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The particulate discrete element method (DEM) can be employed to capture the response of rock, pro-
vided that appropriate bonding models are used to cement the particles to each other. Simulations of
laboratory tests are important to establish the extent to which those models can capture realistic rock
behaviors. Hitherto the focus in such comparison studies has either been on homogeneous specimens or
use of two-dimensional (2D) models. In situ rock formations are often heterogeneous, thus exploring the
ability of this type of models to capture heterogeneous material behavior is important to facilitate their
use in design analysis. In situ stress states are basically three-dimensional (3D), and therefore it is
important to develop 3D models for this purpose. This paper revisits an earlier experimental study on
heterogeneous specimens, of which the relative proportions of weaker material (siltstone) and stronger,
harder material (sandstone) were varied in a controlled manner. Using a 3D DEM model with the parallel
bond model, virtual heterogeneous specimens were created. The overall responses in terms of variations
in strength and stiffness with different percentages of weaker material (siltstone) were shown to agree
with the experimental observations. There was also a good qualitative agreement in the failure patterns
observed in the experiments and the simulations, suggesting that the DEM data enabled analysis of the
initiation of localizations and micro fractures in the specimens.
� 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

This study explores the use of discrete element method
(DEM) to capture the influence of weak interlayers on the
overall response of heterogeneous rock specimens. The bonded
particle model (BPM) proposed by Potyondy and Cundall (2004)
was used to simulate the heterogeneous rocks made up of layers
of two different lithological units with significant differences in
strength and stiffness. A comparison of the DEM simulation data
with the results from a prior experimental study (Tziallas et al.,
2013) shows that the model can capture reasonably the varia-
tion of strength with increasing proportion of the weaker ma-
terials. The influence of relative strengths of lithological units of
the heterogeneous rocks on the overall strengths and stiffnesses
lou).
f Rock and Soil Mechanics,
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of the composite heterogeneous rock specimens was also
investigated.

This paper first gives an overview of the mechanical responses
of composite rocks, and then the simulation approach is presented.
The analysis of the results also considers the overall material
response prior to discussing the particle-scale mechanics.

2. Background

2.1. Mechanical behaviors of composite rocks

The composition and structure of rocks are altered by natural
geological processes leading to the formation of heterogeneous
rock masses with complex engineering behaviors. Heterogeneous
rocks are usually of sedimentary origin and consist of relatively
stronger and weaker rock alternately with varying thickness.
Complex geological formations such as turbidites, flysch and
molasses are typical examples of such rocks.

Researchers including Hoek (1968), Hawkes and Mellor (1970),
Paterson and Wong (2005) and Kwa�sniewski et al. (2012)
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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amongst others have experimentally studied the failure modes of
rocks. Tang andHudson (2010) stated that the failure of brittle rocks
under uniaxial compression was due to the expansion of the initial
micro cracks to a major shear band, whereas in confined tests the
failure can be attributed to the coalescence of the micro fractures
into a critical shear failure zone. At higher confining pressure, the
Young’s modulus and the peak strength values of rocks are higher
and a transition from brittle to ductile deformation occurs.

