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Abstract
Intrinsic ﬂaws are an important factor aﬀecting particle strength and breakage behavior and are closely related to the macroscopic
behavior of granular soils, e.g., packing characteristics, strength, deformation, localization and failure behaviors, etc. In this paper, a
novel DEM modeling approach for investigating the role of ﬂaws on the particle crushing behavior is proposed. The idea is to use
the realistic fracture surfaces obtained from the experiment as a basis for generating initial ﬂaws in DEM in a statistical way. Firstly,
nano-focus X-ray computed tomography technology was used to obtain the realistic particle information including particle morphology
and a set of fracture surfaces. The particle information was then stored in several arrays and imported into the DEM to construct the
particle model containing a reasonable set of initial ﬂaws. Seven simulation cases were performed to study the role of initial ﬂaws on the
particle breakage behavior. Simulation results show that the proposed modeling approach is capable of reproducing the realistic particle
breakage behaviors, including the small-strain stiﬀness, peak crushing load, fracture pattern and evolution of fragment shape parameters.
Ó 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BYNC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Particle crushing; Fracture surface; Flaws; Computed tomography; CT-based DEM modeling

1. Introduction
Particle crushing is closely related to many geotechnical
engineering problems and is an interesting topic that has
been studied intensively in recent decades (e.g., Milligan,
2003; Arslan et al., 2009). Particle crushing is aﬀected by
many factors, e.g., size, heterogeneity, morphology, mineralogy and environmental factors (e.g., erosion, ﬁre and
ﬂood), making it a heretofore unsolved problem of great
geotechnical importance (Nakata et al., 1999; Russell and
Einav, 2013; Cavarretta et al., 2010).
Peer review under responsibility of The Japanese Geotechnical Society.
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Over the past 50 years, the discrete element method
(DEM) proposed by Cundall and Strack (1979) has
become the most commonly used one in discrete modeling
of granular materials. For example, Wang and Yan (2012
and 2013) adopted crushable agglomerate which were created using the parallel bond model of PFC3D (Itasca, 2008)
to investigate the eﬀect of particle breakage on the shear
behavior of granular soils. As a step towards a more accurate modeling of sands, Fu et al. (2017) incorporated the
real sand particle morphologies into the DEM model which
were reconstructed using the spherical harmonic (SH) analysis (Zhou et al., 2015; Zhou and Wang, 2015 and 2017).
Unfortunately, real sand particles contain internal voids,
impurities and mineralogy, etc., and in spite of the above
research progress, diﬃculties still exist in simulating the
crushing of sand particles with the consideration of realistic
initial ﬂaws within the particle. So far very little numerical
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modeling work has been done on the investigation of the
role of realistic initial ﬂaws on the mechanical behavior
of sands.
Most recently, in order to obtain the realistic fracture
surfaces resulting from particle crushing, the authors
utilized the image matching techniques, i.e., the standard
iterative closest point (Standard ICP) technique and the
4-points congruent set (4PCS) algorithm, to track the
crushed sand particles. In the ﬁrst phase of this research,
a fracture region matching algorithm was developed to
restore the mother particle morphology by using a variety
of image processing and matching techniques including
the minimum spanning tree (MST), simple chordless cycle
(CSC) and modiﬁed 4PCS, etc., (Wu and Wang, 2018).
In the second phase, the Standard ICP algorithm in the
3D point cloud registration was employed to match the
individual fragments to their mother particle directly,
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which entailed matching the original face (if any) on the
fragment surface to the mother particle and then identifying the fracture face on a fragment surface that is generated
from the mechanical crushing event (Wu and Wang, 2019).
As a further step towards the goal of exploring the role
of initial ﬂaws on the mechanical behavior of sands, the
current study endeavors to incorporate the authors’ earlier
research output into the DEM model to reproduce the
crushing behavior observed in the experiment. 3 Leighton
Buzzard sand (LBS) particles are modeled as parallelbonded agglomerate via DEM. A set of fracture surfaces
obtained from the experiment are imported into the
DEM. A certain portion of the contacts that are randomly
selected from all the contacts intersected by a set of fracture
surfaces are marked as initial ﬂaws and assigned reduced
parallel bond strength values. After comparing the results
from the DEM simulation with that from the experiment,

Fig. 1. Previous work adapted from Wu and Wang (2018 and 2019) and Zhao et al. (2015). (a) mother particle morphology; (b) fracture pattern after
performing single particle crushing tests; (c) the image matching results between fragment and mother particle.
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Fig. 2. Numerical model: (a) particle morphology and fracture surface / ﬂaw information; (b) contact network (red color stands for ﬂaw, blue color stands
for contact network).

