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Abstract The Opalinus Clay (OPA) is an argillaceous
rock formation selected to host a deep geologic repository
for high-level nuclear waste in Switzerland. It has been
shown that the excavation damaged zone (EDZ) in this
formation is heavily affected by the anisotropic mechanical
response of the material related to the presence of bedding
planes. In this context, the purpose of this study is twofold:
(i) to illustrate the new developments that have been
introduced into the combined finite-discrete element
method (FEM/DEM) to model layered materials and (ii) to
demonstrate the effectiveness of this new modelling
approach in simulating the short-term mechanical response
of OPA at the laboratory-scale. A transversely isotropic
elastic constitutive law is implemented to account for the
anisotropic elastic modulus, while a procedure to incor-
porate a distribution of preferentially oriented defects is
devised to capture the anisotropic strength. Laboratory
results of indirect tensile tests and uniaxial compression
tests are used to calibrate the numerical model. Emergent
strength and deformation properties, together with the
simulated damage mechanisms, are shown to be in strong
agreement with experimental observations. Subsequently,
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the calibrated model is validated by investigating the effect
of confinement and the influence of the loading angle with
respect to the specimen anisotropy. Simulated fracture
patterns are discussed in the context of the theory of brittle
rock failure and analyzed with reference to the EDZ for-
mation mechanisms observed at the Mont Terri Under-
ground Research Laboratory.
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1 Introduction

Opalinus clay (OPA) is indurated over-consolidated clay
shale that has been chosen as a host rock formation for a
high-level nuclear waste underground repository in Swit-
zerland. The key characteristics that make this argillaceous
rock suitable for radioactive waste storage include: low
permeability, low diffusion coefficients and good retention
capacity for radionuclides, self-sealing properties, and lack
of economic value. Nevertheless, one of the main concerns
is that these favourable long-term isolation properties could
be negatively affected by the disturbance and damage
associated with the underground excavations comprising
the repository. The micro-cracked zone surrounding such
openings, characterized by damage and permeability
increased by several orders of magnitude is termed the
excavation damaged zone (EDZ) (Tsang et al. 2005). To
determine the shape and extent of the EDZ, a correct
understanding and prediction of the mechanical behaviour
of OPA is of paramount importance.

Opalinus clay is characterized by a preferably oriented
micro-structure which results in a distinct anisotropy of its
hydro-mechanical properties. This material anisotropy has
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been largely documented by several laboratory testing
campaigns on specimens from the Mont Terri Underground
Research Laboratory (URL) (e.g., Naumann et al. 2007;
Popp and Salzer 2007a; Bock 2009; Jahns 2010). Other
recent laboratory results clearly show that the failure pro-
cess in OPA, including the stress—strain response, fracture
mechanisms and acoustic activity, is typical of that for
brittle materials (Amann et al. 2011, 2012).

Laboratory evidence regarding the key-role played by
the material anisotropy in controlling the brittle failure of
OPA is confirmed by in situ observations at the Mont Terri
URL. Macroscopic excavation-parallel extensional frac-
tures have been reported in the near-field of numerous test
tunnels and a distinctive variation of failure mechanism has
been observed as a function of the orientation of the tunnel
with respect to the bedding plane orientation (Bossart et al.
2002; Bliimling et al. 2007). Furthermore, the influence of
strength anisotropy on borehole damaged zones has recently
been demonstrated by the fracture patterns observed in
over-cored resin-injected boreholes (Vietor et al. 2012) and
in-hole camera recording (Seeska and Lux 2012).

The current work is motivated by the need to develop and
validate numerical tools that could assist in the design of deep
geological repositories. In particular, numerical tools that are
capable of reproducing the observed rock mass failure mech-
anisms, including the shape and extent of the EDZ, are required.
Considering the failure process of OPA, the employed
numerical model must be able to simulate the intrinsic anisot-
ropy of the material and the localization of failure.

In this paper, new developments that allow geomaterials,
with anisotropic deformation and strength characteristics, to be
modelled using the combined finite-discrete element method
(FEM/DEM) are presented (Sect. 3). The effectiveness of the
numerical approach is then demonstrated by quantitatively
reproducing the short-term response of OPA observed during
standard rock mechanics tests. In particular, calibration of the
model, based upon unconfined compression and indirect ten-
sion test results, is discussed (Sect. 4). In Sect. 5, the model is
validated by simulating the effect of confinement and the ori-
entation of specimen anisotropy on the mechanical behaviour
of OPA. Modelling results are compared to published labora-
tory findings for OPA and other anisotropic rocks and are
discussed in the context of the EDZ formation mechanisms
observed at the Mont Terri URL. Finally, the mesh sensitivity
of the proposed FEM/DEM model and its applicability to
large-scale problems are discussed (Sect. 6).

2 Modelling Progressive Failure Processes
of Anisotropic Rocks

The approaches available in computational geomechanics
to model the damage process of anisotropic rock materials
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are generally classified as: (i) the equivalent continuum
approach, (ii) the discrete element method (DEM) and (iii)
the hybrid approach.

With the continuum method, the presence of layers is
smeared to produce a fictitious continuous material that
exhibits mechanical characteristics that are similar to the
original discontinuous medium. That is, the effect of lay-
ering is implicit in the choice of the material stress—strain
constitutive laws. Traditional formulations of the equiva-
lent continuum approach for anisotropic rocks are the
Ubiquitous Joint Model, implemented for example in the
commercial code FLAC (Itasca Consulting Group Inc.
2012) and models based on the Cosserat theory (e.g.,
Adhikary and Dyskin 1998; Riahi and Curran 2009).
Localization of failure in classic continuum elasto-plastic
formulations is captured by either enriching the continuum
with micro-structural effects such as the second gradient
damage models (e.g., Besuelle et al. 2006; Collin et al.
2006) or using statistical damage models (e.g., Jia and
Tang 2008).

With the DEM approach, layers or joints are explicitly
represented in the numerical model. The medium is mod-
eled as an assembly of rigid or deformable particles or
blocks with interaction laws governing the emergent
behaviour of the material. Examples of anisotropic rock
modelling using particle-based DEM codes are given by
Potyondy and Cundall (2000), Konietzky et al. (2003),
Potyondy and Cundall (2004), and You et al. (2011).
Although the large computational demand tends to limit its
applicability to small-scale problems, the DEM approach
offers unique advantages when the extended loss of con-
tinuity inside the material, for example due to the pro-
gressive breakdown, makes continuum constitutive models
inappropriate.

The third category, hybrid continuum/discontinuum
approaches (e.g., Dedecker et al. 2007), combines DEM
techniques to represent zones affected by strong non-linear
behaviour due to material failure with a continuum
approach for the remaining small-strain elastic regions. The
hybrid method known as the combined finite-discrete ele-
ment method (FEM/DEM) (Munjiza 2004), represents a
particular type of hybrid approach whereby the elastic
deformation of the material is described using continuum
mechanics theory while DEM algorithms and non-linear
fracture mechanics principles are employed to capture
fracture mechanisms that are typical of brittle and quasi-
brittle materials such as concrete and rocks.