The effect of heterogeneity on the failure mode was studied by
Liang et al. (2007) and Tziallas et al. (2013) through conducting
uniaxial compression tests on the composite specimens with
varying siltstone-sandstone ratios as illustrated in Fig. 1. They
observed that the failure mode was affected by the proportion of
the weaker materials (siltstone). For specimens with lower values
of siltstone percentage, extensional fractures were formed
throughout the specimens, whereas for specimens with higher
values, the fractures were merely restricted to the weaker mate-
rials. Liang et al. (2007) conducted triaxial tests on composite
specimens of anhydrite (stronger, harder component) and halite
(weaker component) and they observed that there was a strain
incompatibility along the interface leading to tensile or shear
cracking in the harder component and more ductile deformation in
the weaker component. Greco et al. (1991) also investigated the
strength and failure mechanism of composite rock specimens
subjected to uniaxial compression. According to their investigation,
tests on specimens composed of discs of the samematerial resulted
in lower uniaxial compressive strength (10% reduction) compared
to continuous specimens. In their laboratory tests on composite
specimens of shale and sandstone, Mohamed et al. (2007) studied
the effect of the thickness of shale on the overall strength. They
concluded that for specimens with shale percentage greater than
10%, the strength of the composite specimen was equal to the
strength of the weaker material. Vergara et al. (2015) performed
large-scale triaxial test on bedded sandstoneeclaystone specimens,
and concluded that the failure of the bedded specimens occurred
by a combined failure of both materials in a ductile manner. They
also conducted a numerical analysis using a two-dimensional (2D)
universal distinct element code (UDEC) to simulate the specimens
composed of alternating layers of both materials with equal
thickness. It was shown that when confining pressurewas less than
15 MPa, the strength of the specimen was controlled by tensile
failure of the harder rock, while under larger confining pressure,
Fig. 1. Schematic of composite specimen configuration.
the strength was controlled by shear failure of the weaker rock. Lin
et al. (2013) studied the anisotropic behavior of a layered rock mass
under triaxial compression using a three-dimensional finite
element method (3D FEM) for numerical analysis. Anisotropy due
to the presence of bedding planes affects the failure pattern of
transversely isotropic, heterogeneous rocks. The varying inclination
of the bedding planes relative to the major loading axis affects both
their strength and failure mode (Tien et al., 2006).

2.2. Use of bonded particle model to simulate the behavior of rock
mass

The particulate DEM was originally proposed for fundamental
simulations of unbonded granular materials by Cundall and Strack
(1979). This algorithm can be applied to analyzing the behavior of
rock mass using contact models that can transmit tensile forces.
The parallel bond model (PBM), documented by Potyondy and
Cundall (2004), is a relatively sophisticated bonding model that
enables specification of tensile and shear strengths. The bonds are
of finite size and thus there is moment transfer/resistance due to
the normal and tangential components of the contact force. A
number of studies have reported the use of this model to simulate
rock mass behavior. Studies using 2D model such as Cho et al.
(2007) provide useful qualitative insight into the model’s
behavior; however, effective models should reflect the 3D nature of
the physical material. Potyondy and Cundall (2004) reported only
limited success in simulating the behavior of Lac du Bonnet granite.
However, Potyondy (2007) found that a modified PBM, the parallel-
bonded stress corrosion (PSC) model, could successfully reproduce
experimental data from static fatigue tests. Zhang et al. (2011)
calibrated DEM specimens using the PBM along with a fracture
model to capture the response of Yamaguchi marble and they
succeeded in capturing the size dependency of the uniaxial
compressive strength observed in laboratory tests. Cheung et al.
(2013) performed a parametric study to illustrate how the PBM
parameters influence the overall behavior, prior to describing a
relatively successful calibration of the PBM to simulate the
response of Castlegate and Saltwash sandstones; the loadedefor-
mation response of the model agreed with experimental data until
the peak stress was mobilized. Nevertheless for the post-peak
regime, the model was less successful.

There have been some 2D DEM simulations that have explored
the issues of layering and inhomogeneity. Park andMin (2015) used
a 2D DEM modeling approach that included embedded smooth
joints to simulate the mechanical behavior of a transversely
isotropic rock using the PBM. They compared the laboratory ob-
servations of model behaviors of three rock types (gneiss, shale and
schist) and concluded that this modeling approach can successfully
capture the failure patterns observed in anisotropic rock in which
weak planes play a significant role. Hsieh et al. (2008) conducted
2D DEM simulations using the BPM to study the relationship be-
tween the macroscopic properties of sandstones and their petro-
graphic or microscopic properties. Jeng et al. (2008) also used 2D
DEM to create a model of layered rock. In their work, they captured
experimental observations of the influence of the layer inclination
on strength and stiffness. They also explored the influence of the
relative strengths and stiffnesses of the twomaterials on the overall
behavior. However, these results were not linked to experimental
data. In addition, Abe and Urai (2012) studied a layered rock ma-
terial using 2D DEM simulations. These earlier studies have
demonstrated the potential of the model and the current contri-
bution aims to further develop confidence in the PBM by demon-
strating its ability to capture known response features of
heterogeneous rock specimens. In particular, an in situ 3D material
subjected to a 3D stress state is of interest, and therefore the earlier



Table 1
Simulation parameters used to vary model rock properties.

