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A B S T R A C T

The emergent macroscopic behaviors of Bonded Block Models (BBM) are governed largely by the properties
assigned to their three components – blocks, contacts and zones (blocks are discretized using finite-difference
zones). Over the years, different representations of these components, including elastic/inelastic zones and
heterogeneous/homogenous blocks and contacts (corresponding to different mineral grains and associated
mechanical properties), have been employed to simulate various aspects of rock behavior. However, there is a
lack of understanding of the capabilities of these model representations with respect to their ability to replicate
specific rock mechanical attributes. The goal of this study was to test a variety of model representations and
evaluate their capabilities in terms of reproducing mechanical behaviors observed for a granitic rock type.

It was found that inelastic zones were necessary to capture high confinement peak strengths while in-
corporation of heterogeneity was necessary to replicate the micro-cracking process. The heterogeneous, inelastic
BBMs could match all the calibration targets and is identified as the best representation for modeling the full
range of granitic rock behaviors. To help researchers select an appropriate BBM representation for modeling
different aspects of rock behavior, a summary table outlining the capabilities of the different model re-
presentations is also provided.

1. Introduction

Grain-scale microstructures in crystalline rocks are known to control
their emergent macroscopic mechanical response to loading
[102,54,35]. When such rocks are loaded under compression in a la-
boratory setting, a heterogeneous stress field is created within the
specimen due to the elastic mismatch among constituent grains and the
presence of micro-flaws (pores, cleavages, strings of grain boundary
cavities; [88,90,23,53,54]). As the local tensile strength in the vicinity
of a flaw or at a grain boundary is eventually exceeded, new micro-
cracks are created [41,23,53,13,25]. The microcracks continue to grow
and coalesce with loading, ultimately leading to macroscopic failure via
axial splitting (under unconfined conditions) or shear band develop-
ment (under high confinement; [11,64,30]). The overall damage evo-
lution therefore hinges on the complex interaction between microcracks
and the stress field.

The microstructure of a rock is generally characterized by grain size,
grain shape, grain types and their distributions, contact properties,
elastic properties and crystallographic orientations [37]. Lan et al. [54]
describes three sources of microstructural heterogeneity: (a) Geometric:
due to variability in shape and size of the grains, (b) Elastic: due to

stiffness contrast of constituent minerals, and, (c) Contact: due to
variable length, orientation and mechanical properties of grain con-
tacts. Although the influence of geometric heterogeneity has been stu-
died using experimental techniques in the past [74,50,101,31], the
number of polygonal block-based and grain-based modeling studies that
investigate additional aspects of heterogeneity has increased rapidly in
recent years [54,17,75,1,59,105].

The grain-scale modeling approach is a sub-set of the Discrete
Element Method (DEM; [21]), and essentially represents a material
space using aggregates of detachable blocks. Two important attributes
that have led to its widespread acceptance are the general resemblance
in shape of the modeled blocks to actual mineral grains and the ability
of the modeling methods to allow for realistic fracture formation and
opening. Over the years, this modeling approach has been successfully
used in reproducing various features of the rock damage process
[52,54,45,10,7,33,35,17,67,75,105,57]. The polygonal block shape has
also been recently incorporated in the Finite Discrete Element Method
(FDEM) framework to improve the grain representations [1]. Details on
FDEM and its application in small and large-scale rock engineering
problems can be found in Munjiza [70], Mahabadi [61], Mahabadi et al.
[62], Mahabadi et al. [63], Lisjak et al. [58], etc.
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In DEM models, different approaches exist for representing the
grains/blocks and their respective contacts. Particle Flow Code Grain-
based models (PFC-GBMs) use a combination of bonded circular/
spherical particles [81] in the grains and smooth-joints [65] along the
grain contacts. Alternatively, polygonal or triangular GBMs, popularly
known as Bonded-Block Models (BBMs), employ a continuum mesh
within the blocks and a Coulomb-slip model for the block contacts [51].
As pointed out by Gao et al. [39], PFC-GBMs have a high intrinsic
porosity due to the spherical shape of the particles and it is difficult to
model low porosity rocks with this approach. BBMs, on the other hand,
have a highly interlocked block structure and as such do not suffer from
the porosity issue. While both these approaches are capable of realis-
tically replicating the rock fracturing process (e.g. [54,35,98,105] etc.),
this study will focus only on the BBM approach.

A BBM developed to mimic a multi-minerallic rock should ideally
incorporate all sources of micro-structural heterogeneity discussed
above. Yet previous BBM studies have adopted some major simplifica-
tions that neglect one or more sources of heterogeneity. For example,
Ghazvinian et al. [45] employed a homogenous block model (uniform
block and contact properties) to reproduce the Unconfined Compressive
Strength (UCS), Young’s modulus (E) and Poisson’s ratio (ν) of Lac du
Bonnet granite. The same rock was simulated using a mineralogically
heterogeneous BBM (4 mineral block types and 10 contact types) by
Farahmand and Diederichs [35], and that model was able to reproduce
UCS, E, ν, triaxial strengths, and pre-peak cracking thresholds (Crack
Initiation and Crack Damage thresholds). It is apparent that the BBM in
Farahmand and Diederichs [35] was more complex and accordingly
could reproduce more macroscopic rock attributes/properties (as re-
corded in the laboratory) than those in Ghazvinian et al. [45]. Since
each of the previous BBM studies have employed a single model setup
and demonstrated match to certain rock attributes, the relationship
between model complexity and its ability or inability to capture other
aspects of rock mechanical behavior is not well understood.

In this study, we attempt to identify the degrees of model com-
plexity that are necessary to replicate a variety of rock behaviors. To
this end, a large suite of laboratory-derived mechanical properties for a
granitic rock were identified, and attempts were made to replicate as
many of these properties (referred to as calibration targets herein) as
possible using different model representations. The model results pre-
sented were calculated using input parameters that were obtained
through an iterative manual back-analysis process.

2. Review of pertinent literature

The grain-based modeling approaches only started to receive at-
tention in the last decade, as means to overcome the drawbacks of the
Bonded Particle Method (BPM). BPM was developed by Cundall and
Strack [22], Potyondy et al. [79], Diederichs [24] and Potyondy and
Cundall [81] and is the precursor to most of the micromechanical
modeling techniques available today. In BPM, a material is represented
by an assemblage of circular discs or spheres that interact via parallel
bonds and linear contact laws. Since its introduction, a number of
limitations were identified in BPM [18] and modifications were pro-
posed to overcome these limitations [81,18,80,83,28]. Most of these
modifications identified the lack of particle-particle interlocking in
BPM and tried to overcome them by fusing neighboring spheres/discs.

The polygonal grain-based modeling approach, typically applied
using Voronoi Tessellations, attempts to better represent the geometric
characteristics of polycrystalline rocks, and as such does not suffer from
the lack of particle interlocking [45,67]. As described in Section 1,
there are two popular ways of defining the polygonal grains: PFC-GBM
and BBM. PFC-GBM, as the name suggests, is typically built using the
Itasca software PFC2D or PFC3D. BBM, on the other hand, operates
using the UDEC or 3DEC software.

The block zones in BBM can be assigned either an elastic or an inelastic
constitutive model; if inelastic, then appropriate strength parameters like

cohesion, friction angle, tensile strength have to be defined. The ‘contacts’
between neighboring blocks operate per the Coulomb slip model and are
characterized by deformational (stiffness) and strength (cohesion, friction
angle and tensile strength) parameters. Since its emergence, the 2-di-
mensional UDEC-BBM has been widely used to study micro-fracturing in
rocks [19,54,38,33,35,72,15,91,39,75,56,6,85,57], scale effects in rocks
[73,89], damage around tunnels and underground excavations
[20,38,84,8], spalling in rock pillars [82,85], etc. Similar studies have
been conducted using its 3-dimensional counterpart, i.e. 3DEC-BBM (e.g.,
[45,42,43,98,99]).

In BBM, the individual blocks typically are either polygons with four
or more sides (Voronoi) or triangles (Trigon). The Voronoi blocks are
more representative of the petrographic characteristics of crystalline
rocks, but there has been some success in modeling granites using
Trigons as well [38,39]. A key issue with the use of Trigons is the re-
sulting predisposition towards shear fracturing due to the availability of
linear failure pathways [45,67,85]. As we move towards broader ap-
plication of BBM, there are concerns that Trigon BBM may not have the
capability to properly represent volumetric deformation even when
strength is accurately captured [86]. It follows that Voronoi BBM, be-
cause of its interlocking capabilities, might be better suited for studying
the deformation and damage in brittle geomaterials.

Although Voronoi BBM has shown promise in various domains of
rock engineering, the focus of this study is on laboratory-scale modeling
efforts. As indicated above, there have been a large number of attempts
to model the progressive fracturing process in rocks under compression.
When considering such prior works (see summary Table 1), it is inter-
esting to note the various representations of zones, blocks and contacts
that have been employed historically to model the same rock type. For
example, Lac du Bonnet granite was modeled using homogenous, elastic
BBMs by Ghazvinian et al. [45], homogenous, inelastic BBMs by
Noorani and Cai [72] and heterogeneous (blocks and contacts) elastic
BBMs by Lan et al. [54], Nicksiar and Martin [71], Chen and Konietzky
[15], Farahmand and Diederichs [35] and Park et al. [75]. Within this
latter category (homogenous, elastic BBM), two different contact re-
presentations were used: Lan et al. [54], Nicksiar and Martin [71] and
Park et al. [75] assigned different stiffness values to contacts based on
the pairs of bounding mineral blocks, but assigned the same strength
parameters to all the contacts. Farahmand and Diederichs [35] and
Chen and Konietzky [15], on the other hand, assigned different stiff-
nesses as well as strength properties to each group of contacts. Clearly,
the BBMs in Farahmand and Diederichs [35] and Chen and Konietzky
[15] are more complex than those in Lan et al. [54], Nicksiar and
Martin [71] and Park et al. [75], in the sense that there are more input
parameters in their models. It is also evident from Table 1 that as the
models became more complex, a larger number of calibration targets
could be matched. To better understand the relationship between BBM
representation and its capabilities, this study selects granitic rock as a
starting point, since granite is the most widely modeled rock type using
BBM.

Laboratory-scale BBMs are, like all models, an approximation of
reality – the question is what level of approximation (or conversely,
model complexity) is acceptable for a particular problem in hand? To
answer this question and lay the groundwork for BBMs developed as a
part of this study, results from previous BBM studies have been ex-
amined. Before delving deeper into the BBM literature, a quick over-
view of the progressive rock-damage process is presented [64]:

(1) Under compression, rocks initially behave in a non-linear fashion
due to closure of pre-existing cracks.

(2) This is followed by a linear response where the rock behaves as a
fully elastic material.

(3) At around 30–50% of the peak strength, micro-cracks orientated
sub-parallel or parallel to the direction of major principal stress
starts forming randomly within the volume of the specimen. This
stress level is termed as the Crack Initiation (CI) threshold.
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(4) As loading continues, micro-cracks start to interact and coalesce at
around 70–90% of the peak strength. This is called the Crack
Damage (CD) threshold and marks the yield point of the rock.

(5) Microcracks continue to coalesce and grow until a macroscopic
shear plane is formed across the specimen. This is followed by a
rapid drop in axial load. A homogenous BBM with rigid blocks is the
simplest model representation with the least number of input
parameters. Such models neglect grain deformation and have been
used under the pretext that mineral blocks are stiffer than the block
contacts and so their deformability can be neglected [52]. Wang
and Cai [99], in a recent study, showed that BBM with rigid blocks
perform in a similar manner to elastic block models. With that in
mind and noting the phenomenological similarity between rigid
blocks and elastic blocks with high modulus, the rigid block re-
presentation was not considered explicitly in this study.

The homogenous, elastic BBM has been successfully used to re-
plicate the elastic constants (E and ν), UCS, triaxial strengths and tensile
strengths (σt) of various granites (UDEC-BBM: [89]; 3D-BBM: [45,99]),
sandstones [6] and marbles [73]. Interestingly, the only studies that
report matching CI and CD are Ghazvinian et al. [45] and Wang and Cai
[99], and both these studies were conducted in 3D.

From a mechanistic perspective, elastic blocks imply unbreakable
mineral grains, meaning that these models should be capable of simu-
lating conditions where damage occurs predominantly via grain
boundary fracturing (i.e. inter-granular) rather than via intact grain
damage (i.e. intra-granular or trans-granular). Previous fundamental
studies on rocks have found micro-fracturing to initiate at grain-
boundaries under unconfined and low confinement conditions, with the
density of intra-granular fractures increasing with confining stress
[88,90,100,53,32,46,60]. The change in mode of fracture formation
with confinement is also generally consistent with recent GBM studies
[49,76,1]. Note that for the purposes of this study, the terms ‘intra-
granular’ (existing within a grain; [53] and ‘transgranular’ (crossing
multiple grains; [53]are not differentiated because of the difficulty of
identifying them in BBM; instead, the umbrella term ‘intra-granular
cracks’ is used throughout.

It follows that elastic homogenous BBMs should be capable of re-
presenting the peak strengths under unconfined and low-confinement
conditions only. This is confirmed by the fact that former BBM studies
considering granites have either not reported triaxial simulation results
(e.g. [45]) or performed calibration for a limited range of confinement
(e.g. 0–10% UCS). Additionally, the strength envelopes were almost
perfectly linear, implying that models ran at higher confinements
would likely lead to peak strengths larger than expected in reality.

Noorani and Cai [72] modified the zone constitutive model to
strain-softening type, with the goal of capturing the combined effect of
grain boundary and intra-granular fracturing in BBM. The use of a
softening constitutive model allows the zones to deform inelastically
upon yield, which is phenomenologically equivalent to grain damage.
This approach was shown to be capable of capturing the UCS, tensile
strength, triaxial strengths up to σ3 = 30% UCS, CD under unconfined
conditions, and the general phenomenon of reduced dilatancy at higher
confinement. However, due to the homogenous nature of the specimen,
it is likely that the unconfined and confined CIs (these values were not
reported in the study) and the confined CDs were not replicated in these
models.

With respect to the representation of the intra-granular fracturing
process, a sub-tessellation approach was demonstrated by Gao et al.
[39] and Wang and Cai [98]. In that approach, each mineral block was
further split into sub-blocks, and grain damage was represented by
cracking along the sub-block contacts. Such an approach is appealing,
since it allows for explicit simulation of intragranular fracturing. This
approach does have two major limitations, however: (1) Creation of
sub-blocks increases the computational demands and model runtime
drastically; (2) A small number of sub-blocks (5–6) enforces kinematic

constraints on where fractures can develop within a particular block.
Accordingly, where it is not computationally feasible to generate a large
number of sub-blocks (see [1]), a potential alternative is to utilize
continuum zones with an inelastic constitutive model to approximate
intragranular damage.

The introduction of different mineral blocks and contacts are means
of incorporating stiffness heterogeneity within BBMs. Dey and Wang
[23] have shown that the stiffer mineral at a welded contact experi-
ences additional boundary traction when an external stress is applied to
the system. If these stresses exceed the local tensile strength at the
contact, new grain boundary cracks form. In BBM, since it is not pos-
sible to include microscopic flaws (cavities, pores) at grain-boundaries,
initiation of microcracking is governed mainly by grain movements
(translation and rotation; [45]) and elastic property mismatch. While
the contribution of elastic property mismatch towards generation of
local tensile stress is negligible in homogenous BBMs, the effect is
pronounced in heterogeneous BBMs. Accordingly, most of the hetero-
geneous BBM studies in the literature have been able to match the
unconfined CI threshold [54,71,75]. [35] went a step further by de-
monstrating that heterogeneous, elastic BBMs can capture CI under
confined conditions as well.

With respect to peak strength in heterogeneous models, Lan et al.
[54], Nicksiar and Martin [71], Chen and Konietzky [15] and Park et al.
[75] only report calibration under unconfined conditions, whereas,
Farahmand and Diederichs [35] and Chen et al. [17] show triaxial re-
sults up to σ3 = 10% UCS. The strength envelopes were linear because
of the elastic nature of the blocks. From the literature survey, it was not
possible to identify the relative benefits of assigning different strength
properties to only the block contacts, as the studies employing the
homogenous contact strength simplification (e.g., Lan et al. [54,75])
did not report triaxial simulation results.

A peculiar behavioral aspect of elastic BBMs is the notable pre-peak
hardening after yield under confined loading [35,17,6,57,99]. In a real
rock, grain boundary fractures connect via intra-granular fractures,
resulting in shorter pre-peak hardening phases. In absence of such grain
fracturing capabilities, a longer fracture path along the blocks contacts
has to be followed in elastic BBMs that ultimately result in an extended
hardening phase. This drawback can be overcome if the zones within
the blocks are allowed to yield and soften [99,87,86].

A review of literature has provided some insight into the strengths
and limitations of the different model representations in BBM and has
also helped identify research questions that remain unanswered to date.
A key problem with drawing conclusions on the basis of the previous
studies is the lack of similitude in their methodologies (e.g. loading
mechanism, boundary conditions, 2D vs 3D, different rocks and cali-
bration targets), and the absence of any discussions pertaining to the
inabilities of the respective BBMs. To allow for a more quantitative
comparison and to accomplish the ultimate goal of determining the
optimum level of model complexity for various applications, a granite
and its associated geomechanical parameters were selected, and at-
tempts were made to reproduce as many attributes as possible with the
various BBM representations.

3. Laboratory data

The rock selected for this study is from the 7910 ft (2.4 km) level of
Creighton mine located in Sudbury, Canada. The mineralogical com-
position of the footwall rocks collectively referred to as “Creighton
Granite” varies, but they are all treated as a single geomechanical unit
[93]. The average petrographic composition is approximately 30%
Quartz, 55% Na-Feldspar and 15% Biotite [87,86]. The mineral grains
are highly irregular in shape with an average size of 2.25 mm [87,86].

Uniaxial and triaxial (0–60 MPa confinement) compression tests as
well as Brazilian tensile tests were conducted on Creighton Granite
samples in the CANMET Natural Resource Laboratory in Ottawa,
Canada and the results were previously analyzed by Walton [93]. The
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average UCS is 203 MPa and the average direct tensile strength (esti-
mated by applying a correction factor to indirect Brazilian tensile
strength data per the findings of Perras and Diederichs [78] is 9 MPa.
The high UCS/ t ratio (23) is an indication of the brittle nature of the
rock, and reflects the high spalling potential for the rock [26]. The
Hoek-Brown (HB) failure envelope was fitted to the dataset following
the guidelines of Hoek and Brown [48] to obtain an mi of 20.9 [93]. The
peak strengths and some representative laboratory stress-strain curves
are shown in Fig. 1a and b. For each test, the axial and the lateral strains
were recorded in real time to allow for the characterization of CI, CD
and volume changes in the specimens; although Walton [93] did not
previously report CI and CD values for Creighton Granite, they were
estimated for this study as described below.

CD is commonly accepted as the long-term strength of the rock and
is defined as the point of non-linearity in the axial stress-axial strain
curve [64,26,27]. CD can also be identified as the point of volumetric
strain curve reversal (only for unconfined conditions; [25]) or by
monitoring acoustic emissions from the rock specimen [29]. Since no
acoustic data was available for Creighton granite, CD was determined
from the axial stress-strain curve based on the point of onset of tangent
modulus decrease [25,95,97] and is shown in Fig. 1c. The mean un-
confined CD is 128.7 MPa, which is only 63% of the mean UCS. This
value is closer to the lower limit of CD thresholds typically observed in
granitic rocks [11,107,103,77].

The CI threshold marks the onset of extensile microcracking in the
rock specimen and is identified as the point of crack-volumetric strain

reversal [64,97,77] or non-linearity in the axial strain-lateral strain
curve [44]. The calculation of crack volumetric strain is dependent on
the elastic constants (i.e. Young’s Modulus and Poisson’s ratio), and is
particularly sensitive to changes in Poisson’s ratio [29]. Most of the
axial stress – lateral strain curves for Creighton granite exhibited
marked non-linearity from the beginning of each test (likely due to
crack-closure). The behavior was more pronounced in the confined test
curves, which made it difficult to reliably estimate a Poisson’s ratio.

As an alternative, the Inverse Tangent Lateral Stiffness (ITLS)
method [44] was used to determine the CI thresholds. The advantage of
this approach is that it relies solely on the shape of the axial stress-
lateral strain curve for identifying the CI. The inverse tangent lateral
stiffness can be calculated using the following equation [44]:

=l
l

1 (1)

where = =+ i( 1, 2, 3 )i i1 8 8 and i is the ith axial stress data-
point, = =+ i( 1, 2, 3 )l li li8 8 and li is the ith lateral strain da-
tapoint.

The recommended bin size of 16 can be modified depending on the
resolution of test data. In this study, the bin size of 16 was employed
following a moving average analysis to reduce the noise in the ITLS
values. Fig. 2a shows one such graph from a UCS test plotted against 1.
The point where the ITLS starts to deviate from linearity (marked by a
green circle in Fig. 2a) is CI. The CI thresholds determined using the
ITLS approach are shown in Fig. 2b, along with the best-fit line.

Fig. 1. (a) Peak strengths [93], (b) Two laboratory stress-strain curves for each level of confinement (one solid and one dashed) and, (c) Crack Damage thresholds.
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Interestingly, the coefficient of the confinement term in the CI
equation is 2.77, which is nearly double what Diederichs [25] obtained
( = +90 1.41 3) through back-analysis of in-situ damage observations
at the Creighton mine. Walton and Diederichs [96] also found a con-
stant deviatoric CI threshold to reasonably replicate the damage evo-
lution in a pillar at Creighton mine. On the contrary, this study as well
as those by Chang and Lee [14] and Peng et al. [77] have obtained a
much higher confinement dependency from laboratory tests on gran-
ites. The exact cause for this disconnect between laboratory data and in-
situ observations is not well understood and is a topic for future re-
search. One possible reason could be the generation of Hoop stresses in
the specimen that delays the onset of stable cracking [26]. This ratio-
nale, however, does not conform with the assertion that CI is a material-
specific stress threshold and as such should be unaffected by boundary
conditions and testing geometries [26,27].

With respect to elastic properties, Walton [93] noted a modest
confinement dependency of the Young’s modulus, with average values
ranging from 52.7 GPa (for UCS) to 79.7 GPa (for σ3 = 60 MPa). This
variability was explained as an effect of pre-damage caused by stress
relaxation as the core samples were being extracted. The upper limit of
the modulus is therefore most likely to be indicative of the intact in-situ
rock behavior. However, since the specimens tested in laboratory were
already pre-damaged, and recalling that BBMs are zero porosity systems
with no simple method to incorporate open cracks, for the purposes of
comparison with BBM models, we will use the mean Young’s modulus
across the range of confining stresses considered. Arzúa et al. [5] and
Walton et al. [95] suggested that in brittle rocks, the confinement de-
pendency of elastic modulus can be mathematically represented by a
logarithmic function that transitions to a linear function below a certain
confinement (see Eq. (2)).
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where Eo is the mean elastic modulus under unconfined condition, '

and o are fit parameters. Walton [93] reported the fit parameters for
Creighton granite to be 13.91 and 29.31, respectively. In order to ob-
tain a representative modulus value, Eq. (2) was integrated from

= 0 603 MPa and then divided by 60 MPa, which gave a value of 69
GPa. This value was considered as the calibration target for the BBMs.

The average Poisson’s ratio for Creighton granite was calculated to
be 0.26 (with a standard deviation of ~0.03). Walton and Diederichs

[96] had previously reported a Poisson’s ratio of 0.1 for Creighton
granite. The discrepancy in the values is attributed to the methodolo-
gies opted in the two studies – Walton and Diederichs [96] selected the
stress range for calculating the Poisson’s ratio from the initial linear
section of the axial stress – lateral strain curve while here we chose the
stress range from the linear section of the axial stress – axial strain
curve per ISRM guidelines [12,34]. It is not clear which of the two
techniques provides a better estimate of Poisson’s ratio, given that the
initial linear section of axial stress – lateral strain curve includes some
degree of crack closure in axial strain while the linear section of the
axial stress – axial strain curve often exceeds the CI threshold of the
rock. In other words, the stress range in which the rock behaves in an
elastic manner sometimes do not concur in the axial strain and lateral
strain space.

4. Model setup and description

The applicability of BBMs for simulation of brittle damage in
Creighton granite was tested through a series of simulated Brazilian,
UCS and triaxial tests in the explicit distinct element software UDEC.
Fig. 3 shows the geometry of the Brazilian and UCS / triaxial model
setup. The Brazilian sample is 55 mm in diameter and was loaded
through two steel platens on either side. The UCS / triaxial sample is
120 mm in height and 55 mm in width, and was loaded via a constant
velocity boundary along the model top. In both sets of models, the
bottom was restrained by roller boundaries. The laboratory stress-strain
curves had controlled post-peak behavior that implies that the loading
system was very stiff; as a result, no platens were included in the UCS /
triaxial models, which effectively simulates an infinitely stiff loading
system. The lack of any lateral constraints or platen friction on the
specimen ends simulates a frictionless platen condition; with that said,
previous studies have found the effect of platen friction on test results
for slender specimen geometries (length/width ≥ 2) to be negligible
[68,47,40].

In the triaxial simulations, the hydrostatic stress was first applied to
the specimen, followed by the application of deviatoric loading. The
loading velocity was 0.005 m/sec for the Brazilian test and 0.01 m/sec
for the UCS / triaxial models. Although these values are large in com-
parison to the typical loading rates in laboratory tests, the time step
itself is extremely small in UDEC [51]. This means that a large number
of solution steps are required for displacing the boundaries by unit
distance. The velocities chosen are small enough to mimic a pseudo-
static loading condition and are consistent with those used by Kazerani
and Zhao [52], Fabjan et al. [33] and Starvou and Murphy [89]. Also,

Fig. 2. (a) Inverse Tangent Lateral Stiffness (ITLS) method for identifying CI demonstrated for unconfined test data, (b) Crack Initiation threshold determined using
the ITLS method.
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the default ‘Local’ damping mode in UDEC was employed in all the
models in this study [51].

Many previous studies (e.g., [91,56,75]) have incorporated true
grain morphologies derived from SEM or digital image processing
techniques [57] in grain-based models. As pointed out by Wang and Cai
[98], BBMs with block structures that are statistically similar to the
actual grain size distribution of the target rock unit are often compu-
tationally intensive and impractical for calibration. At a minimum,
however, the average block size should be close to the mean grain size
of the rock. Given that this study encompasses a large number of model
calibrations and that the geomechanical attributes correspond to rocks
with slightly different petrographic characteristics, no attempt was
made to incorporate the ‘true’ grain size distribution in the BBMs. In-
stead, a block edge length of 2 mm was selected that gave an equivalent
average block diameter of 2.25 mm [87,86]. The blocks were then
segregated into three mineral classes using a randomization scheme.
This resulted in areal mineral proportions of 15.0%, 29.9% and 55.1%
for Biotite, Quartz and Plagioclase, respectively. Note that the built-in
Voronoi generator in UDEC tends to create a near-uniform grain size
distribution [55]. Even with a very low value of ‘iteration’, elongated
blocks for Biotite minerals could not be created; therefore, the blocks in
the model do not truly represent mineral grains.

In UDEC, a block can be defined as rigid or deformable; if deform-
able, the blocks are discretized using constant strain triangular zones
[51]. The zones can be set to behave elastically or inelastically, de-
pending on the constitutive model assigned to them. For this study, the
ratio of block to zone edge length was chosen to be 2, based on the
recommendation of Fabjan et al. [33]. In addition to the zone strength
properties, a complete BBM description includes zone elastic properties
and contact properties. The input properties could either be uniform
across the entire model (termed as homogenous) or different for dif-
ferent mineral blocks and their respective contacts (termed as hetero-
geneous). Incorporation of block/contact heterogeneity and/or zone
inelasticity increases the number of input parameters and thereby
amplifies the non-uniqueness issue in BBMs. From a mechanistic
standpoint, however, the added complexities may be necessary to
capture some well documented aspects of the rock failure behavior.
When model complexity is increased, it is of course necessary to

increase the number of macroscopic calibration targets as the number
of input parameters increases.

To comprehend the relative benefits of increasing model com-
plexity, the following combinations were tested: (a) Elastic zone with
homogenous blocks and contacts, (b) Inelastic zones with homogenous
blocks and contacts, (c) Elastic zones with heterogeneous blocks and
contacts, and, (d) Inelastic zones with heterogeneous blocks and con-
tacts. Results from one supplementary case are also presented in addi-
tion to those listed above: elastic zones with heterogeneous blocks but
homogenous contacts. The rationale behind opting for a slightly simpler
representation with respect to those in Lan et al. [54], Nicksiar and
Martin [71] and Park et al. [75] was to isolate the effect of block het-
erogeneity.

For each level of model complexity, the BBM input parameters were
adjusted to match as many laboratory-derived attributes as possible.
The calibration methodology is similar to those in Ghazvinian et al.
[45], Farahmand and Diederichs [35] and Wang and Cai [99], and is
briefly described below:

(a) For the homogenous models, elastic constants (E and v) for the
zones were set to 75 GPa and 0.25, respectively. The emergent spe-
cimen-scale Young’s modulus is known to depend on the contact normal
(jkn) and shear (jks) stiffness, while the Poisson’s ratio is related to their
ratio [52,45]. In order to simplify the calibration process, the ratio was
set to 1.5 (within the range prescribed by Fabjan et al. [33] and iden-
tical to that used by Farahmand and Diederichs [35]) and the jkn was
varied until the Young’s modulus and Poisson’s ratio matched those
reported in Section 2. For the heterogeneous models, a similar approach
was taken, with the exception that the blocks were assigned values of E
and v from Bass [9] based on their mineral composition (see Table 2).
Each mineral block type or mineral-mineral contact type had consistent
properties across the entire model (i.e. no randomized distribution was
considered within a mineral or mineral-mineral contact type).

(b) The CI threshold and the Brazilian tensile strength are largely
dependent on the tensile strength of the block contacts [52,33,98]. The
contact strength was varied until a reasonable match with CI and tensile
strength values was attained.

(c) The contact cohesions and friction angles affect the CD, mac-
roscopic cohesion and friction angle, and, consequently the unconfined

Fig. 3. Brazilian and Uniaxial / triaxial model setup (after [87,86]).
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and confined peak strengths. Based on parametric studies conducted as
a part of the calibration process, it was found that the contact cohesion
had a greater impact on the sample cohesion, while the contact friction
significantly affected the sample friction angle. These findings are
consistent with those of Wang and Cai [98]. A best-fit combination of
friction angle and cohesion was ultimately chosen from the parametric
study.

(d) To simplify the calibration of the contact properties in the het-
erogeneous models, the properties from Farahmand and Diederichs
[35] were selected as a baseline, followed by systematic modifications.
Some rules were followed during the manual back-analysis process: (i)
Quartz-Quartz (QQ) contacts were assigned higher strength properties
than Plagioclase-Plagioclase (PP) contacts, followed by Biotite-Biotite
(BB). All bi-minerallic contacts were assigned lower strengths, with QB
and PB lower than QP due to the softer biotite association. (ii) The
residual contact friction angle was kept constant at 5°, as an increase in
residual contact friction angle over 10° resulted in very high triaxial test
peak strengths. (iii) The residual cohesion and tensile strength for all
contacts were zero.

(e) In the inelastic models, the calibrated contact properties from
their elastic counterparts were used as an initial set of parameters.
Iterative modifications to the contact and zone strength parameters
were ultimately required in order to match the peak strengths for all
confining stresses. Typically, the inelastic properties had a minimal
effect on the model behavior at low confinement, but their influence
increased at higher confinements.

The best parameter set reported for each model type is based on two
assumptions. First, if during model calibration, a particular type of
model (or complexity level) was found incapable of reproducing all the
laboratory-derived attributes, then a logical subset was chosen based on
an understanding of the rock damage process. For example, the
homogenous, elastic model could not simultaneously capture the peak
strengths under low and high confinement. Since elastic blocks neglect
any grain damage and given that intra-granular fracturing is an im-
portant failure mechanism under high confinements, we chose to re-
plicate the unconfined and low-confinement attributes while allowing
disagreement with the high confinement attributes. Secondly, the entire
calibration was performed using a single block geometry. The effect of
block arrangement on the model results is beyond the scope of this
study.

CI and CD in BBMs are commonly identified as the points of tensile
crack and shear crack acceleration, respectively [45,71,35]. A review of
existing literature revealed that there is no standardized method for
selecting such acceleration points. To develop a method that can be
used to identify the CI and CD from the crack curves consistently, the %
of tensile and shear cracks normalized to the total number of tensile and
shear cracks at the onset of residual strength was compared to the CI
and CD determined from the ITLS and non-linearity of the axial stress-
strain curves in the models, respectively. The purpose of normalizing to
the total number of cracks at residual stress level rather than to the total
number of contacts was to amplify any change in slope in the crack
curves. An example of the normalized tensile and shear crack curves for
the heterogeneous, inelastic model is shown in Fig. 4.

Interestingly, the CI from the ITLS and the CD from the non-linearity
of the BBM axial stress-strain curves coincided with the point of

intersection of the two initial linear segments of the tensile and shear
crack curves. The linear segments and point of intersections are shown
with black broken lines and red circles in Fig. 4. Since the same trend
was observed in all the model types, this methodology was selected for
determining CI and CD in this study.

In the UCS and triaxial models, the stresses were calculated as a sum
of reaction forces along the top edge of the model, divided by the
specimen width. To ensure that the models were at a pseudo-static
condition, average vertical zone stresses in three domains that are
40 mm high and 55 mm wide and spanning from the model bottom to
the top were also tracked during the simulations and care was taken to
ensure that these three curves coincided with the stress determined
from the reaction forces. Vertical and lateral strains were computed
based on the location of all gridpoints and 11 pairs of gridpoints along
the shorter and longer edges of the model, respectively. In the BTS
model, the sum of reaction forces (P) along the top of the platen was
converted into tensile stress per the equation = P Dt2 /t , where D is
the diameter and t is the thickness of the model (1 unit here). All
monitoring was done using user-defined FISH functions executed once
every 1000 solution steps.

