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Grain size effect on rock strength is a topic of great interest in geotechnical engineering. A consensus
obtained from earlier laboratory tests is that rock strength generally decreases with the increase of grain
size for both silicate and carbonate rocks; however, some recent numerical results conflict with such
laboratory test results. To address this intriguing issue, the effect of grain size on strength of poly-
mineralic crystalline rock with low porosity is investigated numerically using the grain-based modeling
(GBM) approach in discrete element method (DEM) by interpreting micro-cracking process in response
to loading. In agreement with some previous DEM simulation results, the simulated rock strength is
found to increase with increasing grain size for both homogeneous and heterogeneous models, even
when the number of assembled disks in one mineral grain changes. The mechanism of strength increase
with increasing grain size is mainly associated with the number of assembled smooth-joint contacts
along grain interfaces and the generation of grain boundary cracks in response to loading. The grain
interfaces significantly weaken the integrity of the rock model, which is similar to effects of inherent
defects in real rock. As the grain size increases, fewer grain interfaces are built in the model and the rock
strength becomes much higher. Hence, by solely changing the mineral grain size in a model, the
mechanism of grain size effect as observed in laboratory tests cannot be replicated. To address this issue,
a method of degradation of grain boundary strength parameters is used to mimic the possible mecha-
nism of grain size effect. The simulated strength using the method becomes comparable with those
obtained from laboratory tests when the heterogeneity in the rock is considered. Degradation of grain
boundary parameters with increasing grain size provides a plausible explanation for the grain size effect
on rock strength.
� 2021 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

Rock is a typical heterogeneous material composed of various
types of micro-structures, which are associated with different
mineral aggregations and varying numbers of micro-defects such
as pores, micro-cracks, and bedding planes (Hallbauer et al., 1973;
Kranz, 1983). Extensive previous laboratory test results have indi-
cated that the failure of rock in a macroscopic scale is mainly
controlled by its inherent micro-structures and the associated
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micro-cracking process (Brace et al., 1966; Martin and Chandler,
1994; Eberhardt et al., 1998; Diederichs et al., 2004; Wong and
Einstein, 2009a, b; Zhao et al., 2015; Zhou et al., 2015). A holistic
understanding of the effect of micro-structures on rock failure and
the mechanism of micro-crack initiation, propagation, and coales-
cence can facilitate the study of rock failure behavior from a
microscopic view.

The key internal micro-structures dictating the strength and
deformation behavior of rocks include grain size distribution,
mineralogical composition, fabric, grain shape, and micro-defects.
Among these, grain size, which is an inherent attribute that con-
trols the heterogeneity of rocks, has attracted much attention
worldwide. As a classic topic, the influence of grain size on rock
strength has been extensively investigated experimentally and
numerically.
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Table 1
Details of compiled experimental studies on grain size effect.

No. Location Rock type Grain size
range (mm)

Reference Comment

1 e Marble,
limestone

0.005e1.9 Olsson (1974) Cylindrical specimen (f12.5 mm � 25.4 mm); and strain rate of 10�3 s�1

2 Sydney, New South Wales,
Australia

e 0.93e1.79 Singh (1988) Cylindrical specimen (diameter: 54.9 mm, length to diameter ratio: 2.5e2.7);
and strain rate of 6.1 � 10�6 s�1

3 New Territories, Hong Kong, China Yuen Long
marble

0.05e0.5 Wong et al. (1996) Cylindrical specimen (diameter: 60 mm, length to diameter ratio: 2e2.5)

4 Underground Research Laboratory
(URL), Canada

Granitic rock 1e20 Eberhardt et al.
(1999)

Cylindrical specimen (diameter: 61 mm, length to diameter ratio: 2.25); and
loading rate of 0.25 MPa/s

5 Australia, Italy, Germany Marble,
limestone

0.006e1.7 Fredrich et al.
(1990)

Cylindrical specimen (f15.88 mm � 38.1 mm); and displacement rate of
8.9 � 10�5 cm/s

6 Turkey Granitic rock 0.3e4 Tugrul and Zarif
(1999)

Cylindrical specimen (length to diameter ratio: 2)

7 Czech Republic Granite,
orthogneiss

0.12e0.74 P�rikryl (2001) Cubic specimen (size: 50 cm � 30 cm � 30 cm)

8 Spain, Italy, Brazil, Turkey,
Ukraine, Finland

Granitic rock 0.5e15 Güneş Yılmaz
et al. (2011)

Cubic specimen (size: 70 mm� 70 mm� 70 mm); and loading rate of 1 MPa/s

9 Pakistan Granite 5.3e9.6 Sajid et al. (2016) Cylindrical specimens (f50 mm � 100 mm)
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A suite of compressive loading tests on different types of rocks
(Brace, 1961; Olsson, 1974; Singh, 1988; Fredrich et al., 1990; Wong
et al., 1996; Eberhardt et al., 1999; Tugrul and Zarif, 1999; P�rikryl,
2001; Güneş Yılmaz et al., 2011; Sajid et al., 2016) revealed that
the rock strength generally decreased with the increase of grain
size in rock specimens. In parallel with the laboratory studies, the
numerical methods have also been resorted to investigate the in-
fluence of grain size on rock strength. The discrete element method
(DEM) developed by Cundall (1971), which is able to simulate
micro-crack development in the rock failure processes, is one of
those numerical methods (Zhang and Wong, 2018). By using a
grain-based modeling (GBM) approach, the grain size, shape, and
distribution can be directly incorporated into a DEM model. How-
ever, the rock strength obtained from GBM simulation generally
showed an increasing trend as the grain size in the model pro-
gressively increased (Nicksiar and Martin, 2014; Hofmann et al.,
2015a; Gui et al., 2016). In other words, the simulation results
conflict with those commonly observed in laboratory tests (see
more details in Section 2).

Although the grain size dependence of the rock strength has
been manifested in a number of laboratory studies, the mechanism
of how grain size affects the strength and deformation behavior of
rocks is still not completely understood. To address this issue, we
numerically investigate the grain size effect on rock strength in the
present study by adopting the GBM approach, which is imple-
mented in the two-dimensional particle flow code (PFC2D) (Itasca,
2008a), also known as PFC2D-GBM. The structure of this paper is as
follows. In Section 2, the literature on grain size effect in the past
few decades is reviewed. In Section 3, the method of PFC2D-GBM is
introduced and the procedures for generating numerical specimen
models are presented. Section 4 presents the simulation results of
grain size effect on numerical models of different cases. Section 5
discusses different mechanisms of grain size effect in numerical
simulation and laboratory tests. A methodology based on the
degradation of grain boundary parameters to capture the mecha-
nism of grain size effect in real rocks is proposed. The key findings
are summarized and concluded towards the end of the paper.