Rock qmax
strong=q

max
weak Ball properties Parallel bond properties

KC
n ; K

C
s (kN/m) KPB

n ; KPB
s (kPa/m) SPBn ; SPBs (kPa)

Sandstone 1.75 6.286 � 103 8.27 � 108 5.2 � 104

3.47 6.286 � 103 8.27 � 108 5.2 � 104

5 1.572 � 104 2.086 � 109 1.3 � 105

Siltstone 1.75 2.389 � 103 3.143 � 108 2.363 � 104

3.47 8.172 � 102 1.075 � 108 7.878 � 103

5 1.886 � 103 2.481 � 108 1.576 � 104

Note: KC
n ; K

C
s ¼ normal and shear contact stiffnesses, respectively;

KPB
n ; KPB

s ¼ normal and shear parallel bond stiffnesses, respectively.
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2D studies (Hsieh et al., 2008; Jeng et al., 2008; Abe and Urai, 2012)
are extended here to represent rock heterogeneity in three
dimensions.

3. Simulation approach

The DEM software PFC3D (Cheung et al., 2013) was used in the
current study. The BPM of the rockmass was created using the PBM
(Potyondy and Cundall, 2004) which was implemented in this
software to bond or cement particles together. The DEM simula-
tions of triaxial tests presented here are a direct extension of the
earlier contributions by Cheung et al. (2013). In all cases, the
specimens (40 mm in diameter, 80 mm in height) consisted of
12,622 spheres, with particle radii uniformly distributed between
0.88 mm and 1.32 mm, and a radius expansion technique was used
to create the initial specimens. Similar to Cheung et al. (2013), the
material density was increased to 26.5 � 103 kg/m3 in order to
increase the stable time increment and reduce the computational
cost. Density scaling increases the time step and therefore reduces
the simulation cost as the stable time step is proportional to

ffiffiffiffiffiffiffiffiffiffi
m=K

p
,

where m is the particle mass and K is the contact stiffness.
Increasing the density in this manner will not affect the results,
provided that the simulations are quasi-static, i.e. inertia effects are
minimized and particle acceleration remains very small. The quasi-
static nature of the simulations was verified by checking the overall
equilibrium of forces in the system, i.e. it was confirmed that the
reaction force generated on the bottom boundary was approxi-
mately equal to the force applied via the top boundary. To ensure
reasonable model parameters and avoid the computationally
expensive stage of model calibration against physical tests, the
parameters used by Cheung et al. (2013) which had been calibrated
against Castlegate sandstone were adopted. Cheung et al. (2013)
calibrated the model parameters used in the simulations in terms
of high pressure triaxial test data. To maintain the link to physical
test specimens, the analyses carried out herein therefore also used
a high confining pressure. The specimens were initially prepared
using homogeneous material within a box of 0.1 m � 0.1 m � 0.2 m
having rigid frictionless walls. The cylindrical specimens were then
cut from this box to minimize the boundary effects and achieve
more homogeneous specimens. The material properties for each
layerwere assigned after this process was completed. In this regard,
the difference in contact parameters would not have a measurable
effect on the contact force network. Furthermore, as the layers are
orthogonal to the major principal stress and cover the entire
specimen cross-section, no subsequent force chain redistribution
would be expected. The specimens were compressed to an isotropic
stress of 10MPa and a confining pressure of 10MPawasmaintained
in the strain-controlled triaxial shearing tests. Two rock types were
considered to create the composite/heterogeneous specimens.
Initially, a homogenous sandstone specimen with material prop-
erties identical to those used by Cheung et al. (2013) was consid-
ered, with the properties listed in Table 1. The normal and shear
spring stiffnesses are given by Kn and Ks, respectively. The super-
script ‘C’ denotes ball properties and the superscript ‘PB’ denotes
parallel bond. The parallel bond strengths in the normal and shear
directions are denoted by SPBn and SPBs , respectively. Then, following
the experimental approach of Mohamed et al. (2007) and Tziallas
et al. (2013), as illustrated in Fig. 1, the composite/heterogeneous
specimens were created by inserting a siltstone disk in the center of
the specimen and increasing this disk systematically so that the
volume percentage of siltstone in themodel rocks varied from 0% to
100% (10% increment in each step). In the DEMmodel, the siltstone
was simulated by controlling the relative values of the parameters
used to model the two rock types. For the DEM model, the contact
model parameters for each existing contact were specified based on
the contact elevation. As listed in Table 1, three cases were
considered:

qmax
strong

.
qmax
weak ¼

8<
:

1:75
3:47
5

(1)

where qmax
strong and qmax

weak are the maximum deviatoric stresses (i.e.
the deviatoric stresses at peak) in homogeneous specimens of the
harder, stronger sandstone material and the weaker siltstone ma-
terial, respectively. The deviatoric stress is calculated as

q ¼ s1 � s3 (2)

where s1 is the major principal stress and s3 is the minor principal
stress, which are obtained considering the boundary stresses.

Themaximum deviatoric stress, qmax, is themaximumvalue of q
obtained by considering the entire stress-history for each test. The
values of qmax

strong and qmax
weak were obtained by considering the triaxial

test simulation data for specimens composed entirely of the
stronger or weaker material, respectively. As is clear from Table 1,
the sandstone properties were the same for the simulations
withqmax

strong=q
max
weak ¼ 1.75 and 3.47. To ensure that similar trends

would be observed with different model sandstones, the contact
stress and stiffness parameters were increased in the sandstone for
the simulationwith qmax

strong=q
max
weak ¼ 5. In all cases for sandstone and

siltstone, a parallel bond radius of 1 times the smaller sphere
diameter was used and the inter particle coefficient of friction was
0.25. A local damping coefficient of 0.7 was adopted and the critical
time increment calculated by PFC3D was multiplied by 0.4 to in-
crease the accuracy and reduce the risk of numerical instability.

4. Mechanical responses

Fig. 2 illustrates the variation in observed loadedeformation
response with the volume percentage of siltstone in the specimen
(sl) for specimens with qmax

strong=q
max
weak values of 1.75 and 5. Three

regions of specimen’s responses to stress change have been iden-
tified for the heterogeneous specimens. The characteristic stresse
strain curve is linear up to a deviatoric stress very close to the peak
strength of the weaker component. Beyond this point up to the
peak stress, the curve deviates from linearity, indicating excessive
shearing and bond failures in the middle weaker zone of the het-
erogeneous specimen. From the peak stress onwards, a rapid drop
of the strength towards the strength of the weaker material is
observed (with large strain). Referring to Fig. 2a, when
qmax
strong=q

max
weak ¼ 1.75, it is clear that the peak strength and the pre-

peak specimen stiffness decrease with increasing sl while the dif-
ferences in the stressestrain curve are smaller at large strain values
( 3a> 8.5%). The axial strain ( 3a) at which the peak deviatoric stress is
mobilized (axial strains at failure) increases from 3.3% (sl ¼ 0%) to
5.15% (sl ¼ 60%). However, when sl exceeds 60%, the subsequent



Fig. 2. Load-deformation response of composite specimens: (a) Deviatoric stress versus axial strain for qmax
strong=q

max
weak ¼ 1.75, (b) Volumetric strain versus axial strain for

qmax
strong=q

max
weak ¼ 1.75, (c) Deviatoric stress versus axial strain for qmax

strong=q
max
weak ¼ 5, and (d) Volumetric strain versus axial strain for qmax

strong=q
max
weak ¼ 5 (sl is the percentage of siltstone in

specimen).

