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Abstract: In this paper, the X-ray micro-computed tomography (X-ray μCT), spherical harmonical-based principal component
analysis (SH-PCA) and discrete element method (DEM) were incorporated to generate virtual samples with morphological gene
mutation at different length scales. All samples were subjected to axial compression and constant confining stress. The effects of
multiscale particle morphology on the stress-strain and energy storage/dissipation responses of granular soils were investigated. It
is found that: (a) the effects of particle morphology on the initial stiffness, stress-strain, volumetric strain and frictional energy
dissipation behaviours are more pronounced for looser samples than for denser ones; (b) among different length scales, the particle
morphology at the local roundness-level outperforms the one at the general form-level in dictating the macro-scale responses of
granular soils; (c) the energy dissipation of a granular assemblage is a result of competition between particle morphology and
initial void ratio.
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Granular soil is ubiquitous in nature and widely
utilized in geotechnical engineering practice. The
typical
characteristics
of
such
materials,
discontinuity and heterogeneity, usually lead to
complex mechanical responses under triaxial shear.
Within a granular assemblage, particles can rotate,
translate and even break during the whole shearing
process, leading to the loss and gain of interparticle
contacts (Fonseca et al., 2013; Cheng and Wang,
2018a; Zhao et al., 2020). Consequently,
unpredictable macro-scale mechanical responses
result (Huang et al., 2008; Gutierrez et al., 2009;
Maeda et al., 2010; Gong and Liu, 2017; Nie et al.,
2020; Nie et al., 2021; Thakur and Penumadu, 2021;
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Wu et al., 2021). Particle morphology also plays a
crucial role in particle kinematics and breakage and
thus should be involved in the investigation of
granular soils.
In recent years, the development of many
optical and imaging techniques, such as
stereomicroscope (Santamarina and Cho, 2004),
QicPic apparatus (Altuhafi and Coop, 2011),
stereophotography (Zheng and Hryciw, 2017) and
X-ray micro-tomography (μCT) (Wu et al., 2012;
Viggiani et al., 2015; Zhao and Wang, 2016), makes
it possible to extract high-resolution particle
morphology of granular soils and further investigate
multiscale particle morphology. In this context, a
significant body of research on the macro-micro
mechanical responses of granular soils have emerged,
including particle morphology description (Fonseca
et al., 2012; Zhou et al., 2015; Zhao and Wang, 2016;
Fei and Narsilio, 2020; Xiong et al., 2020; Nie, et al.,
2021; Thakur and Penumadu, 2021), particle
kinematics (Hall et al., 2010; Hasan and Alshibli,
2010; Andrade et al., 2011; Cheng and Wang, 2018b),
particle breakage (Alikarami et al., 2015; Zhao et al.,
2015;
Karatza
et
al.,
2018),
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energy dissipation (Wang and Yan, 2012; Zhang et al., 2013) and fabric evolution (Maeda, et al., 2010; Fonseca,
et al., 2013; Cheng and Wang, 2018a). Since particle morphology is multiscale in nature from the general form
at a large length scale to the surface texture at a small length, this intrinsic characteristic encouraged us to
explore and further compare the effects of particle morphology at different length scales on the macro-micro
mechanical behaviours of granular soils. However, most works have used an overall regularity descriptor, the
average of several traditional descriptors at different length scales, to describe particle morphology (Yang and
Luo, 2015; Xiao et al., 2019; Nie, et al., 2021) or have focused on particle morphology at one specific length
scale without considering other length scales (Gong and Liu, 2017; Nie, et al., 2020). The possibly distinct
contributions of particle morphology at different length scales have not been well explored and compared.
The discrete element method (DEM), first proposed by Cundall and Strack (Cundall and Strack, 1979),
gives an alternative way to explore the role that particle morphology plays in the macro-micro mechanical
responses of granular soils. To consider the effects of particle morphology, early DEM studies employed
rheology-type rolling resistance models (Iwashita and Oda, 2000; Zhou et al., 2013) or incorporated simplified
non-spherical particles (Rothenburg and Bathurst, 1991; Lin and Ng, 1997; Ng, 2009; Stroeven et al., 2011;
Azéma et al., 2013; Nassauer et al., 2013; Kuhn et al., 2015; De Bono and Mcdowell, 2020; Jin et al., 2021),
while more modern DEM models have considered sophisticated and realistic particle morphology (Kawamoto
et al., 2018; Wu, et al., 2021). In this context, many particle reconstruction techniques have been proposed to
incorporate realistic particle morphology into DEM (Grigoriu et al., 2006; Liu et al., 2011; Mollon and Zhao,
2014; Zhou and Wang, 2017; Wei et al., 2018; Sun and Zheng, 2020; Wang et al., 2021; Xiong and Wang, 2021).
Among them, the spherical harmonic (SH) is widely used. The SH coefficients obtained from realistic particle
surface data contain all the morphological information at different length scales and hence can be treated as the
“morphological gene” (Sun and Zheng, 2020). With the spherical harmonic-based principal component analysis
(SH-PCA), the morphological genes and the corresponding morphological features at a particular length scale
can be easily modified, leading to the “gene mutation” of a given particle (Xiong and Wang, 2021).
In this work, 27 DEM samples were generated with a reconstruction framework that incorporated the
X-ray μCT, SH-PCA and DEM to investigate the effects of particle morphology on the macro-micro mechanical
responses of granular soils. Based on the authors’ previous work on the one-to-one mapping and modelling of
sand particles (Wu, et al., 2021), it is a significant new step toward exploring and comparing the effects of
particle morphology at different length scales using a novel particle reconstruction technique.
This paper is organized in the following way. Section 2 introduces the particle reconstruction framework
that successfully incorporates the X-ray μCT, SH-PCA and DEM particles with morphological gene mutation at
different length scales. 27 DEM samples in three groups are reconstructed, and a detailed description of the
DEM modelling procedure is introduced. Section 3 presents the simulation results of the effects of particle
morphology at different length scales on the macro-scale responses, and the effects of multiscale particle
morphology on the stress-strain and energy storage/dissipation responses of granular soils are investigated.
Section 4 presents the concluding remarks.
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2 Data preparation framework
2.1 Morphology reconstruction by X-ray μCT and SHA
Because of the three-dimensional, high-resolution and non-destructive merits (Xiong and Wang, 2021),
X-ray μCT was adopted to extract the morphological data of sand particles in a small sample (i.e., Diameter of 8
mm and height of 16 mm). The model contains around 1500 Leighton Buzzard Sand (LBS) particles with a
diameter range of 600-1200 μm. The whole experiment was conducted using the synchrotron-based μCT
scanner at the BL13W beamline of the Shanghai Synchrotron Radiation Facility (SSRF). The X-ray energy and
voxel size were set to be 25 Kev and 6.5 μm, respectively (Cheng and Wang, 2018a). After scanning, a series of
image processing steps and analyses were needed to extract the target particle morphological data from the raw
projection slices (Otsu, 1979; Perona and Malik, 1990; Chen et al., 2012). A more detailed description of the
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experimental device, testing procedure and image processing work can be found in Cheng et al. (2020a).
A 3D point cloud represented the obtained μCT-reconstructed particles. Each particle can then be expressed through spherical harmonic analysis (SHA) by a series of SH coefficients. Here we briefly introduce the
SHA procedure; a more detailed description can be found in Zhou, et al. (2015). The main functions of SHA are
as follows:
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Ynm ( ,  ) is the SH function given by