3 Fundamental Principles of the FEM/DEM Approach

The combined finite/discrete element method (FEM/DEM)
is a numerical method pioneered by Munjiza et al. (1995)
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for the dynamic simulation of multiple interacting
deformable bodies. A unique feature of such a numerical
tool is the ability to model the transition from continuum to
discontinuum by explicitly simulating fracture and frag-
mentation processes. In the following sub-sections, the key
processes of the method are described with particular
emphasis on the approach that was developed to capture
the behaviour of anisotropic rocks, including OPA. The
anisotropy modelling capability was implemented into the
two-dimensional Y-Geo FEM/DEM code (Mahabadi et al.
2012a), which represents an extension of the original Y2D
code of Munjiza (2004) undergoing development at the
University of Toronto for geomechanical applications.

3.1 Interaction of Discrete Bodies

A FEM/DEM simulation can comprise a very large number
of potentially interacting distinct elements. To correctly
capture this behaviour, contacting couples (i.e., pairs of
contacting discrete elements) must first be detected. Sub-
sequently, the interaction forces resulting from such con-
tacts can be defined. Contact interaction forces are
calculated between all pairs of elements that overlap in
space. Two types of forces are applied to the elements of
each contacting pair: repulsive forces and frictional forces.

The repulsive forces between the elements of each
contacting pair (i.e., couples) are calculated using a penalty
function method (Munjiza and Andrews 2000). Contacting
couples tend to penetrate into each other, generating dis-
tributed contact forces, which depend on the shape and size
of the overlap between the two bodies and the value of the
penalty term. As penalty values tend to infinity, a body
impenetrability condition is approached.

The frictional forces between contacting couples are
calculated using a Coulomb-type friction law. These fric-
tional forces are used to simulate the shear strength of
intact material and of pre-existing and newly created
fractures.

3.2 Material Failure

Damage and failure of rock material is simulated in FEM/
DEM by explicitly modelling crack initiation and propa-
gation using principles of non-linear elastic fracture
mechanics (NLEFM). According to this theory, originally
developed for metals by Dugdale (1960) and Barenblatt
(1962), when the ultimate strength of the material is
reached, a zone characterized by non-linear behaviour
starts to form ahead of the crack tip. This zone is known as
the fracture process zone (FPZ). In rocks, the FPZ is
characterized by interlocking and micro-cracking (Labuz
et al. 1985) (Fig. la). The material in the FPZ, albeit
damaged, is still able to transfer load across the crack walls

(Fig. 1b) while the material outside the FPZ behaves
elastically.

In the present study, a modified version of the discrete
fracture model originally developed by Munjiza et al.
(1999) was employed. With this model, crack walls are
assumed to coincide with the edges of the triangular finite
elements and the relative crack wall displacements are
evaluated using dedicated 4-noded crack elements, as
illustrated in Fig. lc. Depending on the local stress and
deformation field, fractures can nucleate and propagate via
mode I (i.e., opening mode), mode II (i.e., sliding mode) or
mixed mode I-II.

Mode I fracture initiation and propagation is simulated
through a cohesive crack model based on the theoretical
model originally proposed for concrete by Hillerborg et al.
(1976). As shown in Fig. 2a, the crack initiates when the crack
tip opening, o, reaches a critical value, op,, which corresponds
to the intrinsic tensile strength of the rock, f;. As the fracture
propagates and the crack tip opening increases, the normal
stress, ¢, is assumed to decrease until a residual opening value,
o0,, is reached and a stress-free surface is created.

Mode II fracture initiation and propagation is simulated
by a slip-weakening model. As depicted in Fig. 2b, a tan-
gential stress, 7, exists between the two fracture walls,
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Fig. 1 a Conceptual model of tensile fracture in rock (after Labuz
et al. (1985)), b theoretical FPZ model of Hillerborg et al. (1976),
¢ FEM/DEM numerical model consisting of triangular elements and
4-noded crack elements
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which is a function of the amount of slip, s, and the normal
stress on the fracture. The critical slip, sp, corresponds to
the intrinsic shear strength of the rock, f;, defined as

fy =c+ontangy, (1)

where ¢ is the internal cohesion, ¢; is the intact material
friction angle, and &, is the normal stress acting across the
crack element. Upon undergoing the critical slip s,, the
tangential stress is gradually reduced to a residual value,
f+» which corresponds to a purely frictional resistance:

fr = On tan ¢f7 (2)

where ¢y is the fracture friction angle. In the current
implementation of the crack element response (Fig. 2), the
unloading path in the softening branch coincides with the
loading path. Therefore, the model is strictly only valid for
monotonic loading conditions.

£ Mode |
t (¢]
I
o
P>~
<
n
©
£
2 G|
0 0
P Crack Opening, o r
(a)
I Mode I
fS s
AN
o
3 -
o
) G
X Il
c
S
A e
Sp s,
Crack Slip, s
(b)

Fig. 2 Fracture model implemented in the Y-Geo FEM/DEM code:
a FPZ model for mode I, b slip-weakening model for mode II. The
shape of the curves in based upon experimental complete stress—strain
curves obtained for concrete in direct tension (Evans and Marathe
1968). Further details can be found in Munjiza et al. (1999) and
Mahabadi et al. (2012a)
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For mixed mode fracturing, the rupture of a crack ele-
ment is defined by the following coupling criterion
between crack opening and slip:

0O —O0 2 S—S 2
( P) +( p) > 1. (3)
Oy — 0p St — Sp

The values of residual opening and slip depend on the
tensile and shear strength and the mode I and mode II
fracture energy release rates, Gy and Gy, for the material.
The values of Gy and Gy are defined as:
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3.3 Material Anisotropy

As part of this research project, the capabilities of the two-
dimensional Y-Geo code were extended such that the
mechanical response of anisotropic materials could be
simulated. Details of the adopted approach are illustrated in
the following subsections.

3.3.1 Anisotropy of Deformation

Like most argillaceous rocks, OPA is a distinctively bed-
ded material with mechanical behaviour that is best
described as transversely isotropic (Popp and Salzer
2007a). That is, the deformability of the rock can be con-
sidered isotropic within any plane normal to an axis of
rotational symmetry coincident with the normal to the
bedding plane orientation (Fig. 3a). Therefore, to describe
the elastic response of OPA, a stress—strain constitutive law
for transversely isotropic elastic solids was implemented in
FEM/DEM. For such materials, there are five independent
elastic constants (Ting 1996): E; and E, (=E;) are the
Young’s moduli in the direction perpendicular, s;, and
parallel, s, to the bedding, respectively; vi> (=v;3) and vy3
are the Poisson’s ratios that define the lengthening defor-
mation in the directions s, and s3 due to normal stresses in
the directions s; and s,, respectively; and Gy, is the shear
modulus in the (s, s5) plane. The naming convention of
Fig. 3b is used in the present work to identify the test
specimens according to the direction of anisotropy.