Fig. 3. (a) Variation in peak deviatoric stress with siltstone content for DEM data, and (b) Variation in normalized peak deviatoric stress with siltstone content and comparison of
DEM results and experimental data.
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increase in sl gives a reduction in the axial strain at failure. For
specimens with qmax

strong=q
max
weak ¼ 5 (see Fig. 2c) at low sl values (0%

and 20%), the peak stress is significantly higher and the post-peak
softening is more significant. However, for sl values of 40% and
above, the strengths are similar to the case where
qmax
strong=q

max
weak ¼ 1.75, and the response of rock is no longer very

brittle. Similarly, a significant reduction in the axial strains at failure
occurs when sl exceeds 40%. The decrease of the brittleness as sl
increases is also presented in Fig. 2b and d. The specimen contracts
up to the axial strain at which the peak deviatoric stress is mobi-
lized before the start of dilation.

Fig. 3a illustrates the peak deviatoric stress qmaxagainst the
percentage of siltstone (sl) for specimens with qmax

strong=q
max
weakof 1.75,

3.47 and 5. As the simulations with qmax
strong=q

max
weakof 1.75 and 3.47

have the same sandstone properties, the peak deviatoric stresses at
a siltstone content of 0% are the same. The parallel bond and contact
bond stiffnesses and the parallel bond strengths for the sandstone
material are higher for the simulation with qmax

strong=q
max
weak ¼ 5, sug-

gesting higher deviatoric stress at lower siltstone content. For
specimens with high siltstone content, the maximum deviatoric
stresses are related to the strengths specified in the parallel bond
Fig. 4. Variation in Young’s modulus with siltstone percentage.

Fig. 5. Images of specimens after compression tests in Tziallas et al. (2013): (a
model. Referring to Table 1, the simulationwith qmax
strong=q

max
weakof 1.75

has the highest parallel bond strength, while the simulation with
qmax
strong=q

max
weak of 3.47 has the lowest. In Fig. 3b, the data are replotted

with the maximum deviatoric stress values being normalized by
the deviatoric stress at sl¼ 0% (qmax; hard). It is clear that the value of
qmax
strong=q

max
weak determines the sensitivity of the peak deviatoric stress

to the siltstone content.
A more significant drop in deviatoric stress is observed when

the ratio of sl is higher. When the siltstone content exceeds 40%, the
deviatoric stress decreases dramatically due to a decrease in brit-
tleness, and the behavior of the composite specimen becomesmore
ductile as the behavior of the siltstone dominates the composite
response. Fig. 3b also includes laboratory data from Tziallas et al.
(2013) and Mohamed et al. (2007). The experiments carried out
by Mohamed et al. (2007) had a ratio of qmax

strong=q
max
weak ¼ 4.4, while

those performed by Tziallas et al. (2013) had a ratio of
qmax
strong=q

max
weak ¼ 2.2. In comparison with the physical tests, the DEM

simulations give a more gradual decrease in the normalized
maximum deviatoric stress with increasing percentage of weak
material. However, it is interesting to note that at a qualitative level,
the trends are very similar. Most notably for a given qmax

strong=q
max
weak

ratio, there is a point after which further increases in the per-
centage of weaker material do not cause an associated decrease in
the maximum deviatoric stress. Additionally, this point occurs at
gradually lower percentage of weaker material as the value
qmax
strong=q

max
weak increases, which was in agreement with the labora-

tory data. Referring to the experimental data, it is clear that the
quantitative relation between the rock peak stress and the per-
centage of weaker material depends on the specific rock types
considered, but the trends are similar for the two available exper-
imental datasets. As the DEM model was not calibrated by any sets
of experimental data, we would not expect the model to give an
exact match to either of the two datasets. Thanks to this, these data
supplement the earlier observation of Jeng et al. (2008) who sug-
gested that 2D DEM can capture the influence of layer inclination as
the DEM can capture the influence of the relative proportion of the
weaker and stronger layers on the composite strength.