where r ( ,  ) is the polar radius, Cnm is the SH coefficient, and
Eq. (2):
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Based on Cnm
, the given particle surface can be reconstructed using Eq. (1). When the maximum SH
frequency is 15 or greater, SHA has been proven to precisely reconstruct the general form (GF), the local
roundness (LR) and the surface texture (ST) of any given particle (Zhou et al., 2018; Cheng et al., 2020b; Xiong,
et al., 2020).
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2.2 Morphological gene mutation by SH-PCA

The spherical harmonic-based principal component analysis (SH-PCA) is utilized in this paper to implement morphological gene mutation. The main procedure of SH-PCA is briefly introduced below. The whole
sample B can be expressed as:
B  [real (Cnjm ), imag (Cnjm )]T ,
(4)
where each quantity in

u

Cnjm is a complex number with the format of

   i (i is the imaginary unit),

j denotes particle j; real(*) and imag(*) extract the real and imaginary parts of each quantity. Any particle within
the given sample can be expressed as:
(Cnjm )T  uB  σ B2 y,
(5)
σ B2 are the mean and the variance of B, y is a 2(n  1) 2  1
where u B and
variation coefficients.

SH-PCA is then performed on σ B2
are set to zero. That is because

m
n

Y

vector of the

. First, all the covariances of SH coefficients at different frequencies

with different frequencies are orthogonal, and hence the SH coefficients

at two different frequencies should be irrelevant. By averaging with its transposed matrix, the obtained σ B2
symmetrized. Then, the principal component analysis (PCA) is performed on σ B2

is

and the eigenvectors ob-

VPC . Based
tained are sorted in the decreasing order of the corresponding eigenvalue λ to form a PC matrix
on the principal component (PC) matrix obtained, any particles within the given sample can be reconstructed by
Eq. (6),
R

C Tj  uB  VPC y  uB   yt t vPCt ,
t 1

(6)
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where t

and vPCt

are the t th eigenvalue and eigenvector, respectively; yt

is the t th variation coeffi-

cient in y; and R denotes the division of PC ranges for different length scales. VPC
shows an additive feature
of particle reconstruction: different PC ranges correspond to different length scales, and thus, the overall reconstruction is a step-by-step procedure from the large length scale to the small length scale (Xiong and Wang,
2021). Based on this characteristic, the morphological gene mutation that adds variance to particle morphology
at different length scales can be readily implemented by Eq. (7):
20

30

73

91

t 1

t  21

t  31

t  74

bnj  uB   a  bt   b  bt   c  bt   d  bt    ,
where bt  yt t VPCt

reflects the initially reconstructed particle,

(7)

 is the scaling factor, and

the subscript denotes the target scale range. Furthermore, the relationship between PC range and morphological
length scale is obtained through a parametric analysis of all these scaling factors. Specifically, each scaling
factor is set to be 0.5 and 1.5, respectively, to form in total eight groups of granular assemblages. Then four
traditional morphology descriptors are utilized to describe the morphological variance of all these granular
assemblages at different length scales, i.e., the aspect ratio AR reflects the GF of particle morphology, the
roundness R for LR and the overall shape parameters like sphericity and convexity for all length scales (The
definitions of all morphology descriptors are given in Appