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Abstract This paper aims to analyse the anisotropic
features of behaviour of Opalinus Clay using the theory of
plastic multi-mechanisms. The results of triaxial tests
conducted with different load levels and directions showed
that the mechanical behaviour of this shale is cross-aniso-
tropic. The stiffer samples are those in which the loading
direction is parallel to the bedding plane. This indicates
that the preconsolidation stress depends on the orientation
of the load with respect to the fabric of Opalinus Clay. It is
proposed to interpret the observed cross-anisotropy with an
elastoplastic model based on four plastic strain mecha-
nisms that may be successively mobilised depending on the
loading direction. The predicted stress—strain responses
vary according to the directions of the space as a result of
the hardening process, depending on the number of plastic
strain mechanisms that have been mobilised. The numeri-
cal predictions show overall good agreement with the
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experimental data in terms of deviatoric stress versus axial
strain, demonstrating that multi-mechanism plasticity is a
suitable constitutive tool for the interpretation of the
mechanical anisotropy of this shale.
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1 Introduction

Anisotropy is an important characteristic influencing the
behaviour of shales. The properties of shales usually
depend on the direction in which they are measured. The
directionality of mechanical behaviour (among other
aspects, such as hydraulic, thermal, electric or magnetic
processes) occurs as a result of micro- and macro-structural
factors. First, singular directions are defined at the micro-
scale during the process of rock formation (deposition,
compaction and diagenesis) through the fabric, the texture,
the crystallography or the grain arrangements [14, 32, 37].
Second, at a larger scale, bedding, schistosity, cleavage or
foliation also affect the anisotropic character of shales. In
addition, induced anisotropic behaviour may be the result
of the application of anisotropic stress changes developing
preferential orientations of elongated void particles
[24, 38], fractures, shear planes and faults or joints [11]. In
both cases (intrinsic or induced anisotropy), hydrostatic
(isotropic) loadings may reduce the anisotropic nature of
the material. The main concern of this paper is to consider
the anisotropy as a consequence of the geomechanical
history of the material. So doing, no distinction is made
between intrinsic and induced anisotropy. In other words,
the intrinsic anisotropy is addressed as an anisotropy
induced during the formation (deposition and compaction)
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of the rock upon an anisotropic stress state. This makes
sense if the effect of diagenesis and cementation (or any
other chemical transformation) on the rock anisotropy is
neglected.

The interpretations of the anisotropic character of the
mechanical behaviour of shales are, in most cases, limited
to the sensibility of elastic properties on loading orientation
[11, 14, 17] and eventually to the failure criteria [6, 13, 20,
22, 23, 26, 33, 34]. Duveau et al. [5] reviewed the main
failure criteria dedicated to strongly anisotropic rocks.
However, in many geotechnical applications, the combi-
nation of an elastic model with a failure criterion for
anisotropic rock is not enough to analyse a large-scale
behaviour of geostructures. A complete description of the
material stress—strain response including hardening and
softening is required. Therefore, advanced constitutive
models dedicated to anisotropic materials were developed
and employed [i.e. 1, 7, 25].

The material that we are investigating in this study is
Opalinus Clay of northern Switzerland. From a quantitative
laboratory analysis of core samples from Benken and Mont
Terri, a total mass fraction of clay minerals of 54-66 %, a
quartz content of 14-20 % and 13-16 % calcite were
measured [2]. This mineralogical composition exhibits
moderate lateral variability and a slight increase in clay
content with depth. Due to its high clay content and its
fissility, this material has been classified as shale. This
material was identified as a potential host rock formation
for radioactive waste repositories because of its low per-
meability and ability to retain radionuclides. Over the last
decade, comprehensive geotechnical investigations have
been conducted to characterise the geological, hydrogeo-
logical and geochemical properties of this geomaterial
[2, 19, 35]. The studies indicate that Opalinus Clay exhibits
a significant anisotropy in various parameters, such as
seismic velocities [27], hydraulic conductivity [21], ther-
mal conductivity [8, 9] and coefficient of diffusion of
chemical species [30, 36]. However, limited evidence of
the mechanical anisotropy of Opalinus Clay has been
published [3, 15, 29]. This paper is an attempt to contribute
to this area of research. [38] evidenced, from high energy
X-Ray tomography, that Opalinus Clay exhibits a strong
preferred orientation of its micro-fabric and texture, which
is consistent with its geological history (sedimentation,
compaction and deformation). Also, the mineral orientation
correlates with the anisotropy of the mechanical properties
(i.e. acoustic-wave propagation). This preferred grain ori-
entation that defines the shale fabric is attributed to the
mechanical rearrangement of particles and the mechanical
collapse of the initial high-porosity clay under increasing
overburden pressure [16]. Those observations at the
micro-scale evidence that the macroscopic mechanical
anisotropy is consistent with the micro-fabric properties,
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this macro-fabric being a consequence of the anisotropic
mechanical loading undergone during the formation of the
rock. The objective of the proposed model is to reconstruct
the mechanically induced anisotropy of the Opalinus
Clay from the virgin state through deviatoric mechanical
loadings.

