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Abstract
Discrete element method (DEM) of granular sands incorporating the effect of the realistic particle shape has been an important
issue for many years. In this context, this study proposed a novel framework for the generation of realistic-shaped particles of
natural sands in 3DDEMsimulations. The generation frameworkmainly includedmicro-CT (µCT) scanning of sand particles,
image processing of µCT images, spherical harmonic reconstruction of the particle surface, and clump generation by the
overlapping multisphere clump method (OMCM) in DEM simulations. To validate the accuracy of OMCM, the volume and
inertia moment of the clump were carefully investigated, and a set of optimized generation parameters was then determined
to ensure the accuracy of the clump and the limit number of the filling spheres. Based on the generation framework, a clump
sample with realistic particle shapes and a corresponding sphere sample were generated to conduct a series of direct shear
testing. The simulation results demonstrated that the realistic particle shape highly increases the particle interlocking rather
than the anisotropic intensity of strong contact force chains, and in turn enhances the shear resistance and the shear-induced
dilation of the sands. It was also found that the inter-particle contacts of the clump sample have higher friction mobilization
than that of the sphere sample, which identified the micromechanism of the shape effect on the particle interlocking.

Keywords Particle shape · Spherical harmonic reconstruction · Overlapping multisphere clump method · Direct element
method

1 Introduction

Particle shape, in terms of general form and surface texture,
has been widely acknowledged to play a significant role
in determining the mechanical properties of natural sands.
In the last three decades, a large number of experimental
studies have found that general form and surface texture,
respectively, enhance particle interlocking and inter-particle
friction, producing an increase in shear strength and shear-
induced dilation of sands [1, 2]. As an alternative, the discrete
element method (DEM) has also made a significant contri-
bution towards elucidating themicromechanicalmechanisms
of the particle shape effect on the mechanical properties of
sands [3–6]. In this context, it is essential to take the particle
shape effect into account when conducting DEM studies of
natural sands.
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In order to consider the particle shape effect in DEM
studies, two major methods have been commonly used by
researchers. The first method is to introduce a rheology-type
rolling resistancemodel to define the constitutive relationship
of inter-particle contact, which is capable of reflecting the
anti-rotation effect between the contacted particles induced
by the particle shape [7–9]. As compared to the rolling resis-
tancemodel, amore directmethod to reflect the particle shape
effect is to incorporate irregular particle shapes into DEM
simulations. In this regard, a number ofmodelling techniques
have been proposed in the extant literature, including ellip-
soids [3, 5], polyhedrons [10–12], spherocylinders [13], and
potential particles [14, 15]. However, these methods are only
capable of generating idealized and repetitive particle shapes
within a particle assembly. According to the basic under-
standing of natural sands, shapes of the component particles
are totally random and distinct from each other. Determining
how to incorporate the effect of realistic particle shapes of
natural sands into DEM studies remains a major challenge.

Recently, the development of X-ray micro-computed
tomography (µCT) technology has provided a powerful
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tool for the 3D visualization and characterization of the
microstructure and micromorphology of natural sand parti-
cles [16–20]. The authors have made a comprehensive study
on the particle shape of natural sands by using image anal-
ysis and spherical harmonic (SH) analysis based on µCT
images of natural sands [17–19]. Therefore, the applica-
tion of µCT technology constitutes a feasible approach for
researchers to incorporate realistic particle shapes of nat-
ural sands into DEM simulations. For example, based on
µCT images, Andrade and colleagues used the granular
element method (GEM) [21, 22], an advanced DEM com-
bined with non-uniform rational basis splines, to capture
complex particle shapes of natural sands. However, the com-
plicated detection of inter-particle contacts always resulted
in huge computation cost of the GEM simulations. Conse-
quently, a simpler and more efficient method, named the
multisphere clumpmethod (MCM), has been widely utilized
in conventional DEM frameworks, which creates complex-
shaped particles by bonding a group of spheres together
[23–27].