2. Literature review

2.1. Laboratory tests

The earlier experimental results show that the grain size has a
large influence on the compressive strength of rocks (Olsson, 1974;
Singh,1988; Fredrich et al., 1990;Wong et al., 1996; Eberhardt et al.,
1999; Tugrul and Zarif, 1999; P�rikryl, 2001; Güneş Yılmaz et al.,
2011; Sajid et al., 2016). The results of such key experimental
studies on the grain size effect are compiled and examined (Table 1)
with respect to the key attributes of the studied rock specimens,
such as location, rock type, grain size range, and testing procedure.
In general, the studied rock specimens can be categorized into two
types, i.e. silicate rocks (mainly granitic rocks) and carbonate rocks
(mainly marble and limestone).

The test data of grain size and compressive strength extracted
from the above publications are analyzed and plotted in Fig. 1. The
compressive strength of silicate rocks (Fig. 1a) is found to generally
decrease as the grain size gradually increases. The rate of decrease
of compressive strength for grain size smaller than 10 mm is much
higher than that for larger grain size.

The examined grain size ranges for carbonate rocks are generally
smaller than those for silicate rocks. The compressive strength of
carbonate rocks (Fig. 1b) is also found to decrease with the increase
of grain size. However, the decrease in compressive strength be-
comes very subtle after the grain size reaches a threshold value.

To understand the influence of grain size on the compressive
strength of rocks in laboratory tests, rock specimens of similar
mineralogy with different grain sizes from different places should
be collected, such as the silicate rocks studied by Tugrul and Zarif
(1999), P�rikryl (2001), Güneş Yılmaz et al. (2011), and Sajid et al.
(2016). The other factors, including mineralogical composition,
drilling technique, hydrogeological condition, and geological for-
mation of rock block, which may also influence the test results, are
typically not explicitly compared and considered. The same chal-
lenge also prevails for the collected carbonate rocks. Hence, the
relations between grain size and rock strength were generally ob-
tained from the statistical analysis of a large amount of test data in
previous laboratory tests. A quantitative model which can gener-
alize the grain size-dependent rock strength is hard to be proposed
at present.

Although the previous experimental studies statistically
conclude that the compressive strength generally decreases with
the increase of grain size, one may question if such strength
decrease phenomenon is solely due to the increase in grain size, but
not the results of the interplay of other factors mentioned above. To
address this intrinsic constraint of laboratory studies, numerical
approach has been resorted for investigating the influence of grain
size on rock strength (Nicksiar and Martin, 2014; Hofmann et al.,
2015a; Gui et al., 2016). One merit of numerical simulation is that



Fig. 1. Summary of compressive strength variation with grain size for (a) silicate and (b) carbonate rocks. The test data by Olsson (1974) are obtained under confining pressure of
100 MPa and other sets of test data are under uniaxial compression. The trend lines are drawn manually.
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apart from the grain size, other factors which may also influence
the results can be kept unchanged. In addition, the micro-cracking
process which dictates the strength behavior can be modeled and
studied to aid the interpretation of the experimental results.
However, the success of the numerical study relies on a rigorous
calibration of model parameters based on the available laboratory
test results.

2.2. Numerical simulations

To incorporate minerals with different grain size distributions
into the numerical model, the GBM approach is a favorable option.
The relevant numerical test data extracted from earlier studies
(Nicksiar and Martin, 2014; Hofmann et al., 2015a; Gui et al., 2016)
are analyzed and presented in Fig. 2.

These numerical results also reveal that the grain size has a large
influence on the simulated rock strength. Using a Voronoi tessel-
lation technique which was implemented into the universal
distinct element code (UDEC) (Itasca, 2008b) to build a GBM of the
rock specimen, Nicksiar andMartin (2014) found that the grain size
had a negligible influence on the rock strength when the
Fig. 2. Summary of compressive strength variation with grain size from numerical
studies.
mineralogical composition and grain size distribution were kept
unchanged. Gui et al. (2016) studied a wider range of grain size and
found that the simulated strength showed a general increasing
trend as the grain size gradually increased. They attributed the
Fig. 3. Numerical simulation of mechanical behavior of Bukit Timah granite using
PFC2D-GBM. (a) Generated numerical specimen model of Bukit Timah granite. Grain
boundaries are simulated using smooth-joint contacts and grains are composed of a
number of disks. The parallel bonds inside the grains are not shown for clarity. (b)
Comparison of the simulated strength envelope with that estimated using Hoek-Brown
(HeB) failure criterion (after Peng et al., 2018).



Table 2
Calibrated micro-parameters of grains and grain boundaries in the grain-based model of Bukit Timah granite (Peng et al., 2018).

Micro-properties of the minerals

Mineral Disk-size ratio,
Rmax/Rmin

Diskedisk
contact modulus
(GPa)

Contact
normal to
shearstiffness
ratio

Disk
friction
coefficient

Disk
density
(kg/m3)

Parallel
bond
radius
multiplier

Parallel
bond
modulus
(GPa)

Parallel bond
normal to shear
stiffness ratio

Parallel
bond tensile
strength (MPa)

Parallel
bond
cohesion
(MPa)

Parallel
bond friction
angle (�)

K-feldspar 1.66 20 1.6 1.2 2600 1 20 1.6 376 376 30
Quartz 1.66 32 1 1.2 2650 1 32 1 391 391 30
Plagioclase 1.66 26 1.7 1.2 2600 1 26 1.7 376 376 30
Biotite 1.66 12 1.1 1.2 2850 1 12 1.1 360 360 30

Micro-properties of the mineral boundaries (smooth-joint contacts)

Smooth-joint contact
normal stiffness factor

Smooth-joint shear
normal stiffness factor

Smooth-joint bond
tensile strength (MPa)

Smooth-joint
bond cohesion (MPa)

Smooth-joint
bond friction angle (�)

Smooth-joint bond
friction coefficient

0.6 0.8 14 130 30 1.2
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strength increase mainly to the decrease of the number of grain
interfaces in the generated numerical models when the grain size
of minerals increased. Hofmann et al. (2015a) studied the grain size
effect using GBM which was implemented into PFC2D. The simu-
lated rock strength also showed an increasing trend with the in-
crease of grain size. However, the particle size and the specimen
size varied among their numerical models. The decrease in strength
with decreasing grain size was suggested to be mainly attributed to
the higher stress concentration in smaller grains.