the eﬀects of intrinsic ﬂaws on the load–displacement
curve, fracture pattern and evolution of fragment shape
parameter are revealed.
2. Preliminaries
Two groups of single particle crushing tests have been
performed to realize ID-tracking of fractured particles
and to obtain the mother particle/fragment morphology,
the evolution of fragment shape parameters and the major
factors that aﬀect the fracture pattern. The ﬁrst group
including 4 LBS particles, labelled as LBS-1, LBS-2,
LBS-3 and LBS-4, were tested by Zhao et al. (2015) while
the second group containing another 5 LBS particles,
labelled as LBS-5, LBS-6, LBS-7, LBS-8 and LBS-9, were
tested by Wu and Wang (2019). Among the 9 particles
tested, 3 of them, namely LBS-4, LBS-6 and LBS-9, are
chosen and used in this study, as shown in Figs. 1(a)
Table 1
DEM parameters of elementary spheres, contact model and boundary wall
(adapted mainly from Wang and Arson (2016) and Fu et al. (2017)).
Elementary sphere

Parallel bond
Wall

Radius (mm)
Density (kg/m3)
Normal and shear stiﬀness (N/m)
Inter-particle friction coeﬃcient
Damping coeﬃcient
Normal stiﬀness/shear stiﬀness
Normal and shear strength (N/m2)
Normal and shear stiﬀness (N/m)
Friction coeﬃcient

0.05
2650
1e7
0.5
0.5
2.5
(1.5 ± 0.5)e8
1e7
0.5

Fig. 3. Eﬀect of the reduction factor of bond strength of initial ﬂaw on the
peak crushing load.

and (b). The matching results of LBS-4, LBS-6 and
LBS-9 are shown in Fig. 1(c).
After the image processing, the SH analysis was used to
describe the disordered surface vertices and to reconstruct
the particle morphology, which includes creating a bijective
mapping from the surface proﬁle to a unit sphere (Choi
et al., 2015), expanding the polar radius of the particle proﬁle from a unit sphere (Shen and Makedon, 2006) and calculating the associated SH coeﬃcients. More details of the
SH reconstruction of sand particles can be found in Zhou
et al. (2015) and Zhou and Wang (2015 and 2017).
3. DEM model
In the past few decades, there has been a number of
works dedicated to the numerical modeling of particle
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crushing. However, due to the absence of any information
of intrinsic ﬂaws within sand particles and the high diﬃculty of considering the microstructures of sand particles,
the internal ﬂaws of the particles were represented by simpliﬁed/hypothesized linear crack, plane or circular hole
(e.g., Pakzad et al., 2018; Huang et al., 2019), which is
not necessarily related to the actual ﬂaws. Such an
approach is not able to produce realistic particle crushing
behavior observed in the experiment. Therefore, the major
thrust of this paper is to incorporate the information of
realistic fracture surfaces of sand particles acquired from
CT scanning into the DEM modeling of particle crushing
(Wu and Wang, 2018 and 2019; Wang and Wu, 2020). This
is done by randomly choosing 0%, 20%, 40% and 60%,
named Case 1, 2, 3 and 4, respectively, of all the contacts
intersected by the realistic fracture surfaces and then in
each case, setting the intrinsic ﬂaws by lowering the parallel
bond strength of these selected contacts. In addition,
another 3 cases, namely Case 5, 6 and 7, with diﬀerent
reduction factors of bond strength of 5, 10 and 20 were performed for LBS-4, LBS-6 and LBS-9. Note that the percentage of the ﬂawed contacts is set to be 80% for Cases
5–7.
Incorporating the information of realistic fracture surfaces of sand particles into the DEM modeling is justiﬁable
for quartz particles like LBS, with a relatively uniform mineralogy and no clear structural weakness from CT images
(Zhao et al., 2015; Wu and Wang, 2019). Note that the possibility of a dominating inﬂuence of initial particle morphology on particle crushing behavior is permitted by choosing a
low percentage (i.e., 0% or 20%) of the contacts, as compared
to the choice of a higher percentage (i.e., 40% or 60%) which
may result in a combined domination of particle morphology and initial ﬂaws on the breakage behavior.
To perform the above task, the arrays used to store a set
of fracture surfaces and particle morphology information
are imported into the DEM. The constructed models for
the 3 selected LBS particles are shown in Fig. 2. It shall
be noted that not all the fracture surfaces extracted from
the successful registration were used in the DEM simulation. The fracture surfaces from any fragment whose volume is below 10% of the mother particle are not
considered.
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In this study, each LBS particle was represented by more
than 5,000 bonded spheres with an average sphere size of
approximately 0.05 mm. The linear parallel bond model
(Potyondy and Cundall, 2004), which is widely used to simulate the rock behavior, was utilized to describe the interaction between spheres. This is because linear parallel
bond model not only is a built-in function of PFC3D having
a high operating eﬃciency, but also is convenient to monitor ‘‘bond breaking” events and allow the fracture initiation and propagation.
Before simulating the particle crushing, a pre-processing
was made on the contacts to create initial ﬂaws within the
particle. Speciﬁcally, those contacts that are randomly
selected from all the contacts intersected by a set of fracture
surfaces were marked as ‘‘ﬂawed contacts” and assigned a
reduced bond strength to simulate the ﬂaw region, as illustrated in Fig. 2(b). A single particle crushing test was conducted in 4 steps as follows:
(i) The modeled particle was rotated to make sure its
initial loading condition is consistent with the
experiment by observing the restored particle
morphology;
(ii) Two loading rigid walls were generated and moved to
be in touch with the top and the bottom of the
agglomerate, and the system was allowed to reach a
static equilibrium with a minimum unbalanced force;
(iii) During the loading process, the position of the bottom wall was ﬁxed, and the top wall moved downward at a constant speed of 0.1 m/s until the major
splitting of the agglomerate occurs;
(iv) The load vs. displacement relation measured from the
top wall, the number of fractured bond and the fragment distribution were monitored throughout the
loading process.
DEM micro-parameters of the elementary ball, contact
model, and boundary wall are listed in Table 1. It shall
be noted that these parameters have been determined by
calibrating the model performance against the experimental results. The parallel bond strength used for the simulation of 3 LBS particles mentioned above was adopted in
the range indicated by the ‘‘±” sign. The eﬀect of the bond