The idea of the MCM is to bond a number of spheres to
best-fit the surface profile of a 3D irregular particle. Accord-
ing to different requirements, the component spheres can be
bonded with no overlaps or with large overlaps. A cluster
formed with no overlaps between the component spheres
is referred to as an “agglomerate”, which has been widely
used for particle crushing simulations [28–32]. Alternatively,
the component spheres can be also bonded with large over-
laps as a rigid clump to represent an uncrushable particle,
and this method is called the overlapping multisphere clump
method (OMCM) [24, 25]. Comparing with the modified
DEM incorporating particle shape effect, OMCM retains the
conventional contact detection algorithm and the practical
calculations for contact statics of component spheres within
the clumps, thereby ensuring the wide applicability of the
conventional DEM simulations. More significantly, OMCM
is capable of modeling natural sand particles with extremely
complex shapes such as concave shapes. For these reasons,
OMCMhas become a pragmatic and robust method formany
researchers to investigate the particle shape effect by using
the conventional DEM.

Two key issues need to be addressed for OMCM. The first
is to propose an optimized algorithm to adjust the positions
and radii of the component spheres with a limited number
inside a clump to best-fit a realistic particle shape. In this
regard, several algorithms for OMCM have been proposed,
e.g., burn algorithm [20], sphere filling algorithm [24], mod-
ified greedy heuristic algorithm [27], etc. The second issue
is to eliminate the influence of the incorrect mass and iner-
tia moments of the clump induced by the inhomogeneous
overlaps of the filling spheres. For this reason, Ferellec and
McDowell [25] attempted to carefully modify the density of
each filling sphere to reach an approximately uniform den-

sity of the generated clump. However, the modified mass and
inertia moments of the clump were still not capable to meet
the accuracy requirements of the calculation of the parti-
cle kinematics in DEM simulations. Therefore, an important
aim of this study was to develop an optimized algorithm for
OMCM following the idea of Ferellec and McDowell [25],
and further calibrate the mass and inertia moments of the
generated clump.

The core objective of this study was to propose a novel
framework for the generation of realistic-shaped particles of
natural sands in DEM simulations. This framework mainly
involved µCT scanning of natural sand particles, image
processing of µCT images, SH reconstruction of realistic
particle surfaces, random generation of realistic-shaped par-
ticles and clumpgeneration byOMCMwithin an open source
DEM LIGGGHTS [33]. Finally, to validate the effectiveness
of the generation framework, a series of numerical direct
shear tests were performed on a realistic-shaped clump sam-
ple and a spherical particle sample. Based on the simulation
results, we detailedly explained the differences of the macro-
scopic and microscopic mechanical behaviors of granular
sands affected by realistic particle shapes.

2 Representation of realistic particle shapes

2.1 µCT scanning and image processing

A typical quartz sand, named Leighton Buzzard sand (LBS),
was chosen as the research object in this study. As shown
by the microscopic view of a typical particle in Fig. 1a, LBS
particles always feature a round shape and smooth surface,
which may be due to the natural grinding process involved
in its chronic geological transportation. To conduct µCT
scanning, about 100 LBS particles were randomly chosen
from the screening packing, with particle sizes from 1.18 to
2.36 mm. These sand particles were then fixed in a polycar-
bonate microtube with silicon oil, as shown in Fig. 1b. A
Carl Zeiss CT system (METROTOM 1500), provided by the
Shenzhen Meixin Testing Technology Co., Ltd., was used
to conduct high-resolution x-ray µCT scanning of the LBS
specimen. The voxel size of the obtained µCT images was
32.65 µm.

To separate contacted sand particles and obtain the shape
information of each individual particle, it was necessary to
put the obtained µCT images through a series of image
processing techniques. Firstly, the solid phases (i.e., sand par-
ticles) were distinguished from the void and silicon grease
using a thresholding algorithm, and binaryµCT images were
obtained with the solid pixel being white and background
pixel being black. A 3D median filter with an intensity level
of 5 pixels was then used to reduce noise within all of the
binary µCT images. To separate the contacted particles, a
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Fig. 1 a Microscopic view of a
typical LBS particle, and b LBS
particles fixed in a microtube
filled with silicon oil

Fig. 2 a µCT images of four scanned particles, b SH-reconstructed surfaces of the four particles, and c clump representations of the four particles

3D watershed algorithm was applied to the 3D µCT images
to prevent over-segmentation. Finally, the individual parti-
cles were separated and labeled with different grey levels

using a simple segmentation algorithm. For illustration, the
µCT images of four scanned sand particles were visualized
in Fig. 2a.
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2.2 Spherical harmonic reconstruction of particle
surface