3.3.2 Anisotropy of Strength
A large body of experimental evidence (e.g., Popp and

Salzer 2007a; Bock 2009) clearly indicates that the
mechanical strength of OPA during laboratory tests is
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Fig. 3 a Conventional structural coordinates for a transversely
isotropic material, b adopted naming convention of the test samples
of Opalinus Clay

strongly direction-dependent. The maximum unconfined
compressive strength value is generally obtained when
samples are loaded in the direction perpendicular to the
bedding (S-sample). A local maximum value, lower than
the previous one, occurs when samples are loaded in the
direction parallel to the layering (P-sample), while a sub-
stantial strength reduction is observed for loading angles
between these two limiting cases. Similar strength response
has been observed for other kinds of anisotropic rocks
(Donath 1972).

To capture this characteristic behaviour in FEM/DEM, a
discrete representation of material anisotropy was imple-
mented. This approach follows that which was introduced
by Potyondy and Cundall (2000) in a 2D bonded-particle
code to simulate the mechanical response of gneissic ton-
alite and extended to 3D by Wanne (2002). With this
approach, the anisotropy of strength is captured as an
emergent property of a medium containing a distribution of
pre-existing cracks aligned with the bedding planes without
introducing any directional dependence in the crack ele-
ment strength parameters. Since this procedure can be
extended to the general case of multiple arbitrarily-oriented
discontinuities, often referred to as a discrete fracture
network (DFN), the resulting micro-mechanical model of
OPA is referred to herein as the FEM/DEM-DFN model.

The newly-developed procedure involves populating a
homogenous FEM/DEM model, representing the rock
matrix, with a distribution of finite-length discontinuities to
represent the bedding planes. This pattern of pre-existing
cracks (i.e., DFN) is characterized by two groups of
properties:

DFN crack

Continuos matrix

Fig. 4 Geometrical parameters characterizing the distribution of pre-
existing cracks (DFN)

e DFN geometry. The DFN geometry is described by the
following parameters (Fig. 4): fracture length, I, frac-
ture spacing, s, fracture bridge length, b, and crack
orientation, y. Initial aperture and tangential slip are set
to zero for all cracks.

e DFN mechanical properties. After all the cracks have
been created, the following mechanical properties are
specified for each discontinuity: friction angle, ¢y, and
normal and tangential penalty coefficient, p, and p,,
which represent normal and tangential stiffness, respec-
tively (Munjiza 2004). All the DFN cracks are assumed
to have zero cohesion and tensile strength.

The DFN property values are determined during the first
step of the model calibration procedure as illustrated in
Sect. 4.2.

4 Model Calibration

The FEM/DEM-DFN models were calibrated to averaged
laboratory results; namely, uniaxial compression tests and
indirect tension (Brazilian) tests reported by Bock (2009)
for the shaly facies of the Mont Terri OPA. The model
boundary conditions, calibration procedure, and results are
discussed in the following subsections.

4.1 Geometry and Boundary Conditions

The two-dimensional laboratory-scale models included
35.8 x 17.4 mm rectangular specimens for the compres-
sion test and 29.7 mm diameter disc specimens for the
Brazilian test. All the specimen cross-sections were
assumed to be oriented perpendicular to the strike of the
bedding planes. The direction of anisotropy was then var-
ied by changing the DFN inclination such that loading
conditions reported in Fig. 3b could be reproduced.
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The specimens were discretized with triangular elements
having an average edge size of 0.30 mm. Load was applied
by means of two rigid triangular platens moving at a
constant velocity of v = 0.1 m/s. Although this loading
rate is much greater than that used in the laboratory tests, a
sensitivity analysis of the modelling results to the loading
rate revealed that simulated strengths approached constant
values for loading rates smaller than approximately
0.25 m/s. An integration time step of 3 x 107° ms was
used to solve the equations of motion for both specimen
geometries. Input files for the FEM/DEM simulations were
created using the Y-GUI software (Mahabadi et al. 2010).

4.2 Calibration Procedure and Input Parameters

Discrete element models synthesize the macroscopic
behaviour of the material from the interaction of micro-
mechanical constituents. As result, the measurements from
standard laboratory tests cannot, in general, be directly
used as input parameters. Instead, input parameters are
determined through a calibration process, in which the
emergent properties of the model are compared to the
relevant measured response of the material (Potyondy and
Cundall 2004). Although Mahabadi et al. (2012b) demon-
strated that a micro-mechanical characterization of the
investigated medium may reduce the number of input
parameters requiring numerical calibration, such a proce-
dure was not attempted for this study.

The following laboratory-scale properties were chosen
to characterize the short-term response of OPA and were
used as calibration targets for the FEM/DEM-DFN models:
elastic modulus, E, Poisson’s ratio, v, uniaxial compressive
strength, UCS, and indirect tensile strength, 7. Since each
of these properties exhibits a dependence upon the orien-
tation of the material anisotropy, values corresponding to
loading parallel (P-sample) and perpendicular (S-sample)
to layering were considered. The input parameters required
to reproduce these target values were obtained through an
iterative process utilizing models of uniaxial compressive
strength (UCS) tests and Brazilian disc (BD) tests. The
main steps of this process proceeded as follows:

(i) Using the BD models, the average crack length in the
DFN was adjusted to match the laboratory-measured
anisotropy ratio of the indirect tensile strength, Tp/Ts.
Given the ubiquitous nature of layering in OPA and
the adopted element size (0.3 mm), an average crack
spacing and bridge length of 1.0 mm were arbitrarily
assumed.

(i) Using the BD models, the material tensile strength, 7,
and mode I fracture energy, Gy, were varied until a
good approximation of the indirect strength values,
Tp and Tg, were obtained.
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(iii)) Using the UCS models, the material cohesion, ¢, and
the mode II fracture energy, Gy, were adjusted to
satisfactorily match the UCS values, UCSp and
UCSs.

(iv) Returning to the BD models, the simulations were
re-run using the parameters updated during step (iii).

The finalized geometric and mechanical parameters of
the DFN are reported in Table 1. A uniform distribution
was assumed for each geometric parameter. The specified
mean crack orientation, with a range of £5°, was selected
to mimic the orientation of layering in the test specimens
(Fig. 3b). For the remaining three parameters, a range
equal to 10 % of the mean value was assumed. An average
crack length of 2.0 mm was obtained through step (i) of the
calibration process. This value yielded a ratio of crack
length to bridge length of 2, which is approximately equal
to the anisotropy ratio of the indirect tensile strength, Tp/
Ts. Since the anisotropy of deformation was accounted for
through the transversely isotropic elastic law applied to the
deformable triangular elements (Sect. 3.3.1), the discrete
fractures were assigned normal and tangential penalty
values equal to those of the rock matrix. Zero tensile
strength and cohesion were assumed for all fractures. A
friction angle of 22° was selected based on the results of
direct shear testing of bedding planes by Popp and Salzer
(2007b).