In summary, the results from previous numerical studies reveal
that the rock strength obtained from GBM simulation increases
with the increase of grain size in the numerical model, which
conflicts the observations in laboratory tests. This is probably
because the heterogeneity in the generatedmodel is not adequately
reflected in previous numerical studies. Results from previous nu-
merical studies (Lan et al., 2010; Mahabadi et al., 2014;
Manouchehrian and Cai, 2016; Peng et al., 2017a) revealed that the
heterogeneity (i.e. heterogeneity induced by variation of grain size
distribution) had a large influence on the rock strength, deforma-
tion, and failure behavior and the associated micro-cracking pro-
cess. Therefore, it is of great importance and significant practical
value to take the heterogeneity effect into account in the numerical
investigation of grain size effect.
3. Modeling procedure

3.1. Grain-based model in PFC2D

The PFC2D-GBM is used in this study to numerically investigate
the grain size effect on rock behavior. The model takes mineral-
ogical composition and grain size distribution of real rock into
consideration and has been proven to be capable of modeling a
number of mechanical responses under complex loading (Bahrani
et al., 2014; Bahrani and Kaiser, 2016; Bewick et al., 2014a, b;
Hofmann et al., 2015a, b; Li et al., 2018; Liu et al., 2019; Peng et al.,
2017a, b, 2018, 2019; Wong et al., 2018; Zhang et al., 2019). The
generation procedures of a PFC2D-GBM is not presented in detail in
this paper and interested readers can refer to Potyondy (2010) and
Peng et al. (2018).

The micro-parameters used in the present PFC2D-GBM were
calibrated against the mechanical properties of Singapore Bukit
Timah granite (Peng et al., 2018). Fig. 3 presents the PFC2D-GBM
used by Peng et al. (2018) for simulating the mechanical behavior
of the Bukit Timah granite. The simulated strength behavior is in a
good agreement with those obtained from laboratory tests. Table 2
lists the used micro-parameters for different grains (disks and
parallel bonds) and grain boundaries (smooth-joint contacts). This
set of micro-parameters is adopted in the present study to inves-
tigate the mineral grain size effect on rock strength numerically.

3.2. Numerical models

To achieve the goal of the present study, the first task is to
develop numerical models with different grain sizes. The grain size
in the generated numerical model is designed to range from 1 mm
to 3.5 mm at an increment of 0.5 mm. Due to the truncation of
grains located adjacent to the specimen boundary, these mineral
grains are smaller than the designed value. In the present study, the
generated models comprise four minerals, which are the same as
those simulated by Peng et al. (2018). A number of previous studies
revealed that the failure behavior was significantly affected by the
mineral content in crystalline rocks (Tugrul and Zarif, 1999; P�rikryl,
2001; Güneş Yılmaz et al., 2011; Sajid et al., 2016; Wong et al.,
2018). To eliminate the mineral content effect on the simulation
results, each mineral is assigned identical percentage (25%), i.e. the
total area of each mineral in the model is the same.

As pointed out in Section 2.2, the material heterogeneity has a
large effect on the rock damage process (Lan et al., 2010; Mahabadi
et al., 2014; Manouchehrian and Cai, 2016; Peng et al., 2017a). The
heterogeneity may also influence the simulation results in the
present study. Peng et al. (2017a) proposed a dimensional index to
quantitatively characterize the heterogeneity induced by grain size
distribution. They found that the rock strength generally increased
as the heterogeneity index gradually decreased. The proposed
heterogeneity index becomes 0 if a regular hexagonal grain struc-
ture is used. To consider such heterogeneity effect in this study, two
types of numerical models are established, which are termed as
homogeneous and heterogeneous models hereinafter, respectively.
The grain structure geometry of the homogeneous models, which
are made up of uniformly-distributed regular hexagons, is the same
(see Fig. 4a). This can minimize the influence of material hetero-
geneity on the simulation results to the largest extent (Peng et al.,
2017a). In contrast, heterogeneous models are assembled with
mineral grains of random shapes (see Fig. 4b). Because the grain
size in each heterogeneous model is the same, some parts of the
generated heterogeneous models are also assembled with hexa-
gons. However, the heterogeneity level of heterogeneous models is
much larger than that of homogeneous models. For both model
types, the grain boundaries (i.e. total length of grain interfaces)
greatly decrease as the grain size increases from 1 mm to 3.5 mm.

A recent study by Hofmann et al. (2015a) using PFC2D-GBM
attributed the grain size effect to the stress concentration gener-
ated in the mineral grains during loading. Recall that a grain is
composed of multiple disks in PFC2D-GBM. They considered that
smaller minerals comprising fewer disks might result in a higher



Fig. 4. Numerical models possessing grains with different sizes: (a) Homogeneous models in which the grain structure is assembled with regularly-distributed orthohexagonal
grains; and (b) Heterogeneous models in which the grain structure is assembled with irregularly-distributed grains of random shapes. Different mineral types are shown with
different colors (red ¼ K-feldspar, blue ¼ quartz, green ¼ plagioclase, magenta ¼ biotite).

Fig. 5. Illustration of disk arrangement for homogeneous numerical models of (a) Scenario 1 where the disk size is kept unchanged; and (b) Scenario 2 where the grain size to disk
size ratio is kept unchanged. The dimensions are 12.5 mm � 12.5 mm.

J. Peng et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 755e766 759
stress concentration, which hence leads to a larger decrease in rock
strength. To comprehensively examine this, we consider two sce-
narios in each model category in the present study. In the first
scenario, the minimum disk size is set to be constant as the grain
size is gradually enlarged. Hence, a mineral is assembled with more
disks with increasing grain size. In the second scenario, the ratio of
grain size to minimum disk size is set to be constant, while the
grain size in the numerical model varies. Mineral grains of different
sizes will contain comparable amount of disks. As an example, Fig. 5
illustrates the disk assemblies for the two scenarios in the homo-
geneous numerical models. As a result, a total of four cases are
considered in this study. The two cases for homogeneous models
are numbered as Cases 1 and 2, respectively, and the two cases for
heterogeneous models are numbered as Cases 3 and 4, respectively.

Table 3 compares the number of disks as well as numbers of
smooth-joint contacts and parallel bonds in the numerical models
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of the four cases. When the minimum disk size is set to be constant,
the number of smooth-joint contacts decreases as the grain size
gradually increases, while the total number of contact bonds re-
mains generally unchanged. When the minimum disk size is set to
increase proportionally with grain size, the numbers of disks,
smooth-joint contacts, and parallel bonds all gradually decrease.