To implement OMCM, the requisite prior step is to recon-
struct the realistic surface of a given sand particle based on
its µCT images. In this study, we proposed to reconstruct
the particle surface by SH analysis, which has been proven
to constitute a powerful tool to represent particle shape fea-
tures at multiple scale levels [17, 19]. According to previous
findings by the authors, the SH-reconstructed surface offers
three major advantages [17, 19]: (1) it is a progressive accu-
mulation of surface textures; (2) it is a global optimization
to minimize the error to the original particle surface; and (3)
it has the characteristics of the SH function, including con-
tinuity and smoothness. In particular, the last advantage of
the SH-reconstructed surface is critical to implementOMCM
successfully. For completeness, the relevant SH theorieswere
briefly introduced below.

After the image processing of the µCT images, the com-
ponent voxels of a given particle could be easily identified
by their labeled grey level. The intrinsic function bwperim in
MATLAB [34] was utilized to detect the boundary voxels of
this particle. According to the spatial positions of the bound-
ary voxels and the voxel resolution (i.e., the spatial width of a
voxel), a set of boundary vertices around the particle profile
can be accurately positioned by a set of Cartesian coordi-
nates V(x, y, z). As expressed in Eq. (1), the first step of SH
analysis is to expand the polar radius from a unit sphere to
the particle surface composed of the boundary vertices V(x,
y, z), and to calculate the associated SH coefficients:

r (θ, ϕ) �
∞∑

n�0

n∑

m�−n

amn Y
m
n (θ, ϕ) (1)

where r (θ, ϕ) is the polar radius from the particle center
with the spherical coordinates θ ∈ [0, π ] and ϕ ∈ [0, 2π ],
which can be obtained by the Cartesian-to-spherical coordi-
nate conversion from V(x, y, z); Ym

n (θ, ϕ) is the SH series
given by Eq. (2); and amn is the associated SH coefficient that
needs to be determined.

Ym
n (θ, ϕ) �

√
(2n + 1)(n − m)!

4π (n + m)!
Pm
n (cos θ )ei m ϕ (2)

where Pm
n (x) are the associated Legendre polynomials; and

n and m are the degree and order of Pm
n (x), respectively.

Taking r (θ, ϕ) as the input on the left side of Eq. (1), a lin-
ear systemof equationswas obtainedwith (n+1)2 unknowns.
In this study, nmax was initially set to 15. This value has
been shown to be adequate for the reconstruction of con-
crete aggregates and natural sand particles [17]. Adopting
the standard least squares estimation, it is easy to solve these
linear equations and determine the optimized solution of amn .

By using the obtained amn , it is possible to reconstruct the
realistic particle surface by using the following equation:

r̂ (θ, ϕ) �
nmax∑

n�0

n∑

m�−n

amn Y
m
n (θ, ϕ) (3)

Figure 2b shows the corresponding SH-reconstructed sur-
faces of sand particles in Fig. 2a with the SH degree of 15.
By visual inspection, it is clear that the shape features of the
SH-reconstructed surface agree well with the µCT images
of the particle, and further retain the smooth and continuous
characteristics of the natural particle surface.

3 Overlappingmultisphere clumpmethod

3.1 Particle shape rebuilding

In this study,weused the sphere filling algorithmproposed by
Ferellec and McDowell [24] to rebuild the realistic particle
shape in the DEM framework. As illustrated by Fig. 3a, the
major steps of this method are briefly introduced as follows:

Step 1 Obtain a series of discrete surface vertices based on
the SH-reconstructed surface mesh of a given sand
particle.

Step 2 Randomly choose a vertex, and gradually expand
its tangent sphere along its inward normal direction
until it touches another boundary vertex on the parti-
cle surface. The starting vertex and touching vertex
are then excluded from this set of boundary vertices
in the following procedures.

Step 3 Repeat Step 2 by randomly choosing another starting
vertex from the rest of the boundary vertices.

Step 4 Bond the spheres generated by Step 2 and Step 3 as
a rigid clump.

During the filling process, three constraints were used to
limit the number of generated spheres:

(1) The distance between the starting vertex of a newly gen-
erated sphere and the surface of the existing spheres was
measured. If this distance is smaller than a given thresh-
old value dmin, this generated sphere was eliminated
because it contributed little to rebuilding the particle
shape.

(2) Generated spheres with a radius smaller than a given
value rminwere also eliminated to avoid artificial surface
roughness.