Fig. 4 illustrates the variation in normalized Young’s modulus Ea/
Ea,hard (Ea is the Young’s modulus of the composite specimens, and
Ea,hard is the Young’s modulus of the harder, stronger material)
versus the siltstone percentage for the three DEM simulation series
considered. These data are compared with experimental results
from Tziallas et al. (2013). In all cases, the Ea values of the composite
specimen are normalized by the Ea,hard value. There is a systematic
reduction in the Young’s modulus with increasing siltstone content,
) 10% siltstone, (b) 25% siltstone, (c) 47% siltstone, and (d) 75% siltstone.
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and no apparent plateau is observed. The slope of the reduction is
nonlinear in all cases, and the slope magnitude increases as
qmax
strong=q

max
weak value increases. Referring to Table 1, as qmax

strong=q
max
weak

value increases, the ratio of the contact stiffness and the parallel
bond stiffness increases. In this case, there is a better agreement
between the experimental and numerical data.

5. Failure patterns

The overall mechanical response is related to the development
of damage in the rock. Images of representative laboratory speci-
mens at the end of the tests in Tziallas et al. (2013) are provided in
Fig. 5. As noted by Tziallas et al. (2013), at lower siltstone contents,
there are clear brittle fractures and the fracture surfaces propagate
through the entire specimen (Fig. 5a). As the siltstone content in-
creases, the fracture pattern becomes more ductile and the cracks
(a) (b)
Fig. 6. Images of particle rotations at the end of tests with qmax

strong=q
max
weak ¼ 1.75, where the d

10% siltstone ( 3a ¼ 4%, 3
peak
a ¼ 3.8%), (b) 20% siltstone ( 3a ¼ 4.5%, 3

peak
a ¼ 4.3%), (c) 50% siltston

at which the peak stress is mobilized.

(a) (b)

-10

0

10

20

30

40

50

Fig. 7. Images of volumetric strain (given as %) at the end of tests with qmax
strong=q

max
weak ¼ 1.75,

each plot: (a) 10% siltstone ( 3a ¼ 4%, 3
peak
a ¼ 3.8%), (b) 20% siltstone ( 3a ¼ 4.5%, 3

peak
a ¼ 4.3%)
form in the sandstone disks indicate propagation of the failure
(Fig. 5b). With further increases in siltstone content as the com-
posite strength approaches the strength of the siltstone material,
the fracture concentrates in the siltstone, only propagating into the
sandstone as faint cracks or (superficial) spalling (Fig. 5c and d).

Fig. 6 presents snapshots of the DEM specimens at the end of the
simulations at siltstone contents similar to those considered in
Fig. 5. In each case, a slice through the center of the specimen is
considered and the particles are plotted as disks with the disk color
indicating the amount of rotation (darker color corresponding to
larger rotation). Particle rotations are often used in DEM simula-
tions to identify localizations (e.g. O’Sullivan et al., 2003). The
presence of the parallel bonds applies rotational restrictions to the
bonded contacts and therefore, the particle rotations are concen-
trated in the areas where significant bond breakages take place. The
local volumetric strain values at the same locations are considered
(c) (d)
arkest color gives the greatest rotation and color scaling is normalized for each plot: (a)

e ( 3a ¼ 5.5%, 3
peak
a ¼ 5.2%), and (d) 70% siltstone ( 3a ¼ 5%, 3

peak
a ¼ 4.7%). 3

peak
a is the strain

(c) (d)
where the darkest color gives the greatest rotation and color scaling is normalized for

, (c) 50% siltstone ( 3a ¼ 5.5%, 3
peak
a ¼ 5.2%), and (d) 70% siltstone ( 3a ¼ 5%, 3

peak
a ¼ 4.7%).



(a) (b) (c) (d)
Fig. 8. Images of particle rotations close to the strain at which the peak stress is mobilized ( 3

peak
a ) for qmax

strong=q
max
weak ¼ 1.75, where the darkest color gives the greatest rotation: (a) 10%

siltstone ( 3a ¼ 4%, 3
peak
a ¼ 3.8%), (b) 20% siltstone ( 3a ¼ 4.5%, 3

peak
a ¼ 4.3%), (c) 50% siltstone ( 3a ¼ 5.5%, 3

peak
a ¼ 5.2%), and (d) 70% siltstone ( 3a ¼ 5%, 3

peak
a ¼ 4.7%).