The finalized mechanical and numerical parameters of
the rock matrix are reported in Table 2. The values of the
strength parameters for the rock matrix were obtained as
the final result of step (ii), (iii) and (iv) of the calibration
process, while the experimental values of the elastic con-
stants measured by Bock (2009) were used directly as input
for the transversely isotropic elastic model. Although the
presence of 4-noded crack elements across the interfaces of
triangular elements effectively reduces the stiffness of the
model, this effect was minimized by selecting appropriate

Table 1 Geometrical parameters and mechanical properties of the
discrete fracture network of the calibrated FEM/DEM-DFN model

Geometrical parameter Mean value Range
Crack inclination, y () Varying +5.0
Crack spacing, s (mm) 1.0 +0.1
Crack length, / (mm) 2.0 +0.2
Bridge length, b (mm) 1.0 +0.1
Mechanical property Value

Normal contact penalty, p, (GPa) 38

Tangential contact penalty, p, (GPa) 3.8

Internal cohesion, ¢ (MPa) 0

Tensile strength, f; (MPa) 0

Friction angle, ¢y O 22
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values for the penalty coefficients. Following the recom-
mendations of Mahabadi (2012), normal contact penalty,
Pn, tangential penalty, p,, and fracture penalty, ps, values
were set equal to 10x, 1x and 5x the maximum Young’s
modulus, respectively. The viscous damping coefficient, y,
was assigned a value according to Munjiza (2004), as:

= 2h\/Ep, (6)

which approximates the theoretical critical damping
assuming a single element of size & behaves as a one-
degree-of-freedom mass-spring-dashpot system. Neverthe-
less, preliminary analyses revealed a relatively low sensi-
tivity of the model to the applied damping under the given
loading rate. That is, dynamic effects due to the propaga-
tion of stress waves throughout the model had only minor
effects on the overall strength and deformation response of
the samples.

4.3 Calibration Results

Table 3 compares the emergent properties of the calibrated
FEM/DEM-DFN models with the experimental values of

Table 2 Mechanical and numerical parameters for the rock matrix of
the calibrated FEM/DEM-DFN model

Parameter Value

Triangular elements
Bulk density, p (kg/m?) 2,330
Young’s modulus perpendicular to bedding, E; (GPa) 1.3
Young’s modulus parallel to bedding, E, (GPa) 3.8
Poisson’s ratio parallel to bedding, vi> (—) 0.35
Poisson’s ratio perpendicular to bedding, v,3 (—) 0.25
Shear modulus, G (GPa) 0.9
Viscous damping coefficient, u (kg/m s) 1.79¢3

Crack elements
Tensile strength, f; (MPa) 0.65
Internal cohesion, ¢ (MPa) 4.5
Friction angle of intact material, ¢; (e) 22
Friction angle of fractures, ¢ O 22
Mode I fracture energy release rate, Gy J/m?) 7
Mode II fracture energy release rate, Gy (J/mz) 35
Platen-sample friction coefficient, k (—) 0.1
Normal contact penalty, p,, (GPa m) 38
Tangential contact penalty, p, (GPa/m) 3.8
Fracture penalty, py (GPa) 19
Critical crack opening, o, (um) 0.021
Residual crack opening, o, (1m) 32
Critical crack slip, s, (1m) 0.142
Residual crack slip, s, (um) 23

OPA reported by Bock (2009) which were used as cali-
bration targets.

The indirect tensile stress, o, in the BD specimens as
function of the platen vertical displacement, J,, was cal-
culated from the platen reaction forces, according to the
ISRM suggested method (Bieniawski and Hawkes 1978).
As shown in Fig. 5a, the response of both samples was
elastic-brittle with complete loss of strength immediately
after reaching the peak strength values. Peak values of 1.20
and 0.78 MPa were obtained for the P- and S-sample,
respectively. These values are considered a good match to
the respective average experimental values of 1.3 and
0.67 MPa.

Figure 6 depicts the simulated and experimentally
observed fracture patterns of the BD tests. As expected, the
simulated failure mode was mainly given by brittle tensile
splitting along the vertical loading path. For the P-sample,
shear fractures were observed in proximity to the loading
platens due to the induced compressive stress field.
Although this additional failure mechanism was responsi-
ble for the oscillations of the indirect tensile stress that can
be observed in Fig. 5a, a simulation whereby the cohesion
was artificially increased to induce tensile failure of the
specimen revealed that its influence on the indirect tensile
strength value, fip, was minimal.

Figure 5b shows the plot of axial stress, ¢;, versus axial
strain, ¢;, and lateral strain, &3, for the UCS simulations.
The response of both samples is approximately linearly-
elastic until the failure stress is reached and a sudden and
complete loss of strength is simulated. Simulated uncon-
fined compressive strength values were equal to 11.9 and
14.0 MPa for the P- and S-sample, respectively. These
values were in good agreement with the respective exper-
imental values of 11.6 and 14.9 MPa. As reported in
Table 3, the numerical response of the UCS models satis-
factorily matched the elastic experimental behaviour in
terms of axial and lateral deformation. As discussed pre-
viously in Sect. 3.2, the slight discrepancy between
numerical and experimental values was due to the artificial
compliance introduced by the 4-noded crack elements.

As illustrated in Fig. 7a, the numerical response of OPA
under unconfined compressive load is characterized by
substantially different failure mechanisms when loaded in
the direction parallel (P) or perpendicular (S) to the bed-
ding planes. The macroscopic failure mode of the P-sample
is given by axial splitting due to fractures initiating from
the tips of the DFN cracks, while the failure mode of the
S-sample consists of shear fractures, propagating through
the rock matrix and inclined at approximately 60°, com-
bined with some tensile fracturing. As can be observed in
Fig. 7b, the simulated fracture patterns are in excellent
agreement with those typically observed in the laboratory.
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Table 3 Comparison between the mechanical laboratory properties
of the Mont Terri Opalinus Clay from Bock (2009) and the emergent
properties of the FEM/DEM-DFN model

Macroscopic P-sample S-sample
mechanical - -
property experimental FEM/  experimental FEM/
value DEM-  value DEM-
DFN DFN
result result

Elastic modulus, 3.8 £ 1.5 3.6 1.3+ 0.7 1.3
E (GPa)

Poisson’s ratio, v 0.35 0.39 0.25 0.27
(=)

Uniaxial
compressive
strength, UCS

(MPa)

Indirect tensile 1.30 1.13 0.67 0.71
strength,
T (MPa)

11.6 £ 3.9 11.9 149 £ 5.1 14.0

4.4 Analysis of Failure Process
4.4.1 DFN Orientation and Anisotropy of Strength

For indirect tensile loading conditions (BD model)
(Fig. 6a), the DFN orientation effectively varies the area in
which tensile strength can be mobilized. Hence, the tensile
strength anisotropy ratio was controlled by the ratio of
crack length to rock bridge length in the DFN. Further-
more, numerical results show that the bedding planes tend
to arrest crack propagation and off-set the fracture trajec-
tory in the P-sample, but represent the preferred path of
new tensile cracks in the S-sample.