(3) The loop process of Step 3 was ended if the sampling
number of the starting vertices was larger than a given
percentage pmax of the total vertices.

123



DEM-aided direct shear testing of granular sands incorporating realistic particle shape Page 5 of 12 55

Fig. 3 a Systematic sketch
explaining the selected filling
algorithm, b geometrical
imperfections in 2D, and c
geometrical imperfections in 3D

Conclusively, the core objective of OMCM is to gener-
ate the clump precisely representing the particle shape with
a limited number of filling spheres. To achieve this aim, it
was necessary to determine a set of optimized generation
parameters (i.e., dmin, rmin, and pmax) in advance. Ferellec
and McDowell [24] suggested to set low values of dmin and
rmin, and ahighvalueofpmax .However, it is still not clear how
to determine optimized parameters according to the require-
ment of accuracy of the clump and the number of filling
spheres. Based on a series of empirical trials, Table 1 pre-
sented three sets of adequate parameters for OMCM, and
Fig. 4 displayed the SH reconstruction of a typical sand par-
ticle (i.e., Fig. 4a) and its generated clumps (i.e., Fig. 4b–d)
with these sets of parameters. By visual inspection, it is clear
that the shape features of the clump gradually approach the
real sandparticlewith the increasednumber offilling spheres.
However, the volume imperfection between the clump and
the real sand particle was still inevitable by using OMCM,
as illustrated in Fig. 3b, c. Moreover, the inaccuracy of the
mass and inertia moments of the clump, induced by the high
overlapping of the filling spheres, may result in incorrect
kinematic behaviors of the clumps in DEM simulations. For
these reasons, the following section will further investigate
the accuracy of the clump representing the volume,mass, and
inertia moments of the sand particle to validate the effective-
ness of OMCM with the given parameters in Table 1.

3.2 Particle volume and inertia moments

Traditionally, the volume, mass, and inertia moments of the
clump were determined by a conventional clump logic used
by many DEM codes such as PFC3D [35]. However, recent
studies proved that this logic is not suitable for the clump
generated by OMCM, because the double counting and the
heterogeneity of density within the overlapping volume will
result in inaccurate mass and inertia moments of the clump
[25, 27, 36]. To overcome this problem, we introduced a
probabilistic method to calculate the kinematic properties of
the clump, including the mass and inertia moments. The core
idea of this method is to utilize the Monte Carlo simulation

Fig. 4 a SH reconstruction of a typical sand particle, b clump generated
with the first set of parameters in Table 1, c clump generated with the
second set of parameters in Table 1, and d clump generated with the
third set of parameters in Table 1

within the volume of the clump, and then evaluate the integral
expressions for its kinematic properties. Similar method was
also used by Alonso-Marroquín and Wang [37] to determine
the kinematic properties of spheropolygons. Firstly, a bound-
ing box with the principal dimensions of a given multisphere
clumpwas generated, as illustrated in Fig. 5a.A large number
(e.g., N �10,000) of points were then randomly generated
within this bounding box. The points with the number of n
inside the clump volume were reserved, as demonstrated by
the red point in Fig. 5b. According to the theory of theMonte
Carlo simulation, the volume of the clump V can be obtained
by:
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Table 1 Relative deviations of
the volume and inertia moments
using different sets of
parameters

Constraint generation
parameters

Relative
deviation of
volume (%)

Relative
deviation of
PMI (%)

Average
number of
component
spheres

dmin (mm) rmin (mm) pmax (%)

μCT-scanned sand particles

0.04 0.1 80 14.5 16.8 16

0.03 0.08 90 8.7 10.1 30

0.02 0.04 95 1.9 2.1 67

Virtual sand sample

0.03 0.08 90 8.0 9.7 31

Fig. 5 Schematic diagram of Monte Carlo simulation, a points randomly scattered into the bounding box, b points fall inside the clump were
reserved, c points randomly scattered into the bounding box of a SH particle, and d points fall inside the SH particle were reserved

V � n

N
Vbox (4)

where Vbox is the volume of the bounding box. Therefore,
the mass of the clump m can be easily obtained by the prod-
uct of V and a given material density of the particle. To
further calculate the inertia moments, each remaining point(
x p
i , x p

j , x
p
k

)
was assigned a micro massm/n. Therefore, the

mass center
(
xi , x j , xk

)
, moments, and products of inertia Iii

and Iij of a clump can be calculated by the following equa-
tions:

xi � 1

n

n∑

p�1

x p
i (5)