Rocks loaded under confined conditions show reduced dilatancy
due to suppression of brittle extensile fractures. This phenomenon has
been qualitatively explored in previous BBM studies using volumetric
strain plots [72,35,57]. An alternative approach, based on the de-
termination of peak dilation angles, is employed here which allows for a
more quantitative comparison with the laboratory data. A brief de-
scription of the approach is presented below. More details can be found
in Walton and Diederichs [94].

The macroscopic dilatancy of a specimen can be expressed in terms
of the dilation angle ( ) and is related to the maximum ( )p

1 and
minimum ( )p

3 strain increments as [92]:

= +sin( ) 2
2

p p

p p
1 3

3 1 (3)

Several studies [2,106,94]have found the dilation angle to be a
function of plastic shear strain ( p) and confining stress ( 3). The plastic
shear strain parameter quantifies damage to a rock specimen and can be
determined from internal variables as:

=p p p
1 3 (4)

where p
1 and p

3 are maximum and minimum inelastic strains, respec-
tively. Determination of the instantaneous dilation angle require esti-
mation of the axial and lateral (or maximum and minimum) plastic
strain increments. Walton and Diederichs [94] developed a new ap-
proach (Eqs. (5) and (6)) that uses the concepts of elasticity theory and
the definition of CI and CD in Diederichs and Martin [27] for calcu-
lating these quantities. The equations essentially subtract the elastic
component of the total strain, along with axial plastic and lateral plastic
strains at CD and CI, to obtain p

1 and p
3 respectively.

= CD
E

p
CD1 1 1( )

1
(5)

= + CI
E

p
CI3 3 3( )

1
(6)

Lastly, to satisfy the condition of yield at CD, i.e. = 0p , the plastic
shear strain obtained from Eq. (4) needs to be shifted by CD

p . The
maximum value of instantaneous dilation angle is the peak dilation
angle for each specimen. The peak dilation angles for 10 MPa, 20 MPa,
40 MPa and 60 MPa BBMs, normalized to the peak dilation angle for
UCS, were ultimately determined and compared to the corresponding
values from laboratory testing. To provide for a better understanding of
how the volumetric characteristics of the models evolve with loading,
volumetric strain – axial strain curves have also been presented for all
the model cases.

Table 2
Elastic modulus, Poisson’s ratio and density of common minerals in granite
(from [9]).

Mineral Young’s Modulus (GPa) Poisson’s Ratio (ν) Density (g/cc)

Quartz 94.5 0.08 2.65
Plagioclase 88.1 0.26 2.63a

Biotite 33.8 0.36 3.05

a From Mavko et al. [66].
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5. Results

In this section, the results corresponding to best-fit parameter sets
are presented in order of increasing model complexity. Some alter-
native parameter combinations and their results are also discussed. The
parameters presented in any given section represent one of the many
similar parameter sets that fit the laboratory data equally well. During
the model calibration stage, we found that typically a range for each
parameter rather than a unique parameter set is obtained from back-
analysis. While the values reported here are chosen from the middle of
this range, selection of other similar parameter combinations would not
have affected the conclusions of this study.

5.1. Homogenous, elastic BBM

Fig. 5(a–d) shows the model-predicted stress-strain curves for UCS
and triaxial simulations, peak strengths, CI and CD, respectively. The
corresponding input parameters are listed in Table 3. Elastic BBMs are
known to exhibit prolonged pre-peak hardening under confinement
[89,6,99], and such a behavior was observed in the models. Following
the onset of yield (axial strain non-linearity), the model behaved in a
brittle fashion only for the UCS condition. The actual stress-strain
curves for Creighton granite were brittle even under a confining stress
of 60 MPa. Clearly, the macroscopic behavior of the BBM is inconsistent
with that of the real rock.

In spite of the unrealistic hardening in the stress-strain curve, the
peak strengths up to σ3 = 20 MPa matched the laboratory data.
Interestingly enough, this range of confinement, i.e. 0–10% UCS, lines
up perfectly with the previous attempts to capture triaxial strengths
using homogenous, elastic BBMs [89]. For σ3 = 40 MPa and
σ3 = 60 MPa, the peak strengths are significantly overestimated and
this can be explained by the lack of grain-fracturing capabilities in these
models. For the Brazilian test, the corrected tensile strength was
8.6 MPa, which is only 0.4 MPa less than the average tensile strength of
Creighton granite.

Fracture initiation in homogenous BBMs is governed largely by
point loads (wedging) generated during grain translation and rotation.
Since the block structure is compact, a considerable amount of axial
straining is required to generate adequate tensile stress within the
model. Due to this, the onset of microfracturing is somewhat delayed.
As shown in Fig. 5c, the discrepancy between the model-predicted CI
and the laboratory data increases with an increase in confinement.
While the CI for the unconfined condition is within the range of la-
boratory data, further reduction was not possible without increasing the
data-model misfit in tensile strength. This is because CI is controlled

entirely by the contact tensile strength [52,33,98], which also happens
to affect the Brazilian tensile strength.

The CD values predicted by the BBM are close to the upper bound of
the laboratory data for σ3 = 0–20 MPa confinement and are clearly too
high in the 40 and 60 MPa triaxial models. The lack of pre-peak
hardening under unconfined conditions, manifesting in a larger CD
value, can also be observed in other UDEC-BBM studies [33,89]. In an
attempt to lower the CD for the UCS model, a separate sensitivity
analysis was conducted. It was found that instead of a softening-type
contact (i.e. simultaneous degradation of friction and cohesion upon
failure), a CWFS-type contact (cohesion degraded but friction mobilized
post failure) performed better in allowing greater pre-peak hardening
prior to failure. The softening-type and CWFS-type contacts are illu-
strated using schematic diagrams in the Appendix. In the “CWFS con-
tact” type model, the contact cohesion degraded from 100 MPa to
0 MPa and the friction mobilized from 0° to 52°. While this model type
could also capture the tensile strength fairly well (8.1 MPa), the triaxial
strengths were far too high (Fig. 5b). A similar contact representation
was used by Ghazvinian et al. [45]. In light of the current results and
the fact that Ghazvinian et al. [45] only performed calibration for un-
confined conditions, it can be concluded that a CWFS-type contact is
not suitable for simulating confined rock behavior.

In the softening contact-type model, the CI threshold crossed the CD
threshold around a confining stress of 20 MPa. When confining stresses
are high in BBMs, local tensile stresses are naturally suppressed, which
forces the micro-fractures to initiate in a shear mode. Only when the
blocks slide past one another and wedging is enhanced do the contacts
start to fail in tension. This sequence of microfracturing does not occur
in reality and highlights the role that stiffness heterogeneity plays in
inducing damage in rocks.

A CI threshold larger than CD threshold is physically not meaningful
and has not been reported in the literature for any crystalline rocks.
Since the definitions of CI and CD do not hold for these higher con-
finement BBMs, the peak dilation angle comparison is not presented.
Fig. 5e shows the volumetric strain-axial strain plot for the homogenous
elastic BBMs. The volumetric expansion as well as the rate of dilation
decreased noticeably with confinement. This is in keeping with how
rocks respond under compression [104,106,4] and is consistent with
other BBM studies as well [72,35,57].

5.2. Homogenous, inelastic BBM

Intra-granular fracturing can be implicitly modeled in UDEC-BBM
by allowing the zones to yield inelastically according to a strain-soft-
ening constitutive model. The abundance of such fractures in rocks

Fig. 4. Methodology for identifying (a) CI, and, (b) CD, from the normalized number of tensile and shear cracks in the model. These graphs correspond to the
heterogeneous, inelastic BBMs (Section 5.4).
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Fig. 5. (a) Stress-strain curves for 0–60 MPa confinement, (b) Model strengths for Base and ‘CWFS contact’ model in σ1–σ3 space. (c) CI Thresholds, (d) CD
Thresholds, and, (e) Volumetric strain versus axial strain.

Table 3
Input parameters for homogenous, elastic BBM.

Contact normal stiffness (j kn;
GPa/m)

Contact cohesion (j coh;
MPa)

Contact friction (j fric;
deg)

Contact residual cohesion (j
rcoh; MPa)

Contact residual friction (j
rfric; deg)

Contact tensile strength (j
tens; MPa)

230,000 66 43 0 35 17
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tested under confinement has been confirmed in the past using image
analysis techniques [69,88,90,46]. Despite its importance, the majority
of previous BBM studies have only considered elastic blocks in their
simulations.