Table 2
Summary of DEM simulation results.
Case

1
2
3
4
5
6
7

Proportion of
contacts varied

Bond strength of
initial ﬂaws (N/m2)

LBS-4
Peak crushing
load (N)

Stiﬀness
(N/mm)

Peak crushing
load (N)

Stiﬀness
(N/mm)

Peak crushing
load (N)

Stiﬀness
(N/mm)

0%
20%
40%
60%
80%
80%
80%

1e7-1e8
1e7-1e8
1e7-1e8
1e7-1e8
(0.3 ± 0.1)e8
(1.5 ± 0.5)e7
(0.75 ± 0.25)e7

189.5
186.2
182.7
179.6
161.1
143.9
146.9

2903
2887
2858
2809
2822
2810
2806

185.5
184.5
176.2
168.3
150.1
134.8
138.8

2307
2263
2216
2176
2254
2227
2222

219.1
210.0
199.5
183.9
136.1
129.5
130.0

1816
1816
1804
1710
1758
1812
1831

LBS-6

LBS-9

566

M. Wu, J. Wang / Soils and Foundations 60 (2020) 562–572

strength of ‘‘ﬂawed contacts” on the particle crushing
behavior will be shown below.
4. Results and discussion
4.1. DEM parametric study

Fig. 4. Eﬀect of loading rate on the peak crushing load.

To investigate the eﬀect of the reduced bond strength of
‘‘ﬂawed contacts” on the crushing behavior, a series of simulation tests were performed on particle LBS-9. Fig. 3
shows the relationship between the reduction of the peak
crushing load and the reduction factor of the bond
strength. It can be seen that the reduction of the peak
crushing load increases rapidly with the reduction factor

Fig. 5. Comparison of load–displacement results from simulation and experiment: (a) (d) for LBS-4; (b) (e) for LBS-6; (c) (f) for LBS-9.

M. Wu, J. Wang / Soils and Foundations 60 (2020) 562–572

applied on ‘‘ﬂawed contacts” and reaches a maximum
value of about 40% at a reduction factor of 10, and remains
almost constant afterwards. Therefore, a uniform distribution of the reduced bond strength ranging from 1/10 to 1/2
of the normal value was adopted for a further DEM analysis. This gives the range of bond strength between
1e7 ~ 1e8 N/m2 for Cases 1–4, which has been included
in Table 2. Such a practice reﬂects the nature of random
distribution of initial ﬂaws within the sand particles and
has also been adopted by many authors on the rock
mechanics research (e.g., Liang et al., 2012; Huang et al.,
2017; Zeng et al., 2018; Huang et al., 2019). Note that
the reduction factor of bond strength of 5, 10 and 20 were
used in Cases 5, 6 and 7, respectively.
Another important variable that greatly aﬀects the simulation behavior and the computational eﬃciency is the
loading rate. A series of simulations with the loading rate
varying from 0.01 m/s to 12 m/s were conducted and the
result is shown in Fig. 4. It can be seen that the reduction
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of the peak crushing load remains almost constant when
the loading rate is less than 0.1 m/s and then decreases
rapidly with the increasing loading rate. In view of this
result, the loading rate of 0.1 m/s was adopted for the following study.
4.2. Simulation results and analysis
Table 2 summarises the parameters used for initial ﬂaws
and the peak crushing load and stiﬀness obtained from the
simulations. Fig. 5 compares the load–displacement curves
from the seven simulations and the experiment for each of
the three selected particles, i.e., LBS-4, LBS-6 and LBS-9.
It is seen that an overall much better agreement between
the results from the simulations and the experiments is
found in Cases 5–7 than in Cases 1–4, especially for initial
stiﬀness and peak crushing load. This indicates that the
percentage of the contacts intersected by the fracture
surfaces selected to be ‘‘ﬂawed contacts” plays a more