The paper is organised as follows. The first part is
dedicated to the analysis of experimental results extracted
from uniaxial compression tests as well as triaxial com-
pression tests on Opalinus Clay. The test series provide
clear evidence of cross-anisotropy in the mechanical
behaviour of the material. In the second part, the formu-
lation of an elastoplastic model with four plastic strain
mechanisms is presented. The model has been identified as
being compliant with induced cross-anisotropy. Given the
fact that the constitutive model is highly sensitive to the
history and directions of stress, the preloading process is
presented. Finally, numerical simulations are compared
with selected experimental results, and the plasticity-
induced anisotropy of the clay is discussed.

2 Evidence of the mechanical anisotropy
of Opalinus Clay

The mechanical response of Opalinus Clay has been thor-
oughly investigated by the Swiss National Cooperative for
the Disposal of Radioactive Waste (NAGRA). The exper-
imental results presented in this paper have been extracted
from project-specific documents supplied by NAGRA. A
selection of 18 uniaxial compression tests and 33 triaxial
tests taken from the database are compiled here. Those
tests benefit from good data quality, systematic and docu-
mented testing procedures and repeated measurements that
allow a coherent constitutive interpretation. In the compi-
lation of the triaxial and uniaxial tests, three different
orientations of bedding have been considered with respect
to the loading direction (Fig. 1):

Axial Axial
loading loading

| |

! I !

P-Sample S-Sample Z-Sample

Fig. 1 Orientation of loading direction relative to the bedding in the
P-, S- and Z-samples
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e parallel (P-sample)
e perpendicular (S-sample)
e with an inclination of 45° (Z-sample)

All of the tests were performed on cylindrical samples
extracted from boreholes cored in the Mont Terri under-
ground laboratory at a depth of approximately 300 m
(Mont Terri laboratory is a research facility for the
hydrogeological, geochemical and geotechnical character-
isation of Opalinus Clay formation, near St Ursanne in
Switzerland). This corresponds to an in situ pressure of
approximately 20 MPa.

The followed procedure was similar for each test:

(i) The sample is first loaded to the target hydrostatic-
confining pressure (0, 5, 10 or 15 MPa).

(i) A fluid pressure of approximately 0.3 MPa is then
applied to the sample from both sides (above and
below the cylinder).

(iii) The isotropic consolidation of the sample is made
over a period of 24 h.

(iv) The axial load is then increased with a strain rate of
10757

Twenty-four hours were considered as a sufficient
consolidation time to obtain a stable initial state for the
shearing process. However, it is noted that because of the
relatively fast compression rate used in the consolidation
phase, fully drained conditions may not be attained;
therefore, only the total stress interpretation is consistent.

Figures 2, 3 and 4 sort the uniaxial and triaxial test
results according to the three directions of loading
(P-sample, S-sample and Z-sample, respectively). Each test
has been duplicated several times using the same experi-
mental conditions, so different symbols have been drawn
in the figures to differentiate the individual samples. The
same scales and labels of axes were used for each graph
(axial strain [0—4 %] and deviatoric stress [0—60 MPa]) to
help with the comparison between results.

Results shows, in general, a relatively high spreading.
The volumetric strain versus the axial strain representation
shows scattered results that can likely be attributed to the
conditions of drainage and saturation that are not fully
controlled, as mentioned previously. Therefore, within a
total stress context, the following interpretation will be
mostly based on the stress—strain curves. In the pseudo-
linear part of the stress—strain curves, the very steep slope
accounts for the high rigidity of the shale. The pseudo-
elastic behaviour is followed by a limited hardening zone
(around the peak) that is followed by brittle failure. When
the confining pressure increases, the axial strain at failure
increases, reaching a maximum of 3.5 % for a confining
pressure of 15 MPa. Therefore, the brittleness appears to
decrease when the confining level increases, which is a

well-known feature of the behaviour of most geomaterials
[10]. Because of the spreading in the results, the compar-
ison between the results of P-, S- and Z-samples is not
immediate and it requires an averaging of the different
curves to be carefully interpreted (as done in Figs. 5 and 6).

Each set of results may be considered as a scatter plot in
the plane of deviatoric stress versus axial strain from which
simple trend curves must be extracted for the constitutive
interpretation. Conventional statistical tools such as the
arithmetic mean could not be used effectively on the
results, principally because the shale response is highly
nonlinear and varies between tests. For example, for
P-samples at the confining pressure of 5 MPa and at the
x-ordinate (axial strain) of 1 % (Fig. 2b), some samples
have already reached the residual, post-peak stress,
whereas others remain in a ductile phase. Therefore, a
mathematical averaging of a residual stress and a stress
under strain hardening would not be consistent.

We therefore propose to draw a trend curve for each
type of test based on a visual interpretation of the results.
The trend curve is an attempt to extract average curves
with the following features:

e An initial elastic pseudo-linear behaviour
e Strain hardening up to peak resistance
e Brittle failure/post-peak behaviour, if relevant

No fitting parameter was determined, but strong corre-
lations could be expected in each of the 3 zones of
behaviour listed above. The results are plotted in Fig. 5,
with thin black lines representing the experimental results
and thicker grey lines representing the trend curves. The
visual trend curves are regarded only as a qualitative tool to
compare the P-, S- and Z-sample results and to help with
the subsequent calibration of the constitutive model.

Figure 6 compares the typical responses of Opalinus
Clay with respect to the orientation of the axial loading by
superimposing the grey (averaged) curves as determined in
Fig. 5. Figure 6 indicates that the behaviour of the shale is
anisotropic:

e P-samples present a higher rigidity than other samples.
For example, at a confining pressure of 5 MPa, the
deviatoric stress reached by the P-sample at 1 % of
vertical strain is 32 MPa, compared with 12 MPa in the
case of the S-sample at the same strain. The trend is the
same for all of the confining pressures.

e S-samples exhibit a more ductile behaviour. This aspect
is clearly highlighted by the results obtained for
confining pressures of 10 and 15 MPa in which
S-samples sustained more than 2 % of vertical strain.
In addition, contrary to the P-samples, the S-samples
are in a continuous hardening process without the
occurrence of a peak.
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Fig. 2 Compilation of triaxial tests on Opalinus Clay with the axial loading parallel to the bedding orientation (P-samples). The confining
pressures are a 0 MPa, b 5 MPa, ¢ 10 MPa and d 15 MPa

e The response of the Z-samples is for a wide range of  of overconsolidated materials. In the case of the S-samples,

strain values between the responses of the other samples.  the quasi-linear part is reduced and followed exclusively by
Generally, the behaviour of the P-samples during the  hardening.
triaxial shearing path can be defined first by a quasi-linear Two essential conclusions can be drawn regarding these

relationship between stress and strain, followed by a peak  experimental observations: (1) the behaviour of the Z-samples
and finally perfect plasticity, which is the typical behaviour  is between the behaviours of the P-samples and the S-samples,
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Fig. 3 Compilation of triaxial tests on Opalinus Clay with the axial loading perpendicular to the bedding orientation (S-samples). The confining

pressures are a 0 MPa, b 5 MPa, ¢ 10 MPa and d 15 MPa

which is in agreement with anisotropic behaviour, and (2) the
stress history induce a typical response on the material that is
more overconsolidated for the P-sample than for the S-sample.

Even though the visual averaging only has a qualitative
value, it enables us to sort out the experimental results on

the basis of the major trends in the rigidity, hardening and
orientation of the load with respect to the bedding plane.
This qualitative classification of P-, S- and Z-samples will
be useful for the calibration of a constitutive model
accounting for induced anisotropy.
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Fig. 4 Compilation of triaxial tests on Opalinus Clay with the axial loading oriented at 45° relative to the bedding orientation (Z-samples).
The confining pressures are a 0 MPa, b 5 MPa, ¢ 10 MPa and d 15 MPa

3 Anisotropic elastoplastic framework
for Opalinus Clay

In this section, we propose to use Hujeux’s constitutive

model based on four plastic strain mechanisms [12] to
capture the main features of the mechanical behaviour of
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Opalinus Clay, and, specifically, its anisotropy. Hujeux’s
model, which based on a Cam-Clay type critical state
model, allows reproducing cyclic behaviour extended
towards the consideration of three plastic deviatoric
mechanisms associated with the three orthogonal planes of
space. In addition, there is a supplementary mechanism of
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Fig. 5 Compilation of experimental results and average curves of triaxial tests for the three orientations of the axial loading and for the four

confining pressures

plasticity for the volumetric behaviour, also called the
“isotropic mechanism”.

Being a cyclic model, Hujeux’s model is capable of
producing plastic deformation both upon loading and
unloading. Actually the choice of Hujeux’s model to rep-
resent the behaviour of the studied shale was not based on
the cyclic aspects but principally on its ability to model
induced anisotropy. The concept of multiple mechanisms
of plasticity [18] allows the material behaviour to depend
on the direction of loading, which is very convenient in the
context of the modelling of mechanical anisotropy of rocks.
The isotropic and deviatoric mechanisms produce plastic

strain increments called ds‘z.’iso and ds‘;’dev, respectively.
The total strain increment tensor, de;, is separated into
elastic, defj, and plastic, deg, components as follows:

dSij:dej—FdS‘; (1)

The stress variables are defined as follows:

(2)

1
! (G;X + a’yy + a%)

Pzg
3
2

1/2
q Sijsi/) with s; = a;; = pd; ®)
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Fig. 6 Comparison of the typical responses of Opalinus Clay relative to the orientations of the axial loading for each confining pressure

1
P;< = B (Ggi + lej> (4)

1 ) 1/2
Gk = (Z (Gﬁi - 0,’-,-) +O—§Jg>

where (i, j, k) are circular permutations of (x, y, z), p’ is the
mean effective stress and ¢ is the deviatoric stress. In this
study, the pore water pressure is assumed to be null, and
thus, there is no difference between the effective and the
total stresses.