The incorporation of an inelastic constitutive model in the zones
undoubtedly improves the phenomenological capability of the model
but it also increases the number of input parameters by a factor of two.
The additional (zone) parameters are the peak and residual cohesion,
peak and residual friction angle, peak and residual tensile strength,
dilation angle and the plastic strain over which the peak values are

degraded to their residual counterparts (assumed here to be identical
for all parameters). The zone strength parameters should lie within a
reasonable range as expected for actual mineral grains, although these
values are not directly measureable in laboratory and are neither well
constrained in literature. Hence, the input parameters reported are
based solely on the ability of the models to match the laboratory at-
tributes, with some intermediate reliability checks against the values
used by Noorani and Cai [72] and Wang and Cai [99].

Fig. 6(a–d) shows the stress-strain curves, peak strengths, CI and CD
from the best-fit model. The relevant input parameters are listed in

Fig. 6. (a) Stress-strain curves for 0–60 MPa confinement, (b) Model strengths in σ1–σ3 space. (c) CI Thresholds, and, (d) CD Thresholds, and (e) Volumetric strain
versus axial strain.
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Table 4. The most prominent difference with respect to elastic BBMs is
the absence of significant pre-peak hardening in the stress-strain curves
(Fig. 6a); a similar observation was made by Wang and Cai [99]. The
overall shape is fairly consistent with the laboratory curves for
Creighton granite. Surprisingly, the post-peak drop modulus values in
the σ3 = 40 MPa and σ3 = 60 MPa models were larger than the UCS,
10 MPa and 20 MPa models and this trend is not consistent with true
rock behavior [3,4,16]. The disagreement is likely related to the failure
being dominated by the inelastic damage of the zones rather than by
opening of block contacts.

A gradual increase in the post-peak drop modulus can also be ob-
served in the stress-strain curves of Wang and Cai [99]. Intuitively, if
the drop modulus is dependent on the rate of degradation of the zone
strength envelope, then a larger plastic shear strain lag should result in
a slower decay in stress. Increasing the ps indeed resulted in a lower
drop modulus, but it also increased the σ3 = 40 MPa and σ3 = 60 MPa
peak strengths significantly. The zone strength parameters could not be
lowered to counterbalance this strength rise, because it led to large
mismatch in the peak strengths for the UCS, σ3 = 10 MPa and
σ3 = 20 MPa models.

The calibrated BBM could capture the peak strengths for the entire
range of confining stress tested (Fig. 6b). For this set of parameters, the
tensile strength was 9.2 MPa. As can be seen in Fig. 6c, CI was over-
estimated for all the triaxial models. Under unconfined conditions, the
value was close to the upper limit of the laboratory data. Recalling that
the homogenous, elastic BBM also behaved in a similar fashion, it could
be inferred that homogenous models are not capable of capturing the
true pre-peak micro-damage process in its entirety. CI values were not
reported by Noorani and Cai [72] and were only reported for UCS
conditions by Wang and Cai [99].

The CD thresholds only approximately matched laboratory values in
the UCS, σ3 = 10 MPa and σ3 = 20 MPa models, but are overestimated
in the σ3 = 40 MPa and σ3 = 60 MPa models (Fig. 6d). The lack of pre-
peak hardening in the UCS model does not agree with the results from
Noorani and Cai [72], who reported a CD of 71% UCS. The key dif-
ference in model parameters that is believed to have caused this effect is
that Noorani and Cai [72] opted for the same zone tensile strength as
those of the block contacts (12.1 MPa), on the grounds that intra-
granular fracturing is prevalent in UCS and contributes to the large
dilation commonly seen in laboratory tests. The plot of yielded zones in
Noorani and Cai [72] further indicates that almost all zones in the
model had failed in tension. Although it is true that UCS tests on
granitic rocks typically involve large volumetric strains, there is no
evidence in literature that the damage is pervasive across the entire
volume of the specimen nor that the damage is dominantly intra-
granular in nature [32,60]. It is also counterintuitive for an intact mi-
neral grain to have the same tensile strength as that of a contact, as
contacts should be inherent points of weakness within the grain struc-
ture.

The distribution of damaged contacts in the triaxial models were
markedly localized. Part of the reason is that as the zones started to
contribute more towards the failure of the specimen, less contacts were
involved and block motions were arrested. The zones, because of their
continuum formulation, do not possess the same dilating capacity as the

block contacts. This also explains why the volumetric strain magnitudes
are lower than in the elastic models (compare Fig. 6e and Fig. 5e).

5.3. Heterogeneous, elastic BBM

The contribution of microstructural heterogeneity towards the
progressive damage in rocks has already been discussed. Based on the
results so far, one can understand that it is not possible to reproduce
tensile microcracking under confined conditions with a homogenous
block assumption. Farahmand and Diederichs [35] showed that CI
under unconfined and low confinement conditions can be realistically
captured using elastic, heterogeneous models. To ascertain whether
heterogeneous BBMs have the capability of predicting damage initia-
tion under even higher confinement, 3 sets of elastic properties, cor-
responding to Quartz, Plagioclase and Biotite mineral grains, were as-
signed to the block model. In addition to the elastic parameters
(Table 2), the models require 6 sets of contact properties. It is apparent
that the degree of non-uniqueness is much higher in these models, with
over 40 input parameters. Table 5 lists the final set of input parameters.
This set of model is termed as ‘Base’, and the associated results are
presented below.

Fig. 7(a–d; Base) shows the stress-strain curves, model strengths in
σ1–σ3 space, CI thresholds and CD thresholds, respectively. Similar to
the homogenous, elastic BBMs, the models exhibited enhanced strain
hardening prior to failure (Fig. 7a). The UCS and triaxial strengths up to
σ3 = 20 MPa are well captured, but the high confinement strengths are
over-estimated. The most prominent difference with respect to the
homogenous models is the ability to match the CI and CD for the entire
range of confining stress (Fig. 7c and d).

In order to better understand the effect of microstructural hetero-
geneity on stress localization in the unconfined models, the minor
principal stresses (σ3) were extracted from the elastic, homogenous and
elastic, heterogeneous BBMs at an average axial stress of 89 MPa, which
is the value of CI for the unconfined heterogeneous elastic BBM (see
Fig. 8). The goal is to compare the range of tensile stresses developed
within the two models at the same loading stage. As can be seen, much
larger tensile stresses localize within the heterogeneous model in
comparison to its homogenous counterpart. Tensile stresses over
~20 MPa are also highly localized in the model. The difference in the
extent of stress perturbation explains why the CI could be represented
in the unconfined and the triaxial models (similar reasoning), even
though the contact micro-tensile strengths assigned are much larger
than those in the homogenous BBMs.

Table 4
Input parameters for homogenous, inelastic BBM; ps is the plastic strain over which the parameters degraded from peak to residual values.

Contact properties Zone properties

j kn (GPa/m) j coh (MPa) j fric (deg) Cohesion (MPa) Friction angle (o) Tens strength (MPa)

Peak (cpeak) Residual (cres) Peak (ϕpeak) Residual (ϕres) Peak (σt,peak) Residual (σt,res)

230,000 65 50 100 30 55 30 38 0
j rfric (deg) j tens (MPa) j rtens &j rcoh ps Peak dilation angle (ψpeak – °) Residual dilation angle (ψpeak – °)
32.5 15 0 0.03 30 10

Table 5
Contact input parameters for heterogeneous, elastic BBM (Base).

Contacts j kn (GPa/m) j coh (MPa) j fric (deg.) j tens (MPa)

Q-Q 280,000 130 65 31
P-P 250,000 112 63 31
B-B 130,000 98 60 22
Q-P 230,000 90 60 24
Q-B 230,000 67 55 21
P-B 230,000 64 55 20
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It appears that the early initiation of micro-cracks eventually affects
its subsequent growth and interaction. A closer look at the crack de-
velopment modes revealed that even in the σ3 = 60 MPa model, tensile
cracks dominated up to slightly beyond the CD threshold. The abun-
dance of tensile cracks at advanced stages of loading indicates the
continued role that microstructural heterogeneity plays in controlling
the fracture evolution process.

After peak strength, all models exhibited instantaneous drops in the
axial stress before completely losing their load carrying capacity. The

post-peak drop modulus values are high and are not consistent with the
laboratory test data. A similar behavior can be noted in the stress-strain
curves from Chen et al. [17]. It seems that the lack of zone inelasticity is
responsible for the over-prediction of the σ3 = 40 MPa and
σ3 = 60 MPa strengths as well as the mismatch in the post-peak be-
havior.