In the following discussion, the numerical models are simulated
under uniaxial compression and the variation of rock strength with
grain size is analyzed. More importantly, the micro-cracking evo-
lution which dictates the strength behavior is also investigated.
Fig. 6. Variation of simulated rock strength with grain size for homogeneous models.
4. Modeling results

4.1. Grain size effect on homogeneous models

The numerical results of homogeneous models show that the
simulated rock strength increases with the increase of grain size in
the model (Fig. 6), which is comparable with the previous numer-
ical studies of grain size effect on rock strength (Hofmann et al.,
2015a; Gui et al., 2016). A comparison of the strength behavior in
the two cases reveals that the strength generally increases with
increasing grain size even when the number of disks in a mineral
grain is more or less the same for numerical models possessing
grains with different sizes. This indicates that the increase in the
simulated rock strength with increasing grain size is not essentially
related to the number of disks assembled in mineral grains. Hence,
the stress concentration in assembled mineral grains is not the
main factor that affects the rock strength. This observation is
different from the results interpreted by Hofmann et al. (2015a).

The rock strength is closely associated with the micro-cracking
development during loading of the model. To acquire a thorough
understanding of themechanism related to the grain size effect, the
micro-cracking process is interpreted and examined below. Fig. 7
presents an example of the micro-cracking behavior of homoge-
neousmodels with the grain size of 2mm for the two cases. The key
results are described as follows:
Table 3
Summary of details of numerical models with different grain sizes for different
cases.

Model Case Grain
size
(mm)

Minimum
disk size,
Rmin (mm)

Number
of disks

Number of
parallel
bonds

Number of
smooth-joint
contacts

Homogeneous
model

1 1 0.12 14,370 23,346 7029
1.5 0.12 14,370 25,018 4849
2 0.12 14,370 26,007 3580
2.5 0.12 14,370 26,509 2923
3 0.12 14,370 26,846 2488
3.5 0.12 14,370 27,176 2040

2 1 0.12 14,370 23,346 7029
1.5 0.18 6387 10,210 3192
2 0.24 3592 5720 1777
2.5 0.3 2299 3683 1046
3 0.36 1596 2551 710
3.5 0.42 1173 1823 582

Heterogeneous
model

3 1 0.12 14,370 23,326 7039
1.5 0.12 14,370 25,103 4742
2 0.12 14,370 25,912 3675
2.5 0.12 14,370 26,537 2864
3.0 0.12 14,370 26,957 2339
3.5 0.12 14,370 27,212 2016

4 1 0.12 14,370 23,326 7039
1.5 0.18 6387 10,258 3135
2 0.24 3592 5744 1758
2.5 0.3 2299 3641 1102
3 0.36 1596 2512 742
3.5 0.42 1173 1856 541
(1) The main crack type developed during loading of numerical
models is grain boundary micro-crack, which is closely
related to the breakage of smooth-joint contacts. This
observation generally agrees with the experimental results
(Tapponnier and Brace, 1976; Moore and Lockner, 1995;
Akesson et al., 2004; Rigopoulos et al., 2011).

(2) For all numerical models, the ratio of intra-grain cracks to
parallel bonds is less than 0.5%, and the ratio of grain
boundary cracks to smooth-joint contacts is about 40%e60%.
Upon failure of specimen, even though the number of par-
allel bonds in the numerical models is 3e7 times that of
smooth-joint contacts, the ratio of breakage of contacts to
total number of contacts for smooth-joint contacts is about
200 times as compared with that for parallel bonds.

(3) The development of intra-grain cracks, which is related to
the breakage of parallel bonds, only initiates at a stress level
equal to 0.6e0.8 times the peak strength.

(4) For both cases, most of the cracks develop along the loading
direction (i.e. major principal stress direction), and vertical
macroscopic fractures will eventually form due to coales-
cence of these earlier cracks. However, fewer cracks will
develop and these cracks will be less uniformly distributed in
Case 2 than in Case 1 due to the fewer generated contacts in
the model. The micro-cracking is also found to be more
intensive in Case 2 than in Case 1.

These observations indicate that the dominating factor control-
ling the rock strength is the generation of grain boundary cracks. The
rock strength is closely related to the number of assembled smooth-
joint contacts in the model and the generation of grain boundary
cracks during loading. That is why the rock strength in Case 2 also
shows a comparable increasing trend as that in Case 1, even when
the number of parallel bonds differs significantly in the two cases.

The variations of the ratio of crack to contact for smooth-joint
contacts and number of grain boundary cracks in response to the
increase of grain size in the homogeneous numerical models are
shown in Fig. 8. The results reveal that, at the peak strength, the
number of grain boundary cracks decreases as the mineral grain
size in the model increases for both cases. This is mainly due to the
fact that fewer smooth-joint contacts are assembled in themodel as
the grain size gradually increases. On the other hand, the ratio of
the number of grain boundary cracks to the total number of
smooth-joint contacts generally increases with the increase of grain



Fig. 7. Relationship between the quantity of grain boundary cracks (associated with smooth-joint contacts (SJ)) and intra-grain cracks (associated with parallel bonds (PB)) in the
loading process for homogeneous models: (a) Crack evolution and (b) micro-cracking pattern for numerical model with grain size of 2 mm for Case 1; and (c) Crack evolution and
(d) micro-cracking pattern for numerical model with grain size of 2 mm for Case 2. In (b) and (d), green segments represent the grain boundaries; pink and black segments
represent the grain boundary tensile and shear cracks, respectively; and red segments represent the intra-grain tensile cracks.

Fig. 8. Variations of number of grain boundary cracks and ratio of crack to contact for smooth-joint contacts (SJ) with grain size at the peak strength for (a) Case 1 and (b) Case 2 in
homogeneous models.
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size in the model. This indicates that the grain boundary cracking
becomes more intensive with increasing grain size; the capacity of
the model sustaining grain boundary cracking is thus getting
higher, resulting in a higher rock strength. Therefore, the trend of
the ratio of crack to contact for smooth-joint contacts in response to
the increase of grain size is similar to the variation of rock strength
with grain size as presented in Fig. 6.
4.2. Grain size effect on heterogeneous models

Fig. 9 presents the strengthbehavior in response to the variationof
grain size in the heterogeneous models (Cases 3 and 4). As shown in
the plot, similar to the results of homogeneousmodels, the simulated
rock strength also generally increaseswith increasing grain size, even
when the number of disks assembled in the model changes.
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The cracking behavior which controls the rock strength is also
examined. Fig. 10 presents the micro-cracking behavior of hetero-
geneous models with grain size of 2 mm for both cases. The results
show that the micro-cracking process of heterogeneous models is
generally the same as that of homogeneous models. The dominant
crack type developed in the numerical model during loading is also
grain boundary cracks. Only a limited number of intra-grain cracks
inside the grains are detected which initiate at a stress level of
about 0.6e0.8 times the peak strength.