For unconfined compressive loading conditions (UCS
model) (Fig. 7a), the orientation of the DFN directly
influences the failure mode of the specimen. In the
P-sample, the tensile stress induced by the Poisson’s effect
in the direction perpendicular to the maximum compressive
stress, o, causes the nucleation and propagation of
extensile fractures from the tips of the pre-existing cracks.
This observation is confirmed by the analysis of the frac-
ture mode distribution reported in Fig. 8, which reveals
that 51 % of the UCS P-sample fractures are indeed mode
I. Upon propagation of sub-vertical fractures, kinking and
buckling of compressed layers can be observed with sub-
sequent lateral ejection of rock slabs. It is noteworthy that a
similar buckling failure mechanism has been observed in
the laboratory during hollow cylinder experiments on OPA
(Labiouse 2012) and in situ around boreholes at the Mont
Terri URL (Vietor et al. 2012). In the S-sample, the mac-
roscopic failure mechanism is given by shearing. Although
mode II fracturing is predominant, a non-negligible per-
centage of mode I fractures (33 %) is simulated. These
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Fig. 5 a Tensile stress, g, versus platen vertical displacement for the
BD P- and S-samples, b axial stress, o, versus axial strain, ¢;, and
lateral strain, &3, for the UCS P- and S-sample

numerical results tend to confirm the importance of
extensional fracturing in the brittle failure process of
samples of OPA under unconfined compression as descri-
bed and experimentally verified by Amann et al. (2011).

4.4.2 Brittle Failure Process in Unconfined Compression

The simulated failure process of OPA in uniaxial com-
pression can be described with reference to the critical
stress levels and behaviour stages that are typical of brittle
rocks (Bieniawski 1967). According to Martin (1997), five
stages can be identified: (1) closure of micro-cracks and
crushing of asperities, (2) linear elastic behaviour, (3) onset
of dilation and stable crack propagation, (4) unstable crack
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P-sample S-sample

(b)

Fig. 6 Fracture patterns of the BD tests: a FEM/DEM-DFN simu-
lations, b typical experimental observations (Source: Jahns (2010))

growth, and (5) brittle post-peak. The onset of linear elastic
behaviour is marked by the crack closure stress threshold,
occ. The lower and upper limits of stage 3 are defined by
the crack initiation and crack damage stress thresholds, ¢
and ocp, respectively, while stage 4 falls between o¢cp and
the UCS value. Analysis of the brittle failure process is
performed on the stress—strain response of the UCS
P-sample reported in Fig. 9 and is discussed below with
reference to the five stages listed above. Note that an
analogous behaviour was simulated for the S-sample.

The presence of the low-stiffness non-linearity at low
strain levels (i.e., stage 1) was first observed in OPA by
Bock 2001 and is associated with the breakage of diage-
netic bonds following the sample recovery process (Cor-
kum and Martin 2007). The proposed FEM/DEM-DFN
model has no means to account for this non-linear effect
neither at the matrix level (i.e., continuum) nor at the
bedding plane level (i.e., DFN). Since the triangular ele-
ments are assumed to follow a linear elastic behaviour and
the DFN discontinuities are assumed to have zero aperture
and the stiffness of the matrix, no “closure effect” can be
reproduced.

The linear-elastic stage (i.e., stage 2), typically observed
in samples of OPA under unconfined compression, is
captured in the simulation by the elastic deformation of the
rock matrix (from point O to A-A’ in Fig. 9).

307 Ton Kont |

S-sample

P-sample
(b)

Fig. 7 Fracture patterns of the UCS tests: a FEM/DEM-DEFN
simulations (note the buckling of layers and ejection of rock slabs
on the left side of the specimen), b typical experimental observations
(Source: Popp et al. (2008))

A thorough analysis of stage 3 and 4 for UCS S-samples
of OPA can be found in Amann et al. (2011). Based on
acoustic emission measurements and analysis of the stress—
strain behaviour, crack initiation and crack damage
thresholds were identified at 30 % and approximately 70 %
of the rupture stress, respectively. In the simulated stress—
strain response reported in Fig. 9, axial and lateral strains
start to deviate from linearity at 70 % (point A) and 55 %
(point A’) of the UCS value, respectively. As revealed by
the count rate of yielded crack elements, this loss of line-
arity is related to the onset of softening at the crack element
level. The linearity in the lateral strain is lost first because
crack elements tend to first yield in tension in the direction
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parallel to the maximum principal stress (i.e., mode I).
Although no actual fracturing is reproduced at this stage, in
the framework of the fracture model implemented in FEM/
DEM, the simulated crack element softening is represen-
tative of the micro-cracking that occurs in the FPZ (Fig. 1).
As the load is increased, the count rate of yielded crack
elements increases and damage starts to accumulate in the
sample resulting in a non-linear pre-peak response.
Therefore, the stress level associated with point A can be
interpreted as the equivalent of the crack damage stress
threshold, ocp.

It is evident that the model cannot capture the stage of
stable crack propagation (stage 3), between the crack ini-
tiation and crack damage thresholds, that typically causes
the lateral strain and volumetric strain response to deviate
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Fig. 9 Axial stress, o, versus axial strain, ¢, and lateral strain, &3, for
the UCS P-sample and associated count rate of yielded and failed
crack elements as a function of axial strain, ¢;
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from linearity at about 30-50 % of the uniaxial rupture
stress (Brace et al. 1966). This stage has been related to the
nucleation of mode I cracks due to local tensile stress fields
induced by grain-scale heterogeneities (Tapponnier and
Brace 1976). Although numerous sources of micro-scale
heterogeneities have been observed in the OPA, including
carbonate bioclasts, pyrite, sandy nodules and calcite veins
(Klinkenberg et al. 2009), the rock matrix was assumed to
be homogenous in the present study. As other micro-
mechanical models of rocks have clearly demonstrated
(e.g., Tang and Kaiser 1998; Diederichs 2000; Lan et al.
2010; Mahabadi 2012) it is likely that the explicit incor-
poration of material heterogeneity into the FEM/DEM-
DFN model will overcome this limitation and provide a
more accurate simulation of the pre-peak brittle failure
process.

Finally, as the load is further increased, the accumulated
damage in the sample leads to the failure of crack elements
and the sudden drop in stress (Point B). This brittle post-
peak response is typical of stage 5 and is characterized by
the macroscopic fracture pattern depicted in Fig. 7a.

5 Model Validation

The calibrated FEM/DEM-DFN model was validated by
simulating the effect of confinement and anisotropy
direction on the failure process of OPA under compressive
loading. The material properties and numerical parameters
obtained as a result of the calibration process were left
unchanged for this validation. Biaxial loading conditions
were obtained by applying a lateral pressure to the speci-
men boundaries. Numerical results are compared to pub-
lished experimental findings on OPA and other anisotropic
rocks.

5.1 Effect of Confining Pressure
5.1.1 Results

Figure 10 shows the deviatoric stress, g;—03, as a function
of the axial strain, &, at increasing confining pressures, g3,
for the P- and S-sample, respectively. For both specimens,
the mobilization of friction increases the deviatoric stress at
failure as the confining pressure increases. A transition
from brittle to ductile post-peak behaviour can be observed
at a confining pressure of approximately 7.5 MPa for both
samples. This change of response corresponds well with
the results of biaxial compression tests on OPA reported by
Salager et al. (2010), in which a ductile post-peak was
observed in S-samples for g3 > 10 MPa.