(5)

3.1 Elastic behaviour

The elastic part of the model is nonlinear and isotropic. The
elastic strain increment def; is expressed as follows:

dej; = Ei;‘klldg;d (6)

In this case, da}, is the effective stress increment, and El;k'l

is the mechanical elastic tensor defined by the nonlinear
bulk and shear moduli, K and G, respectively,

p/ n‘ p/ n’
K = Kref (p/> ) G = Gref (p/> (7)
ref ref

where p’ is the mean effective stress, n® the nonlinear
elasticity exponent, pl.; the reference pressure Krer and Gier
the bulk and shear moduli at the reference pressure,
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respectively. Because the nonlinear elastic exponent is
similar for the K and G moduli, the ratio between K and G
remains constant, and therefore, the Poisson’s ratio v is not
affected by the stress level. Equation [6] can be expressed
in terms of Young’s modulus E:

e

;N\ N
E =E. (p’i—) ;v =cst (8)
ref

The elastic response of the material is isotropic, although
the progressive anisotropic plastic strain hardening will
induce a global anisotropic response even for small strains.

3.2 Isotropic plastic mechanism

The isotropic yield surface that bounds the elastic domain
in the effective stress space is normal to the isotropic axis
of stress (Fig. 7) and takes the following expression:

Siso = P/ - dpi-rriso (9)

where d is a material parameter and p/, is the critical
pressure in terms of effective stress. According to the bound-
ing surface theory [4], ris, is the degree of plastification
(mobilised hardening) of the isotropic yield limit. This
enables a progressive evolution of the isotropic yield
limit during loading. The evolution of riy, during loading
is linked to the volumetric plastic strain induced by the
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isotropic mechanism, and the hardening law for the
isotropic mechanism is calculated by:
gp,iso

C+8€,1s0 ( )

where c is the volumetric hardening parameter and r& is
the radius of the elastic domain of the isotropic mechanism.
The parameter c¢ takes the value ¢, or c., depending on
whether the loading scheme is monotonic or cyclic. In the
formula, €/ is the plastic component of the volumetric
strain induced by the isotropic mechanism.

The flow rule of the isotropic mechanism is associated

and assumes the following form:

_ _ela
Fiso = Tigo T+

. 2iso
de™ = (11)

The plastic multiplier /*° is determined using the consis-
tency equation for multi-dissipative plasticity [28].

3.3 Deviatoric plastic mechanisms

The decomposition of the deviatoric plastic response into
three mechanisms is made in a fixed frame of reference
(¥,¥,Z). For example, the yield limit associated with the
deviatoric mechanism k (Fig. 7) is defined by the function:

fi = qi + sin(P)pi Fir (12)

where ¢ is the friction angle mobilised at critical state. The
function F} is obtained by:

!
Fi=1 —bln(ﬁ%‘) (13)

where b is a material parameter that influences the shape
of the yield surface. If b =0, the yield limit is the
Mohr—Coulomb failure line, and if b = 1, the yield surface
is the Cam-Clay type. For the deviatoric mechanism k, the

Isotropic axis .-~

-

Section of
yield surface

Isotrt\ﬁ\pic yielding
surface

Deviatoric yield
surface— |

= o —ansli]

Devié'toric
yield limit f,

Fig. 7 Yield limits for the four-mechanism Hujeux’s model in the
principal stresses space

degree of plastification r; depends on the plastic
component of the deviatoric strain induced by the
mechanism k, 92 o

&
ela q,k
re = rét 4 —4— (14)
e at 8’;’,(

with the parameter a defined by:
a = deyc + (am - acyc)ka (15)

where a,, and a.,. are material parameters of the hardening
law of the deviatoric mechanisms (m: monotonous, cyc:
cyclic), and o4 is a function of ry equal to 1 during primary
loading.

The flow rules of the deviatoric mechanism k assume the
following forms:

de) = Ay (16)

dej, = ok (Xock <sin 0 +§>) (17)

k

where npf is a flow function and A* the plastic multiplier,
determined by Prager’s consistency equation. In the for-
mula, y and 0 are the dilatancy coefficient and dilatancy
angle, respectively. § = ¢ and y = 1 are the two conditions
for the flow rule to be associated.

3.4 Volumetric hardening

A unique critical pressure p/. is defined for the four
mechanisms that is the coupling variable between the
plastic mechanisms. When the volumetric plastic strain is
produced by one mechanism, the yield limits of the other
mechanisms are modified. This parameter accounts for
strain hardening in density:

Plcr = Péro exp(/}g’v’) (18)

where f is the plastic compressibility, & is the sum of the
plastic component of the volumetric strain induced by the
four mechanisms and p!,, is the initial critical pressure.

4 Method for inducing anisotropy

The anisotropic mechanical characteristics of Opalinus
Clay may be attributed to two factors. First, there is a
structural anisotropy attributable to the fabric because the
long axis of the shale particles tends to align in a preferred
horizontal direction during deposition. Second, there is an
inherent anisotropy attributable to the stress history
because the ground has undergone anisotropic loads such
that vertical overburden stress differs from horizontal
stress. It is commonly assumed that these structural and
inherent anisotropies confer to the shale a transversely
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isotropic behaviour (or cross-anisotropic behaviour). The
transverse plane corresponds with the bedding plane within
which the material properties are the same in all directions.
Below, the bedding plane will be associated with the
directions X and y, and the axis of symmetry (perpendicular
to the bedding plane) is in the direction 7.

By definition, in Hujeux’s model, it is possible to ini-
tialise the state of the material in a way that the stress
history affects the shale properties differently in each
direction of the space. The initialisation phase is compara-
ble to preconsolidation (preloading) only in one or several
directions. Therefore, an appropriate loading/unloading
scheme can confer transversely isotropic behaviour on
the material. The four steps of the simulation process are
described below.

Step 1: Initial isotropic state. The parameters of the
model are determined for an isotropic, virgin material.
Figure 8a presents a scheme of an elementary volume of
shale associated with the directions of the reference frame.

Step 2: Anisotropic preloading. This step enables ini-
tialising the material with the required initial, direction-
dependent properties. It has been established previously
that the P-samples are the most rigid and have the highest
peak shear strength. This indicates that stiffening has
occurred within the bedding plane.

In Hujeux’s model, the directional stiffening is induced
by imposing a loading/unloading cycle in the chosen
direction (Fig. 8b). For better control of the initialisation
through plastic strain mechanisms, preloading is succes-
sively applied in each separate direction of the bedding
plane X and -

e The first load o,, affects the yield limits f, and f, which
are associated with the y and z deviatoric mechanisms
(Eq. 12).

e The second load o,, affects the yield limits f; and f,
which are associated with the x and z deviatoric
mechanisms.

Hardening may occur twice in the z deviatoric mecha-
nism and once in the x and y deviatoric mechanisms.

e Direction of loading unloading in the plane (x,y)
Transverse isotropic plane
A 2,y
¥ ¥
» - L3
X X

“(a) L )

Fig. 8 Scheme of the initial elementary volume of the shale (a),
Scheme of the anisotropic loading/unloading applied to the shale (b),
Scheme of the elementary volume of the shale after the preloading (c)
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The value of the preloading in the ¥ and y directions may
be adjusted with the help of the test results of the P-samples
based on the size of the elastic domain and the peak shear
strength. It is noted that during the initialisation phase, each
preload is followed by unloading.

Step 3: Anisotropic state. At this stage, the mechanical
history of the material varies in the three directions of
space. The preloading modified the parameters of the
model, especially the degrees of plastification, r; (Eq. 14).

This will induce an anisotropic response of the material.
Because the preloading was equal in the X and y directions,
cross-anisotropy was induced and the transverse plane
corresponds to the bedding plane (Fig. 8c).

At this step, the S-sample, P-sample and Z-sample pre-
sented previously in Fig. 1 may be identified by rotating
the reference frame. Figure 9 shows the orientation of the
reference frame to consider if the loading direction is
vertical.

Step 4: Triaxial shearing path. At this stage, the
numerical sample has a cross-anisotropic behaviour
induced by the preloading. Step 4 is dedicated to the
simulation of triaxial shearings in three directions: per-
pendicular, parallel and with an angle of 45° the bedding
plane to reproduce the experimental results obtained with
the S-samples, P-samples and Z-samples. Figure 10 is a re-
drawing of Fig. 9 with a rotation of the load instead of a
rotation of the reference frame. The shearing is that of a
conventional triaxial compression test, that is to say that
starting from a given isotropic state of stress (confining
pressure), axial deformation is imposed in only one
direction. For the sake of clarity in the discussions
regarding Hujeux’s model, the imposed directional defor-
mation will be considered as an imposed directional stress
called “the shearing load”. The confining pressure is
maintained constant in the plane perpendicular to the
shearing direction.