(a) (b) (c) (d)

0

1

2

3

4

5

Fig. 10. Images of lateral strain (given as %) close to the strain at which the peak stress is mobilized ( 3
peak
a ) for qmax

strong=q
max
weak ¼ 1.75: (a) 10% siltstone ( 3a ¼ 4%, 3

peak
a ¼ 3.8%), (b) 20%

siltstone ( 3a ¼ 4.5%, 3
peak
a ¼ 4.3%), (c) 50% siltstone ( 3a ¼ 5.5%, 3

peak
a ¼ 5.2%), and (d) 70% siltstone ( 3a ¼ 5%, 3

peak
a ¼ 4.7%).

(a) (b) (c) (d)

Fig. 9. Images of bonds close to the strain at which the peak stress is mobilized ( 3
peak
a ) for qmax

strong=q
max
weak ¼ 1.75, where thin black lines represent intact sandstone bonds, thin grey

lines represent intact siltstone bonds, thick black lines represent ruptured bonds: (a) 10% siltstone ( 3a ¼ 4%, 3
peak
a ¼ 3.8%), (b) 20% siltstone ( 3a ¼ 4.5%, 3

peak
a ¼ 4.3%), (c) 50% siltstone

( 3a ¼ 5.5%, 3
peak
a ¼ 5.2%), and (d) 70% siltstone ( 3a ¼ 5%, 3

peak
a ¼ 4.7%).
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in Fig. 7, where the volumetric strain values were calculated using
the wavelet-based method outlined in O’Sullivan et al. (2003). The
results shown in Figs. 6 and 7 basically agree with the interpreta-
tion of Tziallas et al. (2013) at siltstone contents of 10% and 20%
with the failure process clearly propagating from siltstone into
sandstone. At a siltstone content of 50%, the failure does propagate
into the sandstone, but only in the upper sandstone layer; whilst at
a siltstone content of 70%, there is little evidence of failure in the
sandstone.
Fig. 12. Percentage of siltstone bonds broken at failure versus axial strain for
qmax
strong=q

max
weak ¼ 1.75.
6. Particle-scale analysis of gross yield

The DEM data enable analysis of the mechanisms associated
with the onset of failure. Figs. 8e11 consider the same DEM spec-
imens as in Figs. 6 and 7 at strain levels close to the one at which the
peak deviatoric stress was mobilized. Again a slice through the
center of the specimen is illustrated. Fig. 8 considers particle ro-
tations (again these used to identify the localization) and Fig. 9
takes into account the intact and ruptured parallel bonds.
Furthermore, Fig. 10 illustrates the lateral strains ( 3xx þ 3yy), while
Fig. 11 considers the volumetric strains.

Comparing Figs. 6 and 8, there is some evidence of the subse-
quent localizations after the peak stress is mobilized; however, it is
clear that at the failure point, most of the deformation is concen-
trated in the weaker material (siltstone) for all four specimens. The
localization observed in the sandstone in the upper left hand corner
of the specimen in Fig. 8b is most likely due to a local heterogeneity
in material packing/bonding. In Fig. 8c, the localization is arguably
more developed, but it is harder to define the peak at this siltstone
content.

In Fig. 9, the bonds are illustrated as lines joining the center of
bonded particles. The thin black lines represent the intact sand-
stone bonds, the thin grey lines indicate the intact siltstone bonds,
and the thick black lines are the ruptured bonds. Intact siltstone
bonds are illustrated in grey color and the lines are thinner, while
the ruptured bonds are presented as black thicker lines. The
ruptured bonds are analogous to micro fractures that would occur
in a physical test. These ruptures are largely concentrated in the
siltstone layer, with evidence of limited micro fracture in the
sandstone at sl ¼ 10% and 20%. It also suggests that the concen-
tration of micro fractures (bond breakages per unit volume) de-
creases as the siltstone concentration increases: the presence of
intact bond in the siltstone being clearer at sl ¼ 70% compared with
the case when sl ¼ 10%. This observation is confirmed by the data
(a) (b)
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Fig. 11. Images of volumetric strain ( 3vol) (given as %) close to the strain at which the peak st

(b) 20% siltstone ( 3a ¼ 4.5%, 3
peak
a ¼ 4.3%), (c) 50% siltstone ( 3a ¼ 5.5%, 3

peak
a ¼ 5.2%), and (d
concerning the percentage of bond breakages versus axial strain
given in Fig. 12, in which the percentage of siltstone bonds broken
at failure decreases roughly with increasing siltstone content.
Comparing Figs. 12 and 2a, the axial strain at which the stresse
strain response becomes noticeably nonlinear increases with
increasing sl value, and so does the axial strain at which bond
breakages initiate in the siltstone. This confirms a link between
micro fracturing and nonlinearity of the stressestrain response.

The strain data presented in Figs. 10 and 11 give an additional
insight. Referring firstly to Fig.11, it is clear that the strain is globally
compressive (i.e. negative), with the largest concentration of
compressive strain, as would be expected, in the siltstone material.
The lateral strain data presented in Fig. 10 indicate that while the
volumetric strain is compressive, the lateral strain in the siltstone is
extensive. This indicates that the Poisson’s effect is greater in the
siltstone than that in the sandstone. These observations are in
agreement with the hypothesis of Tziallas et al. (2013) who pro-
posed that the differences in Poisson’s ratios would mean that the
(c) (d)

ress is mobilized ( 3
peak
a ) forqmax

strong=q
max
weak ¼ 1.75: (a) 10% siltstone ( 3a ¼ 4%, 3

peak
a ¼ 3.8%),

) 70% siltstone ( 3a ¼ 5%, 3
peak
a ¼ 4.7%).
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siltstone imposes a tensile (extensive) radial stress on the sand-
stone, while the sandstone in turn imposes a compressive radial
stress on the siltstone. At the higher siltstone contents of sl ¼ 50%
and 70%, the extensive strains are concentrated in the regions that
later emerge as localization zones (comparing Figs. 10 and 7).

7. Conclusions

The strengths of composite heterogeneous specimens depend
on the percentage of the weaker material (siltstone) and are related
to weaker material components, as predicted by both the labora-
tory study by Tziallas et al. (2013) and the present DEM simulations.
In both cases, the strength decrease of the composite specimen
with increasing percentage of theweakermaterial was greater than
the strength decrease that one would expect from a simple linear
weighting of the strengths of the two materials.

The strength reduction curves in the composite specimens,
based on the laboratory tests, are divided into two distinct sections
according to the failure mode (Tziallas et al., 2013): a declining
curve for specimens with siltstone percentage up to 40% and a
straight curve for specimens with siltstone percentage greater than
40%. The DEM simulation results using the BPM approach and PBM
captured the general trends of the strength reduction curves, but it
was impossible to observe the abrupt drop in the strength of the
composite specimens at low values of siltstone percentage (be-
tween 30% and 40%) as observed in the laboratory tests. Instead the
strength reduction was gentle, reaching the strength of the silt-
stone material at a percentage of 60%e80% (depending on the
strength ratio of the stronger material to the weaker material). This
difference can be attributed to the effect of the confining pressure.

For the DEM specimens, the stressestrain curve can be divided
into two sections in the pre-peak region. The change in the slope of
the stressestrain curves was attributed to the onset of breakage in
the siltstone disc. The stiffness of composite specimens showed a
gradual reduction with increasing proportion of the weaker ma-
terial and agreed well with the laboratory test data. For the simu-
lations presented in this study, the weaker layers were orthogonal
to the major principal stress direction. However, future research
should extend the earlier 2D contributions of Jeng et al. (2008) to
consider layers inclined at a range of inclinations to the major
principal stress.

Localization of strains was observed by considering the evolu-
tion of the parallel-bond network, the particle rotations and the
local strain plots. Qualitative agreement was achieved between the
failure patterns observed at the end of the physical tests and at the
end of the numerical simulations. For example in both cases,
damage was more clearly restricted to being within the siltstone
zone as the siltstone percentage increased.

Overall the data presented here extend earlier 2D contributions
to a more realistic 3D modeling scenario and support the use of
PBM to simulate the failure behaviors of heterogeneous rocks.
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