerical study, we used matgrarameters that fell in the range of
values reported in the literature, and we adapted the setrahpeters to the flerent soils tested,

in order to match experimental test results.
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Some values found in the literature for elasticity, plasti@and retention parameters are given

in table 1. No similar damage model has been found which wallibelv to determine the range of

values for our damage parameters.

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

Francois et al. Bésuelle et al. Delahaye and Della Vecchia Wu et al.

(2009) (2013) Alonso (2002) etal. (20117 (2004)
Elasticity
E (MPa) 200 - 400 150 - 500 70
v 0.125-0.45 0.333
Retention
g 0.15(d)-0.5(w)
(MPa™)
Myg 0.19(d)-
0.22(w)
Mg 2.8(d)-2(w)
Plasticity
M 1 0.78
A-«¢ 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
8Results for natural Boom Clay, parameters for drying andingturves
bCalculated fronK = J’Tw (non linear elasticity) for an initial stae= 0.59 andp = 4.4 MPa

c . A—k . .
equivalent toﬁe in the cited references

The set of data chosen to study the sensitivity of the darpéagic model to the dierent

parameters is given in table 2.
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Elasticity Plasticity Damage Initial
state
E v M A—K  Po Co C, C, p
MPa MPa MPa MPa MPa
300 0.4 1 005 55 0 10 0.5 3

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

4.2. Damage model

Although the damage part of the model has been chosen to imeified with the minimum
number of parameters, and to be based on Drucker-Pragefentidal model, expressed in terms
of the damagedftective stress has be found in the literature. The behaviahisomodel, and the
range of parameters for which it gives sensible resultudist in this section.

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

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

2 <3 (38)
in whichv is the Poisson’s ratio, and, the slope of the damage criterion.

Figure 5 shows theffect of the damage paramet&@s(slope of the damage criterion) afd
(hardening parameter) on the stress-strain curves as wéfleaevolution of damage with axial
strain. As expected from the theoretical developmentsepitesl earlier, the damage model can
reproduce a hardening behaviour followed by a softeningelr. It can be seen that variations
of C, result mainly in a modification of the damage threshold, whsrchangin@, modifies the

damage evolution rate. High values®f therefore 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 theditee and sensitivity to its parameters will

not be detailed here.
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Effect of C, Effect of C,

C2=0.3 ---- C2=0.5 — C2=0.7 ----- C1=5 MPa C1=10 MPa — C1=20 MPa -
8 T T T T T T
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Figure 5: Hfect ofC, (a,c) andC; (b,d) on the stress-strain curves (a,b) and damage ewolasi@ function of axial

strain (c,d)
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Figure 6: Comparison of damage, plastic, and coupled moelehyour, for a plasticity dominated (a,c,e) and a

damage dominated (b,d,f) coupling. (a,b) Stress-straimeciic,d) Damage evolution, (e,f) Plastic strain evolutio

Figure 6 compares the behaviour of the coupled damage @tastodel to the behaviour
when only damage or plasticity is considered. Two casesrasepted, one for which plasticity is
the dominant dissipative phenomena, using the parameétéable 2 (figure 6a,c,e), and one for
which damage is dominant (figure 6b,d,f).

For the plasticity dominated case, it can be seen on figurkddlte softening behaviour after
deviatoric stress peak, characteristic of the damage mdabsent for the coupled model. The
coupled model stress-strain behaviour also follows theesaattern as the plasticity model. This
shows that, when using model parameters suitable for Boagy plasticity dominates damage

effects. Figure 6¢ shows, however, that damage is triggeretidavelops up to 20%. When

22



looking only at the stress-strain curve, one could mistaleerton-linear behaviour as being the
results of plasticity #ects only. It should therefore be noted that the analysib®ftrain-stress
measurement only could hide the appearance of damage. Tihesfiieert of damage in that case,
is to decrease the apparent yield stress of the materiateasiis figure 6a, which has a negligible
effect on the final amount of plastic strain (figure 6e).

In order to demonstrate the capabilities of the model, figilveshows the behaviour of the
model when damage dominates plasticiffeets. The parameters chosen for this example are
mostly the one of table 2, but witG; = 5 MPa andl — x = 0.01, values chosen to increase
the influence of damage, and decrease the influence of fastithese results show that the
presented model can also reproduce a damage dominateddaeheaith a stress-strain behaviour
of the coupled model similar to the one of the damage modelstielty efects result in greater
strains, but have ndiect on the peak deviatoric stress.

These illustrative simulations show that the current masl@ighly versatile and, depending
on the set of parameters chosen, can reproduce damagieipastuplings, dominated either by

plasticity or damage behaviours.

5. Simulation of hydro-mechanical experiments on Boom Clay

This section aims at comparing simulation results, usiegntiodel developed in the previous
sections, with hydro-mechanical experiments results apeyl soils from the literature. As men-
tioned previously, parameters are adjusted to fit spec#is tbut are chosen to lie within the range

of values reported in the literature.