The failure modes of the P- and S-sample are depicted in
Fig. 11a, b, respectively. Under unconfined conditions
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(03 = 0 MPa), the P-sample exhibits axial splitting and
buckling of layers. As the confinement is increased
(0.5 < g3 < 1 MPa), longitudinal fractures tend to be
suppressed in favour of a well-defined shear plane inclined
at about 57° from the horizontal. For o3 = 5 MPa, two
conjugated shear fractures can be clearly identified. For
higher confinements (g3 > 10 MPa), the damage pattern
consists mainly of a network of short cracks. The S-sample
exhibits fracture behaviour similar to the P-sample for
confinement values o3 > 1 MPa. However, for very low
confinements a combination of shear and tensile fracturing
is simulated without the characteristic axial splitting and
buckling of layers of the P-sample. This overall variation
of macroscopic fracture response as a function of the
applied confinement is in agreement with the mechanisms
described by Jaeger and Cook (1976) and Paterson and
Wong (2004).

An example of progressive material breakdown and hor-
izontal displacement field evolution is shown in Fig. 12 for
the P-sample with o3 = 15 MPa. The appearance of the first
macroscopic crack at e = 1.5 % is followed by the nucle-
ation throughout the sample of short shear cracks inclined at
about +50° from the horizontal (¢35 = 2.5-3.5 %). Further
increase of applied strain (&3 = 4.5-5.5 %) leads to the
formation of two major through-going fracture planes. The
associated horizontal displacement field evolves from lateral
contraction at low axial strain levels (g3 < 2.5 %) due to the
applied confining pressure to lateral expansion and dilation
for higher applied deformation. Also, sample barrelling
becomes more evident as damage accumulates into the
model.

Simulated failure envelopes of the P- and S-samples are
plotted in Fig. 13. It is noted that for confinement values
03 < 2 MPa the strength of the P-sample is lower than that
of the S-sample, while for o3 > 2 MPa the opposite
response is simulated.

This characteristic variation of strength response is
highlighted by the plot of the anisotropy parameter K,
defining the ratio between the deviatoric stress at failure in
the direction parallel and perpendicular to the bedding,

K = ”)
(01 —03),
as a function of the confinement, 3. As depicted in
Fig. 14, K, increases from 0.85 to 1.15 as g3 increases from
0 MPa (i.e., unconfined conditions) to 20 MPa and is equal
to 1 for a g3 value of about 2.0 MPa. This simulated
behaviour is confirmed by the experimental evidence on
OPA reported by Popp et al. (2008) and Bock (2009).
Lastly, the quantitative comparison between numerical
failure envelopes and experimental values compiled from
Popp et al. (2008) and Jahns (2010) (Fig. 15) indicates that

the FEM/DEM-DFN models correctly reproduce the
average mechanical response of P- and S- samples of OPA.

5.1.2 Non-Linear Behaviour and Brittle-Ductile Transition

Overall, the results of the biaxial test models demonstrate a
good agreement with published experimental findings in
terms of the stress—strain response, fracture pattern, and
failure envelope.

Correctly capturing the response of the material under
unconfined or moderately confined conditions is crucial
when assessing the near-field stability of underground
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Fig. 10 Deviatoric stress, o,—03, vs. axial strain, &, at increasing
confining pressure values, o3, for the a P-sample and b S-sample.
Fracture pattern associated with point A to E in a is illustrated in
Fig. 12
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Fig. 11 Simulated fracture
patterns of the a P-sample and
b S-sample for increasing
confining pressure values, g3
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excavations (Diederichs 2003). Experimental data recently
published by Amann et al. (2012), relative to biaxial tests
on S-samples of OPA, show that a bi-linear or S-shaped
(Kaiser and Kim 2008) failure criterion should be used to
correctly capture the effect of the change in fracture
mechanism, from tensile to shear dominated, as the con-
finement increases.

Although the numerical results relative to the S-sample
do not show any non-linearity over the entire range of o3
(Fig. 13), the failure envelope of the P-sample clearly
exhibits a concave downwards shape in the stress range
0 MPa < g3 < 2.5 MPa. This non-linear behaviour can be
explained by considering the fracture mode distribution as
a function of the applied confinement (Fig. 8). In the
P-sample, mode I fracturing, induced at low confinement
by the preferably oriented DFN, contributes to the rupture
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of the sample. This fracturing occurs before the shear
strength of the material is fully mobilized. As the con-
finement is increased, tensile fracturing is suppressed in
favour of shearing, resulting in a linear Coulomb-type
failure envelope. As illustrated in Fig. 16, this behaviour
manifests itself as a variation of the orientation of the failed
crack elements, which from sub-vertical tend to align along
two inclined planes of failure. In contrast, the lower per-
centage of mode I fractures in the S-sample does not seem
to have any notable effect on the response of the material.
As a result, a Mohr—Coulomb type of behaviour is
observed.

As previously discussed in Sect. 4.4, it is possible that
the introduction of micro-scale heterogeneities (either in
strength or in stiffness) would allow the grain-scale
extensional fractures that have been associated with the
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brittle failure process in OPA to be captured (Amann et al.
2011). Consequently, the experimentally observed non-
linear strength behaviour of S-samples may also be
captured.

The simulated transition of material behaviour from
brittle to ductile assumes an increasing importance as the
excavation depth increases. The impact of a brittle-ductile
transition on the EDZ formation is two-fold. Firstly, as can
be observed in Fig. 10, the material can sustain increas-
ingly higher strain with increasing load bearing capacity
(i.e., strain hardening). Secondly, a variation of fracture
pattern, which directly affects the hydraulic properties in
the EDZ, may be expected. In particular, the response of
the material ceases to involve marked strain localization
(i.e., brittle fracturing) in favour of a more pervasive and
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Fig. 15 Comparison of simulated failure envelopes with experimen-
tal values compiled from Popp et al. (2008) and Jahns (2010).
a P-sample. The shaded area represents the interval calculated by
bi-linear fitting of average experimental values + standard deviation,
in the range 0 MPa < g3 < 2.5 MPa and 2.5 MPa < g3 < 20 MPa.
b S-sample. The shaded area represents the interval calculated by
linear fitting of average experimental values & standard deviation.
Error bars are calculated using the standard deviation of experimental
values at different confining pressures, g3

uniformly distributed deformation field, as shown in
Fig. 11.

5.2 Effect of Specimen Anisotropy Orientation
5.2.1 Results
The simulated values of uniaxial compressive strength,

UCS, and elastic modulus, E, for different loading angles,
0, are plotted in Fig. 17a. As the loading angle increases,
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Fig. 16 Rosette plots of the relative distribution of failed crack elements orientation for the P-sample at confining pressures, o3 equal to
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the UCS first decreases from the P-sample value of
11.9 MPa (UCSp) to a minimum value of 3.5 MPa for
0 = 45°, and then increases again to reach 14.0 MPa
(UCSs). That is, the simulated strength response exhibits
the characteristic concave upwards, and parabolic in form,
curve that has been typically observed in OPA (Naumann
et al. 2007), other shales (McLamore and Gray 1967,
Niandou et al. 1997), and anisotropic metamorphic rocks
(Donath 1972).

The numerical results corresponding to 6 = 30° show a
65 % reduction in strength with respect to UCSp. This
reduction is in agreement with the 50 and 80 % reduction
observed in unconfined or moderately confined compres-
sion tests (Naumann et al. 2007; Jahns 2010). The defor-
mation response as a function of the anisotropy direction is
characterized by a decreasing elastic modulus with the
loading angle varying from the P-sample value (Ep = 3.6
GPa) to the S-sample value (Eg = 1.3 GPa). Again, this
behaviour is consistent with what observed in OPA
(Salager et al. 2010) and other transversely isotropic rocks
(Niandou et al. 1997).

To analyze the influence of confinement on the strength
anisotropy of OPA, the ratio K, of the maximum to mini-
mum deviatoric stress at failure was calculated:

(O-] - 0-3)Max

K, = .
(0-1 - 63)Min

(3)

As can be observed in Fig. 14, a decay of K, from the
unconfined compression value of 4.0 is simulated for
increasing confining pressures. Qualitatively, this response
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is consistent with experimental results of Naumann et al.
(2007) for OPA and of Niandou et al. (1997) for the
Tournemire Shale.

5.2.2 Fracture Coalescence and Material Anisotropy

The results illustrated above further validate the numerical
model beyond the cases where specimens are compressed
in the direction parallel or perpendicular to the bedding
planes (Sect. 4.3, 5.1). As expected, the modulus anisot-
ropy follows directly from the assumed constitutive law for
the triangular elements and therefore is not discussed any
further. However, the strength anisotropy emerges from a
complex mechanical behaviour involving the interaction of
newly generated fractures and pre-existing DFN cracks
(Fig. 18) and thereby deserves a more thorough discussion.

Conventionally, the variation of strength with respect to
the loading angle has been accounted for using discontin-
uous plane of weakness models (e.g., Jaeger and Cook
1976; Hoek and Brown 1980; Duveau et al. 1998). These
conventional models use separate failure criteria to inde-
pendently characterize the strength of the rock matrix and
of the bedding planes. In contrast, with the FEM/DEM-
DFN approach, the anisotropy of strength is captured by
the variation of rupture mechanism induced by the inter-
action of the DFN with the rock matrix. Since no clear
distinction between failure of the matrix and of bedding
planes is made, a smooth transition in the strength response
with loading angle is reproduced (Fig. 17a).
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Fig. 17 a Simulated uniaxial compressive strength value, UCS, and
elastic modulus, E, plotted as a function of the loading angle, 0, for
the UCS Z-samples. b Normalized mode I stress intensity factor vs.
inclination of the pre-existing flaw, 0, according to the solution of the
sliding crack model proposed by Horii and Nemat-Nasser (1986) for
the case of I[/c = 0.01, where [ is the wing crack length and 2c the pre-
existing flaw length, and zero friction

For loading orientations 0° < 6 < 15°, failure of the
sample is induced by the extension of the bedding planes
according to the process described for the UCS P-sample
(Sect. 4.4). For loading orientations 75° < 0 < 90°, failure
occurs as a combination of shearing and extensional frac-
turing of the rock matrix as discussed for the UCS
S-sample. For intermediate loading angles 15° < 6 < 75°,
a macroscopic shear failure can be observed resulting from
the coalescence of the DFN cracks, which undergo mode I
propagation from their tips.

This variation in behaviour can be explained using the
basis of the theory of brittle failure of hard rock. According
to the sliding crack model (Brace and Bombolakis 1963;
Kemeny and Cook 1986), in a compressive stress field the
surfaces of a pre-existing linear flaw tend to slide past each

other inducing tensile failure of the rock at the crack tips.
This initial tensile failure is followed by the propagation of
two fractures, commonly referred to as wing cracks. The
wing cracks initiate at an angle to the pre-existing crack
and tend to align themselves in a direction parallel to the
maximum principal stress. If a multitude of preferably
oriented cracks are considered, such as in the FEM/DEM-
DFN model, coalescence of the pre-existing cracks results
in a characteristic step-path failure surface. The validity of
this basic mechanism of fracture coalescence has been
confirmed by several experimental and numerical studies
(e.g., Bobet and Einstein 1998a, b; Tang and Kou 1998;
Tang et al. 2001; Vesga et al. 2008; Yan 2008).

The analytical solution of the sliding crack model using
linear elastic fracture mechanics principles can provide a
qualitative explanation for the simulated variation of
strength as a function of the DFN orientation. If failure of the
specimen is assumed to be controlled by mode I crack ini-
tiation from the tips of pre-existing flaws, the strength of the
specimen is ultimately dependent upon the mode I stress
intensity factor, Kj, and the fracture toughness of the mate-
rial, Kjc. Figure 17b shows the variation of Kj as a function of
the pre-existing flaw angle, 6, calculated according to the
solution of Horii and Nemat-Nasser (1986) for the case of a
ratio of wing crack length to flaw length, //c, equal to 0.01 and
zero friction. It can be noticed that the variation of K} with 0
follows a curve that is approximately symmetric (with
respect to the horizontal axis) of the UCS curve illustrated in
Fig. 17a. Hence, being that the fracture toughness of the rock
matrix is constant, flaw orientations (i.e., DFN) associated
with higher K; values are characterized by tensile crack
propagation at lower compressive stress levels therefore
resulting in lower UCS values of the specimen.

As shown in Fig. 18b, the introduction of confinement
strongly affects the failure mode of the inclined samples
and consequently the mechanism by which the strength
anisotropy is captured by the FEM/DEM-DFN model. As
described above, under unconfined compressive loading
conditions, the strength anisotropy is dictated by the for-
mation of wing cracks followed by tension-type fracture
coalescence. However, under biaxial loading, tensile frac-
turing is suppressed and the coalescence of the DFN cracks
is due to internal shearing. Therefore, as the confinement is
increased, the simulated strength anisotropy is governed by
the reduced shear strength that can be mobilized in the
direction parallel to layering along the cohesion-less DFN
discontinuities.

6 Mesh Sensitivity of the FEM/DEM Model

The sensitivity of a FEM/DEM model to the mesh element
size and edge orientation arises from the assumptions
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Fig. 18 Simulated fracture
patterns of the a UCS test and
the b 5 MPa confined biaxial
compression test for different
layering orientations

inherent in the adopted cohesive crack model (Sect. 3.2).
To accurately represent the bonding stress close to the
crack tip, the element size must be much smaller than the
length of the FPZ (Fig. 1), defined as the distance from the
crack tip to the point where the maximum cohesive
strength (i.e., f; or f;) is attained (Munjiza and John 2002).
The length of the FPZ, I;p, can be analytically estimated
using the following relationship valid for mode I fracturing
(Hillerborg et al. 1976):

G

Using the parameters reported in Table 2 for OPA, Igpy
values of 22 and 64 mm are calculated for £ = E; and
E = E,, respectively. Although the exact minimum
number of cohesive elements required in the FPZ is not
well established, 3—10 elements have generally provided
accurate results (Turon et al. 2007). Therefore, the adopted
average element size of 0.3 mm, which results in at least 73
elements distributed in the FPZ, should provide an accurate
representation of the stress and strain field in the vicinity of
crack tips.