Fig.6. Comparison of fracture pattern. Diﬀerent colors stand for diﬀerent fragments.
means the fracture surface is mainly caused by intrinsic ﬂaw.

means the fracture surface is mainly caused by particle shape.
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Fig. 7. Child particle morphology reconstruction and veriﬁcation: (a) child particles morphology expressed by convex hull polyhedron; (b) child particles
morphology expressed by clump; (c) image registration for experiment results.

important role than the reduction factor selected for the
bond strength. For Cases 1–4, a distinct drop of the peak
crushing load with the increase of the number of ﬂawed
contacts is evident, particularly for LBS-6 and LBS-9.
However, some major diﬀerence exists in the post-peak
drop of the applied force for all the 7 cases, which reﬂects
the limited capability of the model in reproducing the brittle crushing behavior of LBS particles.
Fig. 6 compares the fragments distribution from the 7
simulations. It is seen that LBS-4, LBS-6 and LBS-9 are
broken into 4, 3 and 3 large fragments and a number of
small fragments for Case 4, which is in good agreement
with the experimental results demonstrating the high success of the proposed method. Besides, it clearly shows that
the increase of ﬂaw inside particle reduces the number of
fragment and aﬀects the fracture pattern. The reduction
factor of bond strength has little inﬂuence on the fracture
pattern. We herein used the black and red triangle to
express the unaltered and altered fracture surface, respectively. It is seen that, some black triangles appear in both
Case 1 and Case 4, which suggests that particle morphology features, in addition to the initial ﬂaws, also aﬀect particle crushing behavior. Similarly, the existence of red
triangle means that initial ﬂaws do aﬀect the fracture pat-

tern. It should be mentioned that the random selection of
initial ﬂawed contacts (with a ﬁxed percentage) has very little inﬂuence on the simulation results including the stiﬀness, peak crushing load and fracture pattern, as
conﬁrmed by another parametric study, the results of
which are not shown due to the length limitation of the
paper.
Although an overall excellent agreement exists in the initial stiﬀness, the fracture pattern and fragment morphologies (for all the 7 cases) and also the peak force (for
Cases 5–7) for the three selected particles, it is acknowledged that there are some diﬀerences in the complete
load–displacement curve (especially after the peak load)
and fragment conﬁgurations between the simulation and
experimental results. This is, however, not surprising at
all considering that the current DEM model is not a perfect
representation of the real sand particles, which will necessarily deviate from the reality at large-deformation stage
due to imperfect choices of model parameters and settings.
Based on our simulation results, it is clear that the variation of the properties of initial ﬂaws has little inﬂuence on
the stiﬀness behavior. A complete understanding of the
underlying physics has not been acquired at the moment
but it is inferred that the fully bonded structure of an
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aggregate particle perhaps has a highly adaptive loadbearing mechanism that allows it to exhibit a constant stiﬀness behavior insensitive to randomly distributed ﬂawed
contacts. Such a conjecture needs to be veriﬁed or examined with further sophisticated experimental or numerical
modeling studies, which is beyond the scope of the current
study.
Aiming at obtaining geometric parameters of major,
intermediate, minor dimensions, volume and surface area
to perform a quantitative analysis of particle morphology
evolution, we need to transform the agglomerate into a
geometric model. Although DEM simulation results provide fragments expressed by bonded sphere assembly, the
particle shape parameters still cannot be obtained, espe-
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cially for particle volume and surface area. Therefore, we
ﬁrstly used the point cloud data (Wu and Wang, 2019) to
describe fragment morphology. Then, the convex hull algorithm (Goshtasby and Stockman, 1985) was adopted to
process a ﬁnite set of points and to obtain the convex hull
polyhedron containing all the given points, as illustrated in
Fig. 7(a). It is worth mentioning that due to the use of the
coordinates of the center of the spheres to depict the particle morphology, the particle volume and area are underestimated slightly, by 5.5%, 5.7% and 5.6% for volume and
8.3%, 7.1% and 9.0% for area, for LBS-4, LBS-6 and
LBS-9, respectively. However, it provides an innovative
way to simulate the breakage behavior of a sand particle
represented by uncrushable rigid clump by generating