The volumetric strains and the normalized peak dilation angles were
determined from the axial stress – strain and axial stress – lateral strain
curves (see Fig. 7e and f). The decreasing trend in the laboratory data in

Fig. 7. (a) Stress-strain curves for 0–60 MPa confinement, (b) Model strengths in σ1–σ3 space, (c) CI Thresholds, (d) CD Thresholds, (e) Volumetric strain – axial
strain, and, (f) Normalized peak dilation angle versus confinement plots for the ‘Base’ and ‘Homo contact’ models.
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Fig. 7f signifies a change in the mode of fracture formation from highly
dilatant extensile (axial) cracking to medium-low dilation shear (ob-
lique) cracking as noted by Walton and Diederichs [94]. This confine-
ment-dependent dilatancy phenomenon is well captured by the models.
The data-model discrepancy at higher confinements (Fig. 7f) can be
attributed to the lack of intra-grain damage (i.e. elastic zones) and the
greater ability of block contacts to dilate in comparison to the zones.

All of the aforementioned results correspond to BBMs that had
different stiffnesses and strengths assigned to the block contacts. There
is another contact representation in literature that is characterized by
different contact stiffnesses (i.e. jkn, jks) but similar contact strengths
[54,71,75]. This is a major simplification relative to the completely
heterogeneous model, and it reduces the number of input parameters
appreciably. From a mechanistic standpoint, the rationale for the use of
different stiffnesses yet similar strengths is somewhat ambiguous; one
would expect the strengths as well as the stiffnesses to be different for
different mineral contact associations. The assumption might be based
on the concept that different stiffnesses would induce different amounts
of stress at the contacts. If the same logic is followed, then one can
argue that elastic zone mismatch will generate enough stress hetero-
geneity and the use of uniform contact properties (strength and stiff-
ness) in a BBM might be a sufficient approximation for practical pur-
poses.

Surprisingly enough, when a homogenous contact BBM with
jkn = 22500 GPa/m, jkn/jks = 1.5, jcoh = 89 MPa, jfric = 57.5° and
jtens = 25 MPa (termed as ‘Homo contact’) was run, it was found to be

capable of reproducing all the laboratory attributes equally well
(Fig. 7). Only a slight discrepancy was noted between the CI predicted
by the Base and ‘Homo contact’ models at higher confinements. This
could be attributed either to the reduced phenomenological capability
of the ‘Homo contact’ models (i.e. no contact heterogeneity) or it could
be a limitation of the calibration process itself. In any case, it appears
that the consideration of elastic block heterogeneity is far more im-
portant than contact heterogeneity towards capturing the micro-da-
mage process.

5.4. Heterogeneous, inelastic model

Based on the results so far, two conclusions can be drawn: (1)
Microstructural stiffness heterogeneity is necessary for reproducing the
confined CI and CD; (2) Allowing intra-granular fracturing via zone
yield is critical to allow accurate representation of confined peak and
post-peak behavior. A BBM with both these characteristics should be
able to match all the laboratory derived attributes. The authors are
unaware of any previous studies that have considered block and contact
heterogeneity and zone inelasticity simultaneously. The reason is likely
the difficulty of calibrating complex models that have over 60 input
parameters to constrain. Here we matched 22 different laboratory at-
tributes (5 peak strengths, tensile strength, 2 elastic constants, 5 CIs, 5
CDs and 4 normalized dilation angle values) and qualitatively com-
pared the post-peak behavior with those from the laboratory. Although
there are many more model inputs than calibration targets (~3 times),
some of the model input parameters (E, ν of minerals) were either
constrained from literature or were not varied (residual friction angle,
cohesion and tensile strength of contacts, etc.). The total number of
parameters that were constrained was only 38, which lowers the ratio
of input parameters to calibration targets to 38/22 = 1.73. This value is
comparable to prior studies conducted using UDEC-BBM. Additionally,
even for parameters that were varied as part of the calibration process,
many could be bounded within a limited range of physically reasonable
values. For example, the friction angle and tensile strength for the
contacts was varied in the range of 40°-65° and 10–35 MPa, respectively
[15,35].

Given the approach adopted in this study (gradual increase in
complexity with intermediate calibration steps), it was possible to in-
tegrate both block and contact heterogeneity and zone inelasticity in a
BBM and constrain it with modest calibration efforts. Specifically, the
contact properties listed in Table 5 and the strain softening parameters
in Table 4 were selected as baselines and then modified systematically
until the calibration targets were met. In order to limit the degree of
model non-uniqueness, only one set of strain-softening zone parameters
was assigned to the entire model. The use of three sets of zone strain-
softening parameters for the three mineral types may be more physi-
cally accurate, but was not considered as the current set of models was
able to match all recorded attributes of Creighton Granite. Table 6 and
7 lists the best-fit input parameters.

The stress-strain curves obtained are relatively brittle, with modest
pre-peak hardening (Fig. 9a) and are generally consistent with the la-
boratory data. During the model calibration phase, it was found that a
high ps in the strain-softening model was required to obtain a con-
sistent reduction in post-peak modulus with confinement. This value is

Fig. 8. Distribution of confinement in model zones at σ1 = 89 MPa in (a)
heterogeneous, elastic model, and, (b) homogenous, elastic model.

Table 6
Contact input parameters for heterogeneous, inelastic BBM.

Contacts j kn (GPa/m) j coh (MPa) j fric (deg.) j tens (MPa)

Q-Q 280,000 105 63 28
P-P 250,000 95 61 27
B-B 130,000 80 58 20
Q-P 230,000 90 53 21
Q-B 230,000 60 51 18
P-B 230,000 60 51 18
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Table 7
Zone input parameters for heterogeneous, inelastic BBM.

Cohesion (MPa) Friction angle (deg) Tensile strength (MPa) Dilation angle (deg) ps

Peak (cpeak) Residual(cres) Peak (φpeak) Residual(ϕres) Peak (σt,peak) Residual(σt,res) Peak Residual 0.1

118.5 48.5 65 47.8 51.5 0 15 10

Fig. 9. (a) Stress-strain curves for 0–60 MPa confinement, (b) Model strengths in σ1- σ3 space. (c) CI Thresholds, (d) CD Thresholds, (e) Volumetric strain – axial
strain, and, (f) Normalized peak dilation angle versus confinement.
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much larger than those used by Noorani and Cai [72] and Wang and Cai
[99]; however, ps is a zone size-dependent parameter and a direct
comparison is therefore not possible. A large psimplies a slower drop
from the peak to the residual stress level and could be interpreted to
represent the progressive aggregation of micro-fractures within a zone-
sized region in a mineral grain before its strength is reduced.

Fig. 9b shows the peak strengths in σ1-σ3 space. To the best of our
knowledge, this is the first time that the non-linear trend of the strength
envelope has been clearly replicated using UDEC-BBM. The CI and CD
thresholds were also reproduced in these models (Fig. 9c and d). The
tensile strength was 8.8 MPa, which is only 0.2 MPa lower than the
average tensile strength of Creighton granite. Failure in the BTS spe-
cimen (also in the previous models) occurred through the formation of a
diametrical crack between the two platens. Once the peak tensile
strength was attained, the stress–strain curve dropped in a brittle
fashion. These results are similar to those reported by Farahmand and
Diederichs [35], Gao et al. [39] and Park et al. [75]. The trend of
normalized peak dilation angle as well as the volume change in the
specimen was also consistent with the laboratory data (Fig. 9e and f),
and highlights the well-calibrated nature of the BBM.

5.5. Crack types and zone yields in different BBMs

The percentages of damaged contacts and yielded zones at peak
strength for the different models are presented in Fig. 10. The contacts

have been further subdivided on the basis of whether they fractured in
shear or in tension. While it is possible to compare the number of intra-
granular and grain-boundary fractures in PFC-GBMs, a direct compar-
ison in this case is not physically meaningful. In PFC-GBM, the breakage
of one parallel bond at the disc contact can be correlated to one fracture
in real rock. In UDEC-BBM, the yield of one zone does not necessarily
relate to a single fracture; rather it relates to an aggregate of fractures,
and the number of fractures within this aggregate at an instant defines
the position of the zone strength envelope between the peak and the
residual. In other words, an increase in plastic shear strain implies a
physical increase in the concentration of intra-granular fractures. Since
this phenomenon is abstract and difficult to quantify, only the % of
yielded zones is reported in Fig. 10. The total number of zones and
contacts in the models are 42506 and 19333, respectively.