5.1. Elastic swelling

A significant advantage of the constitutive stress apprasithe ability to capture suction
induced strains without the need of extra parameters irtiaddo mechanical and retention pa-
rameters.

To illustrate this feature, an oedometer swelling test vilmsigited on a clay material (exper-

imental data from Volckaert et al. (1996)). The verticaéstr was kept constant( = 0.1 MPa)
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while suction was decreased from 230 to 0 MPa. The mechaamchietention properties chosen

in the simulation are given in table 3.

Elasticity Retention

K % S, Qg Nvg Myg
MPa kPa!

200 0.3 0 0281072 2.3 0.21

Table 3: Elasticity and retention parameters for the swegliest

Swelling strains (volumetric strains) computed for anchies well as a damaged material are
represented on figure 7. Damage is assumed to remain codstamgy the test, and the suction
state to be homogeneous within the sample.

Knowledge of the water retention properties in addition &chanical stfness parameters al-
lows us to reproduce adequately the elastic swelling belnaabserved during wetting. Moreover,
a different swelling behaviour is observed for intact and damagetples, which is in accordance
with other works (Carmeliet and Van Den Abeele, 2000). Inldeke test is suction-controlled,
therefore the volume of the sample can change as water teritigthe pores during the wetting
phase. Damaged samples are more compliant than undamagelésathe resistance of the solid
skeleton to pore filling and expansion is less in damagednatgewhich tend to swell more than
undamaged samples during wetting. This behaviour has besgrwed in oedometric swelling
experiments on callovo-oxfordian argillite samples (Mehani et al., 2011), where it is seen that

swelling capacity increases with damage.

5.2. Triaxial tests on saturated samples gfaent confining pressures

Triaxial drained compression tests with unloading-relngaycles are simulated for two con-
fining pressures (3 MPa and 4 MPa). The experimental daten(Baldi et al. (1991)) show the
influence of the confining pressure on the deviatoric respoAsiegradation of the elastic modu-
lus can also be seen from the unloading-reloading curves.

Elastic, plastic and damage parameters chosen in this siedgyummarised in table 4. The

preconsolidation pressure is taken equal to 6 MPa, which the range of values observed on
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Volckaert et al. (1996)  *

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))

samples from underground laboratories. The other mechlaparameters are chosen to fit the
experimental results reported in Baldi et al. (1991).

Figure 8 shows the comparison between experimental andmahstresgstrain curves. The
main trends observed in the laboratory are captured by tlteemBor instance, it is noted that the
stiffness measured during the unloading paths is less than flrest measured during the first
loading paths. As expected, the loading stress supportdtelsample before damage propagation
is higher at higher confining pressure. However, the modekdwt capture well the smooth
transition between elastic and plastic behaviour. Thigédition of the model can be explained by
the use of Cam-clay model, in which elasticity is assumedhfiostates of stress inside the yield
surface. This behaviour could be improved by using more rrek@ versions of the Cam-Clay
model, such as bounding surface plasticity (Dafalias, 188@ontinuous hyperplasticity (Puzrin
and Houlsby, 2001). The volumetric behaviour could alsonberoved by using non-associated
flow rules.

Figure 8g shows the corresponding stress paths in the defibtgive stress space. It can be
seen that for low confining pressure, the stress path atthendamage criterion earlier, which
allows for more damage to be developed before the critieé 3¢ reached. The activation of the

two competitive dissipation phenomena, damage and pilgstiepends on the confining pressure.
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Figure 8: (a-d) Triaxial test data from Baldt al. for confinements (a,c) 3 MPa and (b,d) 4 MPa, compared with

simulation results (a-f). (g) Doubldtective stress paths

Elasticity Plasticity Damage

K v M A—Kk  Po Co C: C,
MPa MPa MPa MPa

300 0.4 1 005 55 |0 4 0.5

Table 4. Boom Clay mechanical parameters
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5.3. Simulation of the ductyerittle transition with suction increase

Although no experimental data have been found in the libeeadbout Boom clay, Al-Shayea
(2001) showed that materials with high clay content exhakituctilgbrittle behaviour transition
when their water content decreases (see figure 9a). Duetil@our is characterised by the ability
to sustain large plastic strains during plastic harderigrdtle behaviour is characterised by abrupt
failure at a well-defined peak strength with strong softgniRigure 9a also shows higher shear
strength for low water contents.

Although the experimental data from Al-Shayea (2001) afiecdit to interpret and the exact
experimental procedure can not be reproduced in simulahi@to the lack of data (retention
properties, preconsolidation pressure, unloading-démpcurves), we will show that our model
can reproduce a similar transition between a ductile arttldobiehaviour when suction increases.