The variations of ratio of crack to contact for smooth-joint
contacts and number of smooth-joint contacts in response to the
variation of grain size in the heterogeneous models are also
examined and the results are shown in Fig. 11. As the grain size in
themodel increases, the number of grain boundary cracks generally
decreases, while the ratio of crack to contact for smooth-joint
contacts increases. The results are similar to those of homoge-
neous models. The rock strength is also found to be closely related
to the number of assembled smooth-joint contacts in the model
and generation of grain boundary cracks during loading. The rock
strength is generally controlled by the capacity of the model sus-
taining grain boundary cracking.
5. Discussion

5.1. Mechanism of grain size effect on rock strength

The results reported in Section 4 reveal that even though the
numbers of disks and parallel bonds vary in the generated nu-
merical model, the simulated compressive strengths of both ho-
mogeneous and heterogeneous models show a comparable
increasing trend as the grain size increases in the model. This in-
dicates that the variation of simulated rock strength with grain size
has no direct relation with the material heterogeneity and the
number of assembled disks in a single mineral grain (i.e. stress
concentration) as investigated by Hofmann et al. (2015a).

The micro-cracking process taking place inside the numerical
model during loading has a significant influence on rock strength.
Our numerical results suggest that the strength is mainly controlled
by the generation of grain boundary cracks, which in turn is related
to the breakage of smooth-joint contacts along the grain interfaces.
In general, the number of grain boundary cracks decreases with
increasing grain size in the numerical model. This is due to the fact
that fewer smooth-joint contacts are assembled in the numerical
Fig. 9. Variation of simulated rock strength with grain size for heterogeneous models.
model as the grain size increases. However, the “absolute” grain
boundary cracking (ratio of crack to contact for smooth-joint con-
tacts) becomes more intensive, indicating a higher capacity of the
model sustaining grain boundary cracking. The latter corresponds
to a higher rock strength.

In laboratory tests, the strength of intact rock is generally higher
than that of rock mass since the latter contains defects such as
joints, bedding planes, and voids. These defects can significantly
weaken the overall strength and modulus of rock mass. In nu-
merical studies, the micro-cracks are found to be mainly generated
along the grain interfaces. The grain interfaces play a similar role as
the defects in a rock mass, hence weakening the rock. As the size of
a mineral grain increases, fewer grain interfaces are embedded in
themodel, and the strength of the models will be much higher (Gui
et al., 2016). Hence, the simulated rock strength generally increases
with the increase of the grain size in the model when the micro-
parameters for the mineral grains and grain boundaries are kept
unchanged. The interpretation of micro-cracking behavior in this
study explains why the recent DEM simulation results regarding
grain size effect generally conflict with those obtained from labo-
ratory tests. In fact, the “apparent” mechanism of numerical study
on grain size effect is quite different from that observed in labo-
ratory tests. In a real rock specimen, the finer the grains are, the
better the grains are bonded to each other and the higher the
contact strength between grains will be (Wong et al., 1996). Higher
loads are needed to break this more tightly-bonded contact during
loading of a rock specimen. Therefore, finer-grained rocks have a
higher laboratory-determined rock strength. By solely changing the
mineral grain size of a model, the mechanism of grain size effect
observed in laboratory tests cannot be well replicated, leading to a
conflicting observation. Therefore, more proper methods should be
explored and put forward to mimic the mechanism of grain size
effect on rock strength in numerical simulation. As a trial, a method
related to realistic micro-parameter assignment is studied in the
following section to delve into grain size effect.

5.2. Strength parameter degradation of grain interfaces

In this section, a method of deceasing strength parameters of
grain interface with increasing grain size is used in the model to
study the grain size-dependent strength behavior. The method is
proposed based on the following two aspects. First, as discussed in
the above section, in a real rock specimen, the finer the grains are,
the better the grains are bonded to each other and the higher the
contact strength between grains will be (Wong et al., 1996). Hence,
the strength parameters in the contact between large mineral
grains are generally lower than those in the contact between small
mineral grains. Second, the results in Section 4 show that the grain
interfaces (grain boundaries) have a dominating effect on control-
ling the rock strength. The effects of grain interfaces are similar to
those of defects (i.e. joints, bedding planes, and voids) in a rock
mass, which lower the strength of the numerical models. As shown
in Fig. 4, although the total length of grain interfaces decreases with
increasing grain size, the length of each grain interface gradually
increases. Referring to scale effect of a rock joint, a longer joint
generally has a lower shear strength (Bandis et al., 1981; Zhang
et al., 2006; Lambert and Coll, 2014). The strength micro-
parameters in the contact between larger mineral grains should
also be lower. In summary, with the gradual increase of the grain
size, the strength in the contacts betweenmineral grains decreases.
This is probably the main mechanism associated with grain size
effect observed in laboratory tests. To mirror this in the numerical
simulation, a degradation coefficient, which is defined as the ratio
of strength parameters for numerical model with a certain grain
size to those with the grain size of 1 mm, is used. The strength



Fig. 10. Relationship between the quantity of grain boundary cracks (associated with smooth-joint contacts (SJ)) and intra-grain cracks (associated with parallel bonds (PB)) in the
loading process for heterogeneous models: (a) Crack evolution and (b) micro-cracking pattern for numerical model with grain size of 2 mm for Case 3; and (c) Crack evolution and
(d) micro-cracking pattern for numerical model with grain size of 2 mm for Case 4. In (b) and (d), green segments represent the grain boundaries; pink and black segments
represent the grain boundary tensile and shear cracks, respectively; and red segments represent the intra-grain tensile cracks.

Fig. 11. Variations of number of grain boundary cracks and ratio of crack to contact for smooth-joint contacts (SJ) with grain size at the peak strength for (a) Case 3 and (b) Case 4 in
heterogeneous models.
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micro-parameters (i.e. cohesion and tensile strength) of smooth-
joint contacts representing grain boundaries are monotonously
degraded as the mineral grain size in the numerical model gradu-
ally increases.

The micro-parameters of smooth-joint contacts for homoge-
neous models (Case 1) and heterogeneous models (Case 3) are both
degraded for comparison in this study, and the simulation results
are referred to as Cases 5 and 6, respectively. As a trial, the degra-
dation coefficient is set to linearly decrease with increasing grain
size in this study. The degradation coefficient decreases from 1 to
0.4 as the grain size gradually increases from 1 mm to 3.5 mm
(Fig. 12). Table 4 summarizes the assigned smooth-joint contact
parameters for numerical models possessing different mineral
grain sizes. How to determine the degradation coefficient is an



Table 4
Summary of degraded strength micro-parameters of smooth-joint contact.