Fig. 8. Comparison of fragment shape parameters.
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Fig. 9. Comparison of the number of fracture: (a) (d) for LBS-4; (b) (e) for LBS-6; (c) (f) for LBS-9.

irregular realistic fragment shapes, as shown in Fig. 7(b).
Fig. 7(c) shows the results of image matching between
fragments.
We herein used the elongation index (EI), the ﬂatness
index (FI) and sphericity (S) to describe the particle shape
evolution. The details of the deﬁnition and calculation of
these parameters can be found in Zhao et al. (2015). Convexity is not considered in this study due to the method of
acquisition of geometry. Fig. 8 shows the eﬀect of initial
ﬂaw on the evolution of particle shape parameters. In
Cases 1–4, compared with EI and FI, the sphericity
changes very little, which is due to three factors, i.e., the
selected material (LBS particle), basic element (sphere) in

simulation and the convex hull algorithm. The eﬀect of ﬂaw
on the distributions of EI is quite diﬀerent from the one on
FI. The increase of the number of initial ﬂaws ﬂaw makes
EI tend to increase and FI tend to decrease, which means
that the fragments generated from the mother particle containing ﬂaws are more elongate and less ﬂat. However, the
reduction factor of bond strength in Cases 5–7 has little
inﬂuence on the distributions of particle shape parameters.
Fig. 9 shows the number of fractured bond of the three
particles. Initially, the number of fractured bond is zero,
meaning that no ‘‘bond breaking” event occurs at this
stage. As the displacement increases, the bond strength of
some bonded contacts is exceeded, so cracks occur and
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start to propagate. It is interesting to note when the fracture incidence rate reaches its maximum value, the applied
force also reaches its peak crushing load, as shown in
Fig. 5. Obviously, the fracture incidence rate is not only
aﬀected by the initial ﬂaw, but also related to the crushing
load. After the major splitting event, the fracture incidence
rate stays at a stable level.
5. Conclusion
This paper uses DEM to simulate the single sand particle breakage behavior taking into account the eﬀects of
realistic particle morphology and fracture surfaces
observed from the single particle crushing test. The main
innovation of this work is the incorporation of the information of realistic fracture surfaces of sand particles
acquired from CT scanning into the DEM modeling of particle crushing. In comparison with the experimental results,
the proposed method demonstrates its excellent capability
in reproducing the realistic particle crushing behavior.
The major observations are stated as follows:
(i) It is found that the percentage of the contacts intersected by the fracture surfaces selected to be ‘‘ﬂawed
contacts” plays a more dominating role than the
reduction factor selected for the bond strength in producing the real particle crushing behavior;
(ii) The initial ﬂaws are found to have a relatively slight
inﬂuence on the stiﬀness behavior but aﬀect the particle strength signiﬁcantly;
(iii) The particle crushing behavior including the peak
crushing load, fracture pattern and the conﬁguration
of fragments is subject to the combined eﬀects of particle morphology features and initial ﬂaws;
(iv) The fracture incidence rate, which is closely related to
the peak crushing load, is also signiﬁcantly aﬀected
by initial ﬂaws.
This study is a further step towards the DEM investigation of particle crushing behavior making an innovative use
of the previous research ﬁndings (Wu and Wang, 2018 and
2019; Wang and Wu, 2020). Nevertheless, the following
limitations in this study should be noted: (i) The reduced
bond strength is just one simple way to reﬂect the initial
ﬂaw. Other techniques such as using the smooth joint
model (Huang et al., 2015) or deleting the contacts within
the ﬂaw region can also be adopted. However, the study
on these methods is not included in this paper due to the
length limitation of the paper; (ii) only 3 LBS particles were
involved in this study, making the results relatively simple,
especially for the evolution of particle shape parameters.
Therefore, more particles should be studied in the future
to obtain statistically representative results; (iii) the environment that particle is situated in the uniaxial loading is
diﬀerent from that in a granular assembly. Hence, the
crushing behavior of a particle under diﬀerent boundary
conditions are worthy of a further investigation; and (iv)
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the inﬂuence of diﬀerent roughness, inclination, area and
position of ﬂaws on the crushing characteristics of a particle should also be considered in the future study.
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