Triaxial compression tests under constant suction (0 MPBayiPa, 1 MPa) are simulated. The
confining pressure is taken equal to 200 kPa, and since sam@eompacted in the experiments
taken as reference, the preconsolidation pressure is tkea to 500 kPa. The complete list of
parameters chosen for this study are given in table 5. Thessstrain curves obtained foffgrent
suctions are given in figure 9b. The correspondifigative stress paths can be seen on figure 9e.
The evolution of damage and plastic strains with axial straigiven in figure 9c-d. Figure 9b
shows that our model can adequately reproduce the tram$ibon a ductile behaviour for low
suction, to a brittle behaviour for higher suctions.

At low suction, the plastic yield stress is low, and the ptastiterion is reached before the
damage criterion. This leads to the development of larggtiplatrains, and damage remains low
because of the lack of increase of the deviatoric stress ighteh suctions, the elastic domain is
enlarged. The damage criterion is therefore reached b#ferplastic criterion. The deviatoric

stress, and therefore damage, reaches higher values befdreggering of plasticity.

6. Discussion and conclusions

A constitutive modelling framework allowing for damageasgiicity couplings in unsaturated

porous media has been proposed. This framework is basedecastfumption of a double ef-
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Elasticity | Plasticity LCcurve Damage Retention

K v M A—k Po Pr B r Co C1 C, Qyg TNyg My
MPa kPa | MPa  MPat MPa MPa MPat

300 03|11 0.2 500 | 0.001 2 060 3 05]028 23 0.21

Table 5: Material mechanical parameters - dudiilétle transition test

fective stress, accounting for damage and suctiteces, which controls the material mechanical
behaviour.

The principle of strain equivalence has been chosen fobit#yato provide a straightforward
way of coupling damage and plasticity. Damage and suctitects are taken into account by
replacing the total stress by the doubl&eetive stress into elasticity and plasticity equations,
which means that damage and plasticity criteria and evmiudws are expressed in terms of the
double dfective stress. This allows for a direct dependence of daraadeplasticity criteria on
suction and damage in the total stress space.

lllustrative examples have shown that the model is hightgatle, and can reproduce damage-
plasticity coupled behaviour, dominated either by pléstior damage. This framework has there-
fore the potential to be adapted to various materials, fraasgbrittle stit clays, in which damage
and stifness degradation are the dominating dissipative phenaqrteesaft clays, in which plastic
strains are predominant.

The developed model has then been used to reproduce expalmesults on clayey soils,
from the literature presented. Realistic parameters haga bhosen so as to adequately represent
a selected set of laboratory mechanical tests. Triaxialpression test at ffierent suctions have
then been simulated in order to highlight how the developediehcapture the ductilerittle
transition due to suction increase.

The presented modelling framework, based on the combirgdrgstions of the existence of
a double #ective stress and the principle of strain equivalence,gmtssmany advantages. The
numerical implementation is straightforward and is abladcoommodate étierent plasticity and
damage models without the need of heavy code modifications.

Once implemented into a finite element code, this modelliagheéwork will enable the mod-
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elling of fully coupled hydro-mechanical problems, suchdasiccation-induced damage or the

creation of the excavation damage zone around undergraalletigs.
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Appendix A. Damage Model, limits for which the sample experiences radial contraction

during atriaxial test

For a triaxial stress state, the elasticity law reads:

i V oo 1—V,:,
Sr = _Eo-a‘l' ?O-r (A.l)

in which E is the Young’s modulus, andthe Poisson’s ratio. Subscripis related to the axial
direction, and to the radial direction.

Damage increment for a triaxial stress state:

. 1 . - .1 C, ~ 1 C,
d= 5 (0-CoP) = Falg (1 ) -Gz 1+ 23)) (A.2)

3C; 3+2C; .
+

O (A.3)

d+|-= + & (A.4)

Triaxial test= o, = 0, o, = cste= oy

~ Oy X Ol'r d d
= = = A.

Y R . Iy ) cRC ) A (A5)

v 3C, v3+2C, 1-v| d
- _y A6
¢ E3—C24{ E3-C, E Ll—mf“ (A.6)

. 3C1 3+2C2 0o (0as) 1.

- _ _ =4 A7
€ [V:s—c2 Vs—cza—dy+(1‘”a—dy]5 A7)

30



We wants, < 0. Sinced > 0

3C1 3+ 2C2 (0as)

3G, '3 a-da Y Vaae

<0 (A.8)

4

(1- 0')2 h

(1 d)2 3 + 2C2 0o
+(1-nZ2 <o A9
"3-¢, ’3-G, 3¢, ¢ Mg 3(:1 (A-9)

We can see that this expression is always true when theregsmfmmement, i.e. foro = 0
(true if C, < 3).

Otherwise:

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

3—C2 go
% >0 A.10
|32 (A10)

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

between the slope of the damage criteriGp,and the Poisson’s ratio;

3(1-2v)

C >
2 1+v

(A.11)

For a given set of parameters, it is also possible to determom which value of damage

radial contraction will start:

1

_ 3—C2 go
d=1- \/[ - —(6+cz)]f (A.12)
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