Grain size
(mm)

Degradation
coefficient

Tensile strength of smooth-
joint contacts (MPa)

Cohesion of smooth-
joint contacts (MPa)

1 1 14 130
1.5 0.75 10.5 98
2 0.7 9.8 91
2.5 0.6 8.4 78
3 0.5 7 65
3.5 0.4 5.6 52
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intriguing topic which should be comprehensively studied in the
future sensitivity analysis of micro-parameters.

The simulation results (Fig.13) show that the simulated strength
for degraded homogeneous models (Case 5) also exhibits a general
increasing trend as the grain size in the model increases. The
strength in this condition is mainly controlled by the grain struc-
ture of the model. Because the model is assembled with uniformly
distributed regular hexagons, the model can still sustain loads even
when most of the contacts in grain boundaries break. The obser-
vation agrees with previous laboratory tests on jointed rock mass
(Brown,1970; Brown and Trollope, 1970; Ladanyi and Archambault,
1972).

For the degraded heterogeneous models (Case 6), because the
heterogeneity of the model is considered, the simulated strength
gradually decreases as the mineral grain size in the model in-
creases. The results show that the strength behavior associated
with grain size effect, which is obtained from laboratory tests, can
be well modeled by degrading the strength micro-parameters of
smooth-joint contacts in the model.

The results in this section reveal that the variation of rock
strength with grain size observed in laboratory tests can be well
captured using the method of degradation of strength parameter of
grain boundaries. This method offers a plausible explanation for the
grain size effect on rock strength. However, despite the careful
calibration of the usedmodel, the results obtained in this numerical
study are based on a series of parametric simulation. Laboratory
tests with comprehensive microscopic observations using tech-
nologies such as scanning electron microscopy, computed tomog-
raphy, and nuclear magnetic resonance, are highly warranted in
future to validate the results. In addition, a more rational method
for calibrating strength micro-parameters of grain boundaries with
different grain sizes should be developed in future.
5.3. Limitations of this study

The PFC2D-GBM is capable of modeling the micro-cracking
behavior of polymineralic crystalline rock with low porosity,
which has deformable, breakable, and polygonal grains (Peng et al.,
2021; Wong and Peng, 2020). A porous rock is hard to be captured
using PFC2D-GBM at present. Hence, the results obtained and
discussed in this study are only applicable to low-porosity crys-
talline rock. The porosity of Bukit Timah granite used for parameter
calibration is about 0.2% (Zhao et al., 1994). Hence, the used PFC2D-
Fig. 12. Degradation coefficient of smooth-joint contact parameters with grain size.
GBM is applicable in this study. The numerical study of grain size
effect on strength of carbonate rocks is a topic worthy of investi-
gation in future. In addition, the effect of “apparent” porosity,
which results from the particle assemble in the model generation,
on the simulation results is not discussed in the present study.

One shortcoming of this study is that the numerical results
obtained from a 2D GBM are compared with those obtained from
triaxial compression tests. Nonetheless, though the loading con-
dition in triaxial compression tests is different from that of 2D
biaxial tests using PFC2D, the grain-based model can be readily
incorporated in PFC2D and such numerical approach is proven to be
capable of simulating the micro-cracking behavior of the rock
material. Although some recent numerical studies using PFC3D
have been successful to obtain some preliminary results associated
with micro-cracking behavior of rock (Tawadrous et al., 2009;
Huang et al., 2019; Castro-Filgueira et al., 2020), the GBM is hard to
be implemented in PFC3D due to the highly complex three-
dimensional (3D) geometry of minerals. The development of 3D-
GBM to consider the real 3D structure of rocks will be a promising
topic in the future research.
6. Conclusions

Grain size is one of the crucial micro-structural parameters
affecting rock strength. The present review on previous laboratory
studies has revealed that the rock strength generally decreases
with the increase of grain size for both silicate and carbonate rocks.
However, some recent numerical results conflict with these labo-
ratory observations. To address the issue, the effect of grain size of
minerals on the strength behavior of crystalline rock is numerically
investigated using the grain-based model. New insights are
Fig. 13. Variation of simulated rock strength with grain size for degraded models.
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obtained based on the interpretation of micro-cracking process in
response to loading.

The PFC2D-GBM numerical results in the present study show
that the rock strength generally exhibits an increasing trend as the
mineral grain size increases in both homogeneous and heteroge-
neous models, even when the number of disks assembled in one
mineral grain changes. The strength increase with increasing grain
size is closely related to the number of assembled smooth-joint
contacts in the model, and the generation of grain boundary
cracks during loading. Even though fewer smooth-joint contacts
are assembled in the model as the grain size gradually increases,
the ratio of the number of grain boundary cracks against the total
number of smooth-joint contacts generally increases when the
grain size in the model increases. This indicates that the grain
boundary cracking becomes more intensive with increasing grain
size; the capacity of a numerical model sustaining grain boundary
cracking thus becomes higher, resulting in a higher simulated rock
strength. The grain interfaces can significantly weaken the integrity
of rocks like those inherent defects in rock mass.

In a real rock specimen, the consensus is that a finer-grained
texture corresponds to a higher degree of bonding along grain
contacts. Higher loads are needed to break the bonds, leading to a
higher rock strength of finer-grained specimen. This mechanism is
not well represented in numerical studies by solely changing the
mineral grain size in a model. To mirror a realistic mechanism of
grain size effect, a method of degradation of strength parameters of
grain boundaries is put forward. The numerical results reveal that
the simulated strength behavior is comparable with those obtained
from laboratory tests when the heterogeneity in the rock is
considered. Degradation of grain boundary parameters with
increasing grain size provides a plausible explanation of the grain
size effect of rock. However, further laboratory study on the micro-
mechanism of grain size effect is required to verify this viewpoint.
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Güneş Yılmaz, N., Goktan, R.M., Kibici, Y., 2011. Relations between some quantitative
petrographic characteristics and mechanical strength properties of granitic
building stones. Int. J. Rock Mech. Min. Sci. 48 (3), 506e513.

Hallbauer, D.K., Wagner, H., Cook, N.G.W., 1973. Some observations concerning the
microscopic and mechanical behaviour of quartzite specimens in stiff, triaxial
compression tests. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 10 (6), 713e726.

Hofmann, H., Babadagli, T., Yoon, J.S., Zang, A., Zimmermann, G., 2015a. A grain
based modeling study of mineralogical factors affecting strength, elastic
behavior and micro fracture development during compression tests in granites.
Eng. Fract. Mech. 147, 261e275.