However, the simulated failure process of OPA samples
in compression is due to a combination of mode I and mode
II fracturing together with multiple interactions between
newly-created and pre-existing discontinuities. That is, the
simulated failure conditions are more complex than the
pure opening mode upon which the above discussion is
based. Therefore, the element size sensitivity of the FEM/
DEM model was further investigated by simulating the
response of the UCS P-sample for mesh refinements
ranging between 0.2 and 0.4 mm. As shown in Fig. 19, the
peak strength appears to converge with decreasing element
size, which is in agreement with the previous theoretical

©)
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analysis. Due to excessively long run times, it was not
possible to simulate mesh resolutions finer than 0.20 mm.
The adoption of smaller element size not only results in a
rapid growth of the total number of elements (Fig. 19) but
also requires smaller time step sizes to satisfy the stability
condition of the explicit time integration scheme of FEM/
DEM. Conversely, element sizes greater than 0.40 mm
could not be used due to the adopted average spacing value
of the DFN cracks (1.0 mm).

The mesh topology sensitivity of the cohesive element
approach results from the restriction of crack nucleation
and growth to the edges of the triangular elements.
Although this approach aims at simulating fracturing
without any a priori assumption regarding the fracture
trajectory, a certain mesh bias is induced by the fact that
the direction of crack propagation is not entirely free but
restricted to a limited number of predefined angles. To
minimize the constraint imposed by the mesh topology on
the model behaviour, randomly discretized meshes should
be used in place of regularly discretized ones (Tijssens
et al. 2000; Mahabadi 2012). Following this recommen-
dation, an unstructured Delaunay triangulation scheme
(Fig. 20) was used for all models in the current study.

Figure 21 shows the relative frequency of crack element
orientation for the UCS P, S, and Z (0 = 45°) models. A
spike in the orientation distribution is associated with the
bedding plane orientation, ), due to crack elements pref-
erably aligned along the DFN cracks. Also, two symmetric
peaks can be observed at approximately y = 60° due to the
adoption throughout the model of a uniform crack element
size with triangles tending to an equilateral shape.

The spatial discretization sensitivity of FEM/DEM and,
in general, of all DEM models represents a major obstacle
in their application to engineering-scale models (e.g.,
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simulation of EDZ). For the case of the FEM/DEM-DFN
model proposed in this study, the issue is two-fold:
(i) element size and (ii) DFN geometry.

As discussed above, a millimetre (or sub-millimetre)
element size should be used to correctly capture the
mechanical response of the rock material. If such a fine
spatial discretization were applied to a model with the size
of tens of meters, the total number of triangular and crack
elements and associated variables would result in an
excessive computational demand. Although increases in
computing power have been recently achieved and DEM
simulations of entire boundary-values problems attempted
(Potyondy and Cundall 2004), the use of this spatial reso-
lution in a large-scale FEM/DEM model is not feasible at
the present time. Therefore, further research is needed to
reduce the computational requirements of field-scale FEM/
DEM simulations by adopting, for example, a continuum-
discontinuum approach, whereby only a small-sized region
of interest is treated as a FEM/DEM medium whereas the
remainder of the domain is modelled as an elastic, non-
fracturing medium.
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Fig. 19 Element size sensitivity: UCSp and total number of triangu-
lar elements as function of the adopted element size, h

The simulation of strength anisotropy relies upon a
closely spaced distribution of short cracks (Table 1). If
coarser meshes were to be adopted in the attempt of min-
imizing the degrees of freedom of the simulation, larger
crack spacing and length values will necessarily have to be
used. Therefore, the variation of rock representative vol-
ume for which the mechanical anisotropy is correctly
preserved as the model is up-scaled requires further
investigation.

7 Summary and Conclusions

A new modelling approach for anisotropic rocks was
developed based on the combined finite-discrete element
method (FEM/DEM) (Munjiza 2004). In particular, a
transversely isotropic elastic constitutive law was imple-
mented in the Y-Geo FEM/DEM code (Mahabadi et al.
2012a) and a procedure to populate the model with a dis-
tribution of preferably oriented fractures was developed. It
was shown that the proposed approach is able to capture
both the deformation and strength anisotropy that are typ-
ical of layered materials.

The said approach was then applied to the laboratory-
scale study of the mechanical behavior of Opalinus Clay,
an over-consolidated clay shale formation selected to host
an underground nuclear waste repository in Switzerland.
The model was quantitatively calibrated and validated
using experimental values of standard rock mechanics
tests.

Following the calibration procedure, a strong agreement
between experimentally derived and modeled uniaxial
compression test and indirect tension test results was
obtained for specimens loaded parallel and perpendicular
to layering. Furthermore, a distinctively different crack
pattern and failure mechanism was observed for each
loading configuration. The simulated stress—strain response
exhibited some of the characteristics typically observed in

/\ Mesh topology
= DFN crack
= Mode | fracture

= Mode Il fracture

Fig. 20 Zoomed-in views of the center the UCS simulation for the a P-sample, b Z-sample (6 = 45°), and ¢ S-sample, showing the triangular
mesh topology, the distribution of pre-existing cracks (DFN) aligned with the bedding plane orientation and several broken crack elements
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Fig. 21 Relative frequency of crack element orientation for the UCS a P-sample, b Z-sample (0 = 45%), and ¢ S-sample

brittle materials, including loss of linearity due to sample
damage and post-peak softening.

The effect of confinement on the mechanical behaviour
of Opalinus Clay was studied using biaxial compression
test models. The simulated failure envelopes corresponded
well with the average experimental response of the rock. A
characteristic non-linear behaviour was captured for sam-
ples loaded in the direction parallel to the bedding at very
low confinements due to the transition of the failure
mechanism from tensile to shear dominated. A transition
from brittle to ductile post-peak behaviour was simulated at
a confining pressure of about 7.5 MPa.

A distinctive variation of specimen compressive
strength, crack pattern and damage mechanism, was cap-
tured as a function of the orientation of specimen anisot-
ropy. These emergent properties of the model were shown
to be in good agreement with published experimental
findings and were discussed in the context of the theory of
brittle failure of rock.

The results presented in this paper represent the first
necessary step of a broader-scope project that involves
using the FEM/DEM numerical tool to aid in the design of
a deep geological repository for nuclear waste in Switzer-
land. Simulated fracture patterns indicate that the model
has the potential to reproduce the EDZ formation mecha-
nisms observed at the Mont Terri URL.
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