Iii � m

n

n∑

p�1

{(
x p
j − x j

)2
+

(
x p
k − xk

)2
}

(6)

Ii j � m

n

n∑

p�1

{
−(

x p
i − xi

)(
x p
j − x j

)}
( j �� i) (7)

The above method can also be extended to calculate the
volume, mass, and inertia moments of the SH-reconstructed
sand particle, as illustrated by Fig. 5c and 5d. By using the
proposed calculation method, Table 1 summarized the aver-
age deviations of the volume and three principal moments of

inertia (PMI) between the SH reconstruction and the clump
generated by different sets of generation parameters for all
of the sand particles. The average numbers of filling spheres
within the clump were also included in this table. It is clearly
noted that the deviation of the volume and PMI dramatically
decreases with the decrease of dmin and rmin, and the increase
of pmax , whereas the number of filling spheres apparently
increases. Considering the computational efficiency of the
DEM simulation, the second set of generation parameters
in Table 1 was finally selected in this study. The generated
clumps had an average number of 30 component spheres,
and average deviations of 8.7 and 10.1% in volume and PMI,
respectively. Figure 2c shows the generated clumps with this
set of generation parameters, which agrees well with the
shape features of their corresponding sandparticles inFig. 2a.

4 Specimen generation and direct shear
testing

To further demonstrate the particle shape effect on the
mechanical properties of granular sands, a series of numer-
ical direct shear tests were conducted in this section. Due
to the limited number of µCT-scanned sand particles, it is
difficult to generate a numerical sample with a large num-
ber of realistic-shaped particles. Consequently, the authors
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Fig. 6 a Virtual sand particle assembly generated from expanding pro-
cess, and b corresponding clump assembly

proposed a statistical approach for generating a virtual sand
assembly composed of a large number of realistic-shaped
particles, but retaining the major shape features of natural
sand [18]. By employing this approach, a virtual sand assem-
bly containing 6500 realistic-shaped particles with a uniform
particle size distribution from 1 to 2 mm was generated in a
rectangular box with the dimensions of 25 mm×25 mm×
60mm, as visualized in Fig. 6a. By using the same set of gen-
eration parameters in Sect. 3, OMCM was applied for each
individual particle to rebuild a corresponding DEM-oriented
clump in the box, and the obtained clump sample was visu-
alized in Fig. 6b. The average number of filling spheres and
deviations of the volume and PMI of all the clumps were also
summarized in Table 1, which were basically acceptable for
the DEM simulations.

In accordance with the dimensions of the rectangular box
for the generation of the sand assembly, a direct shear boxwas
generated by placing six rigid walls, including four lateral
walls and two horizontal walls, as illustrated in Fig. 7a. The
hertz contact theory [38] was adopted to define the constitu-
tive response of the inter-particle contacts and wall-particle
contacts, in which the major DEM parameters were summa-
rized in Table 2. It should be noted that the wall element
was set as the granular wall that can be regarded as the sur-
face of a sphere with infinite mass and radius. Therefore,
the contact parameters and the constitutive response of the
inter-particle contacts and wall-particle contacts are all the
same. To consolidate the sample to a dense state, the ini-
tial friction coefficient of the particles was set to zero, and
the upper wall and the lower wall moved towards each other
at a constant speed until the vertical stress of the sample

Table 2 Major DEM parameters selected in this study

Parameter Value

Size range (mm) 1–2

Density (g/cm3) 2.6

Total mass of the sample (g) 18.29

Young’s modulus (Pa) 5×107

Possion ratio 0.15

Restitution coefficient 0.3

Friction coefficient 0.4

reached a given confining stress (i.e., 25, 50, 75, and 100 kPa)
(see Fig. 7b). As a contrast, a conventional spherical particle
sample with the same particle size distribution as the clump
sample was generated to demonstrate the shape effect on the
mechanical behaviors of the samples. Figure 8 shows the
initial void ratios of these two samples subjected to differ-
ent consolidation stresses. For both samples, the initial void
ratio apparently decreases with the increase of consolidation
stress. It can be noted that the clump sample has a higher
void ratio than the sphere sample under the same consolida-
tion stress. Moreover, the irregular form and angular corners
of the realistic-shaped clumps can highly resist the rearrange-
ment of the particles under the consolidation, which results
in large voids between the particles.