Hofmann, H., Babadagli, T., Zimmermann, G., 2015b. A grain based modeling study
of fracture branching during compression tests in granites. Int. J. Rock Mech.
Min. Sci. 77, 152e162.

Huang, Y.H., Yang, S.Q., Tian, W.L., 2019. Crack coalescence behavior of sandstone
specimen containing two pre-existing flaws under different confining pres-
sures. Theor. Appl. Fract. Mech. 99, 118e130.

Itasca Consulting Group Inc, 2008a. Particle Flow Code in 2 Dimensions (PFC2D).
Itasca Consulting Group Inc., Minneapolis, USA, Version 4.0.

Itasca Consulting Group Inc, 2008b. Universal Distinct Element Code (UDEC),
Version 4.0. Itasca Consulting Group Inc., Minneapolis, USA.

Kranz, R.L., 1983. Microcracks in rocks: a review. Tectonophysics 100 (1e3), 449e
480.

Ladanyi, B., Archambault, G., 1972. Simulation of shear behavior of jointed rock
mass. In: Proceedings of the 11th Symposium on Rock Mechanics. New York,
USA, pp. 105e125.

Lambert, C., Coll, C., 2014. Discrete modeling of rock joints with a smooth-joint
contact model. J. Rock Mech. Geotech. Eng. 6 (1), 1e12.

Lan, H.X., Martin, C.D., Hu, B., 2010. Effect of heterogeneity of brittle rock on
micromechanical extensile behavior during compression loading. J. Geophys.
Res.: Solid Earth 115 (B1). https://doi.org/10.1029/2009JB006496.

Li, X.F., Zhang, Q.B., Li, H.B., Zhao, J., 2018. Grain-based discrete element method
(GB-DEM) modelling of multi-scale fracturing in rocks under dynamic loading.
Rock Mech. Rock Eng. 51 (12), 3785e3817.

Liu, G., Sun, W., Lowinger, S.M., Zhang, Z., Huang, M., Peng, J., 2019. Coupled flow
network and discrete element modeling of injection-induced crack propagation
and coalescence in brittle rock. Acta Geotech. 14 (3), 843e868.

Mahabadi, O.K., Tatone, B.S.A., Grasselli, G., 2014. Influence of microscale hetero-
geneity and microstructure on the tensile behavior of crystalline rocks.
J. Geophys. Res.: Solid Earth 119 (7), 5324e5341.

Manouchehrian, A., Cai, M., 2016. Influence of material heterogeneity on failure
intensity in unstable rock failure. Comput. Geotech. 71, 237e246.

Martin, C.D., Chandler, N.A., 1994. The progressive fracture of Lac du Bonnet granite.
Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 31 (6), 643e659.

Moore, D.E., Lockner, D.A., 1995. The role of microcracking in shear-fracture prop-
agation in granite. J. Struct. Geol. 17 (1), 95e114.

Nicksiar, M., Martin, C.D., 2014. Factors affecting crack initiation in low porosity
crystalline rocks. Rock Mech. Rock Eng. 47 (4), 1165e1181.

Olsson, W.A., 1974. Grain size dependence of yield stress in marble. J. Geophys. Res.
79 (32), 4859e4862.

Peng, J., Wong, L.N.Y., Teh, C.I., 2017a. Influence of grain size heterogeneity on
strength and micro-cracking behavior of crystalline rocks. J. Geophys. Res.: Solid
Earth 122 (2), 1054e1073.

Peng, J., Wong, L.N.Y., Teh, C.I., 2017b. Effects of grain size-to-particle size ratio on
micro-cracking behavior using a bonded-particle grain-based model. Int. J. Rock
Mech. Min. Sci. 100, 207e217.

Peng, J., Wong, L.N.Y., Teh, C.I., Li, Z., 2018. Modeling micro-cracking behavior of
Bukit Timah granite using grain-based model. Rock Mech. Rock Eng. 51 (1),
135e154.

http://refhub.elsevier.com/S1674-7755(21)00038-X/sref1
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref1
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref1
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref1
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref1
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref2
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref2
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref2
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref2
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref3
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref3
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref3
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref4
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref4
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref4
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref4
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref5
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref5
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref5
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref5
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref6
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref6
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref6
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref6
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref7
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref7
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref7
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref8
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref8
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref8
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref9
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref9
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref9
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref10
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref10
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref10
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref11
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref11
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref11
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref11
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref12
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref12
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref12
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref12
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref12
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref13
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref13
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref13
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref13
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref14
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref14
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref14
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref15
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref15
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref15
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref15
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref16
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref16
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref16
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref16
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref17
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref17
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref17
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref17
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref18
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref18
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref18
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref18
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref18
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref18
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref19
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref19
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref19
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref19
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref20
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref20
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref20
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref20
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref20
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref21
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref21
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref21
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref21
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref22
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref22
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref22
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref22
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref23
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref23
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref24
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref24
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref25
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref25
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref25
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref26
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref26
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref26
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref26
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref27
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref27
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref27
https://doi.org/10.1029/2009JB006496
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref29
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref29
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref29
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref29
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref30
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref30
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref30
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref30
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref31
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref31
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref31
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref31
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref32
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref32
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref32
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref33
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref33
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref33
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref34
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref34
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref34
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref35
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref35
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref35
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref36
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref36
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref36
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref37
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref37
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref37
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref37
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref38
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref38
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref38
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref38
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref39
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref39
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref39
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref39


J. Peng et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 755e766766
Peng, J., Wong, L.N.Y., Liu, G., Teh, C.I., 2019. Influence of initial micro-crack damage
on strength and micro-cracking behavior of an intrusive crystalline rock. Bull.
Eng. Geol. Environ. 78 (4), 2957e2971.

Peng, J., Wong, L.N.Y., Zhang, Y., 2021. Influence of pore-like flaws on strength and
micro-cracking behavior of crystalline rock. Int. J. Numer. Anal. Methods Geo-
Mech. 45 (4), 521e539.

Potyondy, D.O., 2010. A grain-based model for rock: approaching the true micro-
structure. In: Li, C.C., Grøneng, G., Olsson, R., Engen, S. (Eds.), Proceedings of
Bergmekanikk i Norden 2010 e Rock Mechanics in the Nordic Countries 2010.
Norwegian Group for Rock Mechanics, pp. 225e234.