The response of Hujeux’s model to the various types of
loading is as follows:

e The shearing of the P-samples is such that the direction
of loading is within the bedding plane. The axis X is

Fig. 9 Schemes of the P-sample (a), S-sample (b) and Z-sample (c),
with the orientation of the reference frame
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arbitrarily chosen as the loading direction in the
P-samples, but shearing along the y direction would
give the same results. The shearing load o, will induce
deviatoric stresses ¢, and g, and therefore, the
behaviour of the P-samples depends on the mobilisation
of the y mechanism (yield limit f,) and the z mechanism
(yield limit f;). It is recalled that the z mechanism
underwent more hardening than the other two mecha-
nisms at step 2, showing that the P-samples will appear
to be more overconsolidated.

e In the opposite configuration of the S-samples, the
loading direction is normal to the bedding plane, and
therefore, a shearing load o, is imposed. In response to
the generated deviatoric stresses ¢, and g,, the mobi-
lised plastic strain mechanisms are the x mechanism
(yield limit f;) and the y mechanism (yield limit f}).
Those two mechanisms have been activated only once,
at step 2. The S-samples will thus appear less
overconsolidated than the P-samples.

e The response to Hujeux’s model for the Z-samples is
less easily interpreted because of the inclination of the
shearing load (combination of ¢, and g,;). All of the
deviatoric plastic mechanisms are mobilised during
shearing. In essence, the relative mobilisation of
each mechanism yields that the modelled response of
Z-samples is intermediary between the other two
responses.

5 Numerical simulations
5.1 Material parameters

Provided that the history of stress has a significant influ-
ence on the predicted response, the tests to be used for the
calibration of material parameters should be chosen care-
fully. The parameters attributed to the tested materials are
intrinsic material parameters, meaning that they are related
to the virgin state of the material before any stress-induced
anisotropy occurs. Consequently, tests for which the

s~ g Directions of shearing

,,/"" Transverse isotropic plane

(d} (b)_l___ r

Fig. 10 Triaxial shearing directions for the P-sample (a), S-sample
(b) and Z-sample (c)

preconsolidation is minimal are preferred for the calibra-
tion of Hujeux’s model. Regarding the results on Opalinus
Clay presented in part 1, the S-samples (in which the
loading direction is perpendicular to the loading plane) are
apparently the less overconsolidated samples. As explained
in the previous section, the preloading that induces the
anisotropic features is performed in the plane (¥, y), and
therefore, the behaviour of the material corresponding to
the direction 7 can be considered close to virgin for the
S-samples. The latter will thus be used for the determina-
tion of the parameters of the model at step 1 (material
assumed as isotropic).

The material parameters were determined based on the
interpretation of the experimental results presented in the
first section. Details on the method used for parameter
determination can be found in [15].

Because of the lack of accuracy in the volumetric plane,
the Poisson’s ratio is difficult to assess. It has been assumed
to be equal to 0.15. The Young’s modulus was assumed to
be affected by the stress level: E = 1,162(03)"” MPa, in
agreement with the nonlinear elasticity of Hujeux’s model.

The isotropic and deviatoric plastic parameters were
calibrated using the triaxial tests carried out on the
S-sample at 5 MPa of confining pressure (Fig. 3b). In
summary, the calibration process is based on the following
steps:

e Setting up the critical state parameters to account for
the failure

e Setting up the size and shape of the yield surfaces
(Eq. 9 and 12) to account for the initiation of plasticity
and the hardening process. Usually, a very progressive
plasticity is targeted with Hujeux’s model.

The list of parameters is reported in Table 1. It is
recalled that due to the cyclic formulation of Hujeux’s
model, some plasticity may be observed upon unloading.
However, with the set of parameters that has been used, for
any given plastic mechanism, the degree of plastification
(cyclic activation) is on average 4 times lower than the
monotonic degree of plastification, which means that the
cyclic terms have a minor contribution to the modelled
elasto-plastic behaviour.

5.2 Simulation of triaxial shearing tests

It can be concluded from the previous paragraph that the
interest of Hujeux’s model lies in the definition of a set of
material parameters related to the behaviour of the original
isotropic, virgin material, the anisotropy being induced by
the means of the stress history. The loading scenario was
established on the basis of realistic values of stress
regarding the depth of the sample and the geological profile
of the site.
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The preloading within the assumed bedding plane (¥, ¥)
reached 7 MPa.

Hujeux’s model is a critical state model with no cohe-
sion. Similar to the modified Cam-Clay model, the state of
stress needs to be initialised to a non-null value to avoid
hitting the critical state line at low pressures [31]. At very
low confining stresses (as for unconfined compression
tests), the lack of cohesion at residual state is a limitation of
the model. However, this model may accommodate cohe-
sion at the peak strength, followed by a softening response.
To model unconfined compressions, an initial isotropic
stress of 1 MPa was used.

Before assessing the quantitative capabilities of the
model in predicting the stress—strain response during
shearing for the P-, S- and Z-samples, it is proposed to
analyse the qualitative evolution of the predicted stiffness
and residual states, depending on the sample type. The
most representative planes are those expressing deviatoric
stress versus axial strain. Figure 11 presents an overview of
the effect of induced anisotropy over the predicted sample
response during conventional shearing. Even if the elastic
part of the model is considered as isotropic, the progressive
mobilisation of the plastic mechanism at small strains
allows the reproduction of cross-anisotropy in the pseudo-
elastic range.

The preloadings within the bedding plane have three
direct effects:

e The samples exhibit a stiffer behaviour if the axial
(shearing) load is parallel to the bedding plane

(P-sample) than for any other angle of load (S- and
Z-samples)

e The stress—strain curves obtained for the Z-samples are
between those of the P- and S-samples for the main part
of strain range.

e For the lowest confining pressure (0 MPa), the induced
anisotropy is such that the response of the P-sample and
that of the S-sample are fundamentally different:
whereas the P-sample exhibits a peak followed by
slight softening, the S-sample will harden progressively
in a ductile fashion.

These mechanisms are caused by the various degrees of
plastification r; of the deviatoric mechanisms having dif-
ferent values at the start of shearing from one direction
(e.g. X) to another (e.g. 7). For example, at the end of the
preloading phase, r, = 0.738 and r, = 0.794. This differ-
ence is also amplified by having chosen adequate values for
parameters d,, deyc, . During shearing, depending on
the direction of the load, the hardening process is as a
consequence more or less progressive.

These conclusions confirm that the anisotropy induced
by preloading (i.e. preactivation of various deviatoric
plastic mechanisms) significantly influences the stiffness,
the size of the elastic domains and the propensity towards
hardening or softening. So, in this approach and for this
particular material (for which diagenesis is probably not
the main source of anisotropy), the specifications of the
rheological behaviour can be met without introducing
explicit material anisotropy in the constitutive model.

Table 1 Material parameters of Opalinus Clay according to the four-mechanism Hujeux model

Values
Elastic parameters
E.¢ [MPa] Young’s modulus at a reference mean effective pressure p.; (= 1 MPa) 1,162
v -] Poisson’s ratio 0.15
n’ [-] The exponent of nonlinear elasticity 0.9
Isotropic plastic parameters
Do [MPa] Initial critical pressure 10
p [-] Plastic compressibility modulus 35
el [-] Ratio of the size of the isotropic elastic nucleus relative to the size of the external deviatoric yield limit 0.01
c [-] Control of the progressive plasticity within the external isotropic yield limit 0.002
Ceye [-] Control of the progressive plasticity within the external isotropic yield limit for cyclic loading 0.001
d [-] Ratio between the Cam-Clay critical pressure and the preconsolidation pressure 2
Deviatoric plastic parameters
b [-] Control the shape of the deviatoric yield limit 1
¢ [°] Friction angle at critical state 33
X [-] Flow rule parameter 1
0 [°] Dilatancy angle 28
VSIC“V [-] Ratio of the size of deviatoric elastic nucleus relative to the size of the external deviatoric yield limit 0.001
a,, [-] Control of the progressive plasticity within the external deviatoric yield limit 0.002
Aeye [-] Control of the progressive plasticity within the external deviatoric yield limit for cyclic loading 0.001
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Fig. 11 Comparison of numerical results obtained on the P-sample,
S-sample and Z-sample. The confining pressures are a 0 MPa,
b 5 MPa, ¢ 10 MPa and d 15 MPa

In the simulation of the shear tests, axial deformation is
imposed while keeping a constant confining pressure. The
maximum axial strain in each simulation is that of its
respective experimental result. Therefore, in Fig. 11, the
simulations stop at a target maximum axial strain that is
different in the P-samples, S-samples and Z-samples. The
fact that a simulation has ended does not always signify
that the material has reached a residual state of failure.

Figures 12, 13 and 14 compare the numerical simula-
tions with the experimental results of uniaxial and triax-
ial compression tests in the three directions of loading
(P-, S- and Z-samples). Those results are expressed in
the deviatoric plane (g versus &) and volumetric plane
(e, versus &y).

In Fig. 12, the P-sample shows the stiffer behaviour
because the activation of the plastic mechanisms occurs at
high strains. Consequently, the full elastic stiffness develops
in the first part of the curve. This elastic rigidity is well
reproduced as a function of the confining pressure through
nonlinear elasticity, excepted for the unconfined compression
for which the rigidity predicted by the model underestimates
the real rigidity. The brittle behaviour experimentally
observed in the P-sample is not reproduced by the constitu-
tive model because it is likely attributable to strain localisa-
tion and loss of homogeneity in the sample. At our
constitutive level, this feature of behaviour is not included.

In Fig. 13, the numerical simulation of shearing for the
S-samples at various confining pressures shows that hard-
ening is more progressive, with an acceptable quantitative
prediction. The S-sample is clearly softer (in its “pseudo-
elastic” response) and more ductile (in the plastic part)
than the P-sample. This soft “pseudo-elastic” response is
taken into account by the model through the progressive
activation of a plastic mechanism from the beginning of the
compression, inducing progressiveness and ductility of the
behaviour. The initial slope of the curves at different
confining pressures is relatively well reproduced by the
model. The peak strength fit well for 5 and 15 MPa of
confining pressures while the model underestimates the
unconfined strength and overestimates the strength at
10 MPa of confinement. This is probably due to the fact
that the residual state criterion is not a straight line as
predicted by the Cam-Clay type model.