A general drop in the number of tensile cracks and a rise in the
number of shear cracks was noted with confinement. A similar change
in grain-boundary failure mode from tensile to shear has been reported
from other numerical modeling studies by Hofmann et al. [49], Abde-
laziz et al. [1], Peng et al. [76] and Li et al. [57]. Interestingly, all the
10 MPa models showed a larger number of tensile grain-boundary
cracks at peak strength in comparison to the UCS models. The exact
cause for this behavior is not fully understood, but may be related to the
fact that triaxial models are confined and require more damage (e.g.
hardening) before the peak strength is attained. When the BBM is un-
confined, development of a few extensile fractures is sufficient to lose

Fig. 10. Cracks and zone yield (in %) for the (a) Homogenous, Elastic BBM, (b) Homogenous, Inelastic BBM, (c) Heterogeneous, Elastic BBM, and, (d) Heterogeneous,
Inelastic BBM at respective peak strengths.
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its load carrying capacity. This proposition is consistent with previous
modeling studies [49,76]and the fact that the cumulative % of shear
and tensile cracks in all the confined BBMs are larger than in the un-
confined ones.

The role of intra-granular fracturing in controlling the failure of
confined BBMs is evident from Fig. 10b and d. The number of yielded
zones increased consistently with increase in confinement, barring only
the σ3 = 60 MPa models. It seems that damage is more localized in the
σ3 = 60 MPa models and thereby involves a smaller number of zones in
the failure process (Fig. 10b and d). This can be verified from plots of
yielded zones in the σ3 = 40 MPa and σ3 = 60 MPa heterogeneous
inelastic models, which are shown in Fig. 11. In addition to the loca-
lized nature, the damage intensity ( ps) in the σ3 = 60 MPa model was
also proportionately larger than in the σ3 = 40 MPa model.

The elastic BBMs exhibited greater contact damage than the in-
elastic models. The involvement of a larger number of contacts is in-
tuitive, as elastic models do not have intra-granular fracturing cap-
ability. Lastly, it can be seen that due to lack of stress heterogeneity and
appreciable pre-peak hardening, the damage process was extremely
localized in the homogenous, inelastic BBMs (Fig. 10b).

6. Discussion

As previously documented in the literature, the homogenous, elastic

block models could match the unconfined and low confinement peak
strengths from the laboratory, but performed poorly in capturing the
confined peak strengths and the microfracture evolution process. Their
application should therefore be restricted to studying rock behavior
under low confining stresses only. The ability to model the micro-
fracturing process was much enhanced when different mineral blocks
were introduced in the BBM. The elastic mismatch played a vital role in
inducing initial microcracks as well as subsequent interaction and
growth. Like the homogenous BBMs, these models also overestimated
the peak strengths at high confinement owing to the lack of grain
fracturing capability. Realistic spalling around a circular tunnel was
modeled by Farahmand et al. [36] using a scaled-up version of this
approach.

Some authors have proposed a modification to the completely het-
erogeneous BBM representation that has different contact stiffnesses
but uniform strengths. In order to isolate the effect of contact hetero-
geneity relative to that of block stiffness heterogeneity, a supplemen-
tary set of models was run with heterogeneous blocks (variable prop-
erties by mineral type) but homogenous contact properties (both
stiffnesses and strengths). The data-model fit was found to be as good as
those in the completely heterogeneous counterpart. It seems that the
effect of elastic block heterogeneity is far more pronounced and over-
shadowed the effect of contact heterogeneity. Given that these BBMs
required only one set of contact parameters and were easier to cali-
brate, modelers might consider employing this semi-heterogeneous re-
presentation in future.

The heterogeneous, elastic BBM (with or without contact hetero-
geneity) managed to capture all the laboratory-derived attributes
commonly considered for calibration. Replicating more advanced at-
tributes like peak strength at high confinements, realistic pre-peak
hardening, confinement-dependent dilatancy and post-peak modulus
required additional phenomenological capability in the form of in-
elastic zones. The yield of zones within blocks mimics the intra-granular
fracturing process, which is known to be an important damage me-
chanism both under high confining stress and in the post-peak regime.
Note that it was important to consider zone inelasticity in conjunction
with block heterogeneity to capture all the aforementioned attributes.
Block heterogeneity is strongly tied to the initiation and propagation of
cracking in BBMs and omitting its effect led to overestimation of CI and
CD. The heterogeneous, inelastic BBM could reproduce all the known
geomechanical attributes of Creighton granite, and is therefore a rea-
sonable approximation of reality.

The above findings are concisely summarized in Table 8. The au-
thors believe that this table will assist future researchers in selecting a
BBM representation that is suitable to a particular problem. When using

Fig. 11. Contour of yielded zones in the 40 MPa and 60 MPa heterogeneous,
inelastic BBM.

Table 8
Capabilities of different BBM representations.

Macroscopic attributes Homogenous, Elastic Homogenous, Inelastic Heterogeneous, Elastic Heterogeneous, Inelastic

Elastic constants (E, v) ✓ ✓ ✓ ✓
UCS ✓ ✓ ✓ ✓
Tensile strength ✓ ✓ x ✓
Low confinement peak strength (σ3 ≤ 10% UCS) ✓ ✓ ✓ ✓
High confinement peak strength (σ3 > 10% UCS) x ✓ x ✓
Unconfined CI ✓ ✓ ✓ ✓
Confined CI ✓ a ✓ a ✓ ✓
Unconfined CD ✓ a ✓ a ✓ ✓
Confined CD x x ✓ ✓
Pre-peak behavior (confined) x b ✓ x b ✓
Post-peak behavior (confined) x c ✓ x c ✓
Confinement dependent dilatancy ✓ d ✓ d ✓ ✓

x – cannot match.
a Slightly overestimates.
b Excessive strain-hardening.
c Rapid drop.
d Captures qualitative trends only.
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this table to decide what constitutes a suitable model representation,
one should consider the availability of calibration data as well as the
ability of the model to capture the mechanisms relevant to the problem.
For example, if BBM is used for studying the fracture evolution in
centrally cracked Brazilian discs (CCBD, [15], then a heterogeneous,
elastic representation suffices. This is because heterogeneous, elastic
BBMs can realistically capture the micro-damage process in rocks. On
the other hand, if the goal is to investigate the scale effects on peak
strength at low confinements, then a homogenous, elastic BBM might
be sufficient [89]. In any case, to use BBMs for predicting behavioral
changes in rocks outside the set of conditions for which it is calibrated
requires confidence that the model is a reasonable approximation of
reality under the new set of conditions as well based on mechanistic
logic. Accordingly, exercising prudence in interpreting and analyzing
results and incorporating as much data as possible into the calibration
process is paramount before using BBMs for predictive purposes.

7. Conclusions

Over the years, a number of different simplification (or model types)
have been used in BBM studies for simulating the progressive damage
process in granitic rocks, but the relative advantages and disadvantages
of these model types are not well understood. To shed some light on this
topic, this study has presented results for models of increasing com-
plexity, and attempts were made to explain any data-model misfit on
mechanistic grounds. Note that although the parameter space was ex-
plored extensively, we cannot definitively rule out the possibility that
some other combination of parameters might produce similar macro-
scopic behavior, or that some parameter sets exist that could reproduce
macroscopic behaviors more effectively than those identified in the
paper. In any case, since these micromechanical models are physics-
based, in that they try to capture the actual physics of rock damage, it
was possible to identify physical reasons whenever some aspect of rock
behavior could not be replicated.

It was found that block and contact heterogeneity must be in-
corporated in BBMs to allow for a realistic representation of the micro-
fracturing process to be achieved. It was also established that the re-
lative contribution of elastic block heterogeneity to the generation of

tensile damage in the models is far more significant than that of contact
heterogeneity. In terms of the representation of peak strength under
high confinement conditions, it is important to assign an inelastic
constitutive model to the block zones; this allows the zones to yield and
soften and mimics the intragranular fracturing process. A hetero-
geneous block and contact BBM with inelastic zones could replicate not
only the UCS and triaxial strengths but also the confined CIs, CDs, and
the phenomenon of confinement-dependent dilatancy. Because this
type of complex model has a large number of input parameters, it is
important to utilize many target attributes from laboratory testing in
the calibration process.

Lastly, the authors would like to acknowledge that a plane-strain
model has been used here to study the behavior of three-dimensional
rock specimens. The lack of an extra degree of freedom undoubtedly
has some effect on the model results, but a corresponding three-di-
mensional study of this scope with realistic block size is currently not
possible due to computational constraints. With further advances in
computational capabilities and parallelization of 3DEC, it might be
possible in future to replicate this study using 3D-BBMs.
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