After the consolidation of the sample, the inter-particle
friction coefficient was reset to 0.4, and the side walls were
cut horizontally into two equal halves by an imaginary shear
plane passing through the middle of the specimen. To pre-
vent the particles from escaping during the shear process,
two horizontal wings were placed between the upper and
lower halves of the shear box, as demonstrated in Fig. 7c
[39]. The shear process was then performed by moving these
two halves relative to each other at a constant velocity of
1 mm/s. In order to balance computational efficiency and
accuracy, the time step was chosen as 8×10−7 s, which
is one-tenth of the critical Rayleigh time [38, 40]. During
the whole shear process, the vertical stress of the sample
was maintained constant under a servo control, and the shear
stress, shear displacement, and volume change of the sample
weremainlymonitored. Specifically, the volume of the lower
half box remained a constant during the shear process, while
the volume of the upper half box updated according to the
position of the upper horizontal wall determined by the servo
control. Therefore, the volume change of the sample is the
difference between the updated volume and the initial vol-
ume of the upper half box. Figure 7d shows the final state of
the sample subjected to the shear displacement ratio of 20%,
which was defined by the ratio of the shear displacement to
the width of the shear box.

123



55 Page 8 of 12 Y. Zhou et al.

Fig. 7 Schematic diagram of specimen generation and shear process, a particles generated in the shear box (before being compacted), b a compacted
specimen generated, c wings attached and specimen is ready to shear, and d final state of the shear process

Fig. 8 Initial void ratio under different vertical stresses

5 Results and discussion

5.1 Macroscopic mechanical response

Based on a series of numerical direct shear tests, Fig. 9 shows
the shear stress and volume change as functions of the shear
displacement ratio for both samples. Due to the dense state of
the sample, a clear peak and subsequent softening-behavior
can be observed in all of the stress-displacement curves (see
Fig. 9a), and a remarkable shear-induced dilation can be

found in all of the dilation-displacement curves (see Fig. 9b).
The peak stress, residual stress, and volumetric dilation of
both samples apparently increase with the increase of verti-
cal stress. With regard to the shape effect, as expected, the
clump sample has a much higher peak stress, residual stress,
and volumetric dilation than the sphere sample under the
same vertical stress. These well-known results clearly prove
the importance of realistic particle shapes in DEM simula-
tions, and the effectiveness of the proposed framework for
the generation of realistic particle shapes.

To further analyze the effect of the particle shape on the
bulk friction angle of the sample, Fig. 10 plots a scatter dia-
gram of the peak and residual shear stress against the vertical
stress for all of the samples, and the linear fitting curves are
also included. The bulk friction angle can be determined by
the slope of the fitting curve according to Mohr–Coulomb
criteria. The peak bulk friction angles of the clump and
sphere samples are 52° and 40°, respectively. The residual
friction angles of clump and sphere samples are 43° and 37°,
respectively. This demonstrates that the incorporation of the
realistic particle shape brings a major increase of the bulk
friction angle of the sample at peak state (i.e., 12°) and a
minor increase of the bulk friction angle of the sample at
residual state (i.e., 6°) due to the high interlocking between
the shaped particles. This difference indicates that the parti-
cle shape effect is more remarkable at the peak state, which
might be attributable to a weakening of the interlocking force
within the shear band at the residual state.
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Fig. 9 Macro shear behavior comparison, a shear stress—shear displacement ratio curves, and b volumetric dilation—shear displacement ratio
curves

Fig. 10 Peak and residual shear stress versus incremental vertical
stresses

5.2 Micromechanics of sand particles

To gain insight into the micromechanics of the particles,
Fig. 11 shows 5 snapshots (corresponding to before shear
state, 5, 10, 15% shear displacement ratio states and final
shear state) of the strong normal contact force network and
polar distributions of these two samples under the vertical
stress of 50 kPa during the shearing process. The top 20% of
contact forces within the sample were defined as the strong
contact force in this study. After the equilibrium of the con-
solidation, a clear vertical pattern of the strong force chains
can be observed to resist the vertical consolidation stress, and
the principal direction of the polar distribution of the strong

forces can be found to be vertical, as well. With the devel-
opment of the shearing, the major pattern of the strong force
chains and the principal direction of the polar distribution
firstly rotates along the shearing direction before the peak
state, and then remains stable at the residual state. It was
also found that the anisotropic intensity of the strong contact
forces dramatically increased before the peak state, and then
slightly decreased to a stable magnitude at the residual state.
It is worth noting that the anisotropic intensity of the strong
contact forces of the clump sample was slightly weaker than
that of the sphere sample, especially at the peak state. This
interesting phenomenon may be due to the inhibiting effect
of the strong interlocking between the realistic-shaped parti-
cles on the development of the shear-induced anisotropy of
the clump sample.