Figure 14 shows that the initial rigidity of Z-samples is
included between P-sample and S-sample. The strength is
relatively well reproduced, excepted for the 15 MPa for
which the numerical simulations overestimates the resis-
tance. No experimental data are available for the confine-
ment of 10 MPa. However, the numerical results has been
represented in order to compare the obtained results under
different confining pressure.

Although the experimental measurements of the
volumetric strains might not always be accurate, the
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Fig. 12 Compilation of triaxial tests on Opalinus Clay with axial loading parallel to the bedding plane (P-sample). The confining pressures are
a 0 MPa, b 5 MPa, ¢ 10 MPa and d 15 MPa. Dotted lines: experimental results; solid lines: numerical results

orders of magnitude of the simulated volumetric
deformations are satisfactory. It is recalled that the
volumetric response of the sample is in correlation with
the conditions of drainage and saturation. Because those
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two aspects are not well controlled during experimental
tests, it is irrelevant to compare quantitatively the
numerical simulations with the experimental volumetric

response.
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Fig. 13 Compilation of triaxial tests on Opalinus Clay with axial loading perpendicular to the bedding plane (S-sample). The confining pressures
are a 0 MPa, b 5 MPa, ¢ 10 MPa and d 15 MPa. Dotted lines: experimental results; solid lines: numerical results

6 Conclusions

The purpose of this study was to characterise the main
features of the anisotropic behaviour of Opalinus Clay and
to identify an anisotropic constitutive framework validated

through numerical simulations of triaxial tests done on
Opalinus Clay samples.

The first part of the study was dedicated to analysing the
large quantity of available laboratory tests that characterise
the mechanical responses of Opalinus Clay. Those tests
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Fig. 14 Compilation of triaxial tests on Opalinus Clay with axial loading oriented at 45° relative to the bedding plane (Z-sample). The confining
pressures are a 0 MPa, b 5 MPa, ¢ 10 MPa and d 15 MPa. Dotted lines: experimental results; solid lines: numerical results

consist mainly of uniaxial compression tests and triaxial
tests. From these results, the typical response of the
material in each direction of its anisotropy has been
deduced. In this material, clear bedding can be identified.
The behaviour is cross-anisotropic (i.e. it is isotropic in the
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plane of the bedding, and the only direction of anisotropy is
perpendicular to the bedding). The oriented fabric of the
material has been considered here through a mechanical
preloading that activates hardening processes in order
to strengthen the material in some specific directions.
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Consequently, it appeared that the stress history induces a
typical response of the material, which is more overcon-
solidated when it is loaded parallel to the bedding plane
(P-sample) than when loaded perpendicular to the bedding
plane (S-sample).

The capabilities of Hujeux’s model have been assessed
in reproducing the anisotropic features of the behaviour of
Opalinus Clay through numerical investigations. Our
purpose was to show that it is possible to reproduce
mechanical anisotropy with a model that is a priori
isotropic. The constitutive model uses the theory of multi-
mechanism plasticity. The preliminary activation of devi-
atoric plastic mechanisms by preloading the samples in
chosen directions allows the generation of anisotropy. The
model formulation features four mechanisms of strain
plasticity that are alternately mobilised depending on the
direction of loading. The three deviatoric plastic mecha-
nisms are assigned to the three principal directions of
anisotropy. In the present case, prestressing was applied in
the bedding plane. The predicted stress—strain response is
different for the S-, P- and Z-samples because the hard-
ening process is different, depending on the number of
plastic mechanisms that are mobilised.

Three fundamental observations account for the ade-
quacy of the chosen constitutive framework and preloading
strategy: (1) the elastic moduli depend on the direction of
shearing, (2) the response of the Z-samples (45°) is
between those of the P-samples (90°) and the S-sample (0°)
and (3) induced anisotropy will influence the way the
material hardens or softens, depending on the angle of
shearing.

The predictions using Hujeux’s model showed overall
good agreement with the experimental data expressed in
terms of deviatoric stress versus axial strain. The quanti-
tative predictions of the volumetric strains during shearing
show a lower comparability, which could be attributed to
the difficulty of controlling drainage conditions during the
experimental tests.

It is important to point out that in this approach, the
nonmechanical source of anisotropy (such as diagenesis or
cementation) has not been considered. It is clear that for
some rocks, when diagenesis or cementation plays a major
role on the anisotropy of the materials, the model could be
improved by adding an explicit directional dependency of
the mechanical behaviour.

It is often improperly believed that the response of such
stiff sedimentary material is mainly governed by a large
elastic domain ended by a failure criterion. There are cases
where the elastic-perfectly plastic approach is an abusive
simplification of a more complex elasto-plastic response
with strain hardening. This study shows that a model based
on the critical state theory, which is commonly used for
fine-grained soils, is well adapted to reproduce the main

features of behaviour of the Opalinus Clay. This is relevant
primarily under high confining pressures, as is the case at
the studied depth.
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