P�rikryl, R., 2001. Some microstructural aspects of strength variation in rocks. Int. J.
Rock Mech. Min. Sci. 38 (5), 671e682.

Rigopoulos, I., Tsikouras, B., Pomonis, P., Hatzipanagiotou, K., 2011. Microcracks in
ultrabasic rocks under uniaxial compressive stress. Eng. Geol. 117 (1e2), 104e
113.

Sajid, M., Coggan, J., Arif, M., Andersen, J., Rollinson, G., 2016. Petrographic features
as an effective indicator for the variation in strength of granites. Eng. Geol. 202,
44e54.

Singh, S.K., 1988. Relationship among fatigue strength, mean grain size and
compressive strength of a rock. Rock Mech. Rock Eng. 21 (4), 271e276.

Tapponnier, P., Brace, W.F., 1976. Development of stress-induced microcracks in
Westerly granite. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 13 (4), 103e112.

Tawadrous, A.S., DeGagné, D., Pierce, M., Ivars, D.M., 2009. Prediction of uniaxial
compression PFC3D model micro-properties using artificial neural networks.
Int. J. Numer. Anal. Methods GeoMech. 33 (18), 1953e1962.

Tugrul, A., Zarif, I.H., 1999. Correlation of mineralogical and textural characteristics
with engineering properties of selected granitic rocks from Turkey. Eng. Geol.
51 (4), 303e317.

Wong, L.N.Y., Einstein, H.H., 2009a. Crack coalescence in molded gypsum and Car-
rara marble: Part 1. Macroscopic observations and interpretation. Rock Mech.
Rock Eng. 42 (3), 475e511.

Wong, L.N.Y., Einstein, H.H., 2009b. Crack coalescence in molded gypsum and
Carrara marble: Part 2. Microscopic observations and interpretation. Rock
Mech. Rock Eng. 42 (3), 513e545.

Wong, L.N.Y., Peng, J., 2020. Numerical investigation of micro-cracking behavior of
brittle rock containing a pore-like flaw under uniaxial compression. Int. J.
Damage Mech. 29 (10), 1543e1568.

Wong, L.N.Y., Peng, J., Teh, C.I., 2018. Numerical investigation of mineralogical
composition effect on strength and micro-cracking behavior of crystalline rocks.
J. Nat. Gas Sci. Eng. 53, 191e203.
Wong, R.H.C., Chau, K.T., Wang, P., 1996. Microcracking and grain size effect in Yuen
Long marbles. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 33 (5), 479e485.

Zhao, J., Broms, B.B., Zhou, Y., Choa, V., 1994. A study of the weathering of the Bukit
Timah granite Part B: field and laboratory investigation. Bull. Int. Assoc. Eng.
Geol. 49, 97e106.

Zhao, X.G., Cai, M., Wang, J., Li, P.F., 2015. Strength comparison between cylindrical
and prism specimens of Beishan granite under uniaxial compression. Int. J. Rock
Mech. Min. Sci. 76, 10e17.

Zhang, H.Q., Zhao, Z.Y., Tang, C.A., Song, L., 2006. Numerical study of shear behavior
of intermittent rock joints with different geometrical parameters. Int. J. Rock
Mech. Min. Sci. 43 (5), 802e816.

Zhang, Y., Wong, L.N.Y., 2018. A review of numerical techniques approaching mi-
crostructures of crystalline rocks. Comput. Geosci. 115, 167e187.

Zhang, Y., Wong, L.N.Y., Chan, K.K., 2019. An extended grain-based model ac-
counting for microstructures in rock deformation. J. Geophys. Res.: Solid Earth
124 (1), 125e148.

Zhou, X.P., Bi, J., Qian, Q.H., 2015. Numerical simulation of crack growth and coa-
lescence in rock-like materials containing multiple pre-existing flaws. Rock
Mech. Rock Eng. 48 (3), 1097e1114.
Louis Ngai Yuen Wong obtained his BSc degree in Earth
Sciences from the University of Hong Kong (HKU) in 1999.
He completed his doctoral and post-doctoral studies in
Geotechnical Engineering at Massachusetts Institute of
Technology (MIT). In 2009, he was appointed Assistant
Professor and then Assistant Chair (Academic) in the
School of Civil and Environmental Engineering at Nanyang
Technological University, Singapore. He joined the HKU as
Associate Professor in 2015 and was appointed Program
Director of the MSc (Applied Geosciences) in 2017. His
experimental and numerical research seeks to improve
understanding of how rocks deform, and to exploit these
properties to benefit society, such as in underground con-
struction, energy exploration, and earthquake studies. He
was awarded the Richard Wolters’ Prize by the International Association of Engineer-
ing Geology and Environment (IAEG) in 2014. He has been the Editor-in-Chief of
Bulletin of Engineering Geology and the Environment since 2018.

http://refhub.elsevier.com/S1674-7755(21)00038-X/sref40
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref40
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref40
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref40
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref41
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref41
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref41
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref41
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref42
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref42
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref42
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref42
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref42
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref42
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref43
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref43
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref43
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref43
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref44
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref44
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref44
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref44
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref45
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref45
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref45
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref45
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref46
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref46
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref46
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref47
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref47
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref47
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref48
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref48
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref48
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref48
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref49
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref49
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref49
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref49
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref50
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref50
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref50
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref50
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref51
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref51
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref51
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref51
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref52
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref52
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref52
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref52
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref53
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref53
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref53
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref53
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref54
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref54
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref54
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref55
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref55
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref55
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref55
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref56
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref56
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref56
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref56
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref57
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref57
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref57
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref57
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref58
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref58
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref58
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref59
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref59
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref59
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref59
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref60
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref60
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref60
http://refhub.elsevier.com/S1674-7755(21)00038-X/sref60

	Influence of grain size on strength of polymineralic crystalline rock: New insights from DEM grain-based modeling
	1. Introduction
	2. Literature review
	2.1. Laboratory tests
	2.2. Numerical simulations

	3. Modeling procedure
	3.1. Grain-based model in PFC2D
	3.2. Numerical models

	4. Modeling results
	4.1. Grain size effect on homogeneous models
	4.2. Grain size effect on heterogeneous models

	5. Discussion
	5.1. Mechanism of grain size effect on rock strength
	5.2. Strength parameter degradation of grain interfaces
	5.3. Limitations of this study

	6. Conclusions
	Declaration of competing interest
	Acknowledgments
	References