In order to quantify the interlocking effect at an inter-
particle contact, a friction mobilization index Im [41] was
introduced in this study, which was defined by the ratio of
the tangential force f t to the maximum anti-sliding forceμf n
of this contact. Figure 12a shows the evolution of average Im
of all of the inter-particle contacts within both samples dur-
ing the shearing process. In addition to no remarkable peak,
a similar pattern with the stress-displacement curves (see
Fig. 9a) can be observed herein. Moreover, the fluctuation of
the Im curves was mainly attributable to the slip-stick mech-
anism in the quasi-static shearing, a phenomenon that was
also previously found by the authors [9] and other researchers
[42]. By carefully examining this figure, two sets of Im curves
can be distinguished, whichmeans that the stress level has no
apparent influence on the inter-particle interlocking. Specif-
ically, the clump sample has a much higher Im than the
sphere sample at the same vertical stress, which indicates that
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Fig. 11 Side view and anisotropy of strong contact force chains

Fig. 12 a Probability distribution profiles of frictionmobilization coefficient at peak state, and b evolution of average frictionmobilization coefficient
during the shear process

the realistic particle shape highly enhances the inter-particle
interlocking at the particle-scale level.

Figure 12b presents the probability distributions of Im for
both samples at the peak state. It is interesting to find that the
distribution profiles of the clump samples exhibit remarkable

differences from those of the sphere samples. Specifically, the
former shows a nearly linear increase of probability from Im
�0 to Im �0.9 and an extremely high probability at Im �1,
while the later approximates a constant probability from Im
�0.3 to Im �0.9 and a relatively low probability at Im �1.
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The higher probability at Im �1 for the clump samples indi-
cates that a greater proportion of the inter-particle contacts
is bearing its maximum capacity of the sliding resistance,
contributing to the enhancement of the shear resistance of
the samples. These findings can reveal the micromechanics
of interlocking between the realistic-shaped particles.

6 Conclusions

The major contribution of this study was to propose a novel
framework for the generation of realistic-shaped particles of
natural sands in 3DDEMsimulations. The generation frame-
work mainly involved µCT scanning of the sand particles,
image processing ofµCT images, SH reconstruction of parti-
cle surfaces, random generation of realistic-shaped particles,
and implementation of OMCM within an open source DEM
LIGGGHTS. In order to validate the accuracy of OMCMand
calibrate the kinematic properties of the generated clump,
the mass and inertia moments of the clump were precisely
investigated by using the Monte Carlo method. The results
demonstrated that the clump with a limited number of fill-
ing spheres generated by OMCMwith optimized generation
parameters was sufficient to represent the volume, mass, and
inertia moments of realistic sand particles.

By using the generation framework, a series of numerical
direct shear tests were performed to demonstrate the signifi-
cant effect of the realistic particle shape on the macroscopic
and microscopic mechanical behaviors of granular sands.
The simulation results demonstrated that the realistic shape
highly increases the inter-particle interlocking rather than the
anisotropic intensity of strong contact force chains, in turn
enhancing the shear resistance and the shear-induced dila-
tion of the sands. At the particle scale level, it was further
shown that the inter-particle contacts of the clump sample
have higher friction mobilization than that of the sphere
sample. This finding revealed the interlocking mechanism
enhanced by the particle shape at the microscopic level.
Moreover, all the simulation results proved the effectiveness
of the proposed framework for generating realistic particle
shapes within DEM simulations. Based on the present work,
our future research will generate realistic-shaped particles
with more sophisticated shape features of natural sands, and
quantify the correlation between the statistics of the shape
parameters (e.g., sphericity, roundness, convexity, aspect
ratio etc.) [43] and themicroscopic andmacroscopicmechan-
ical properties of natural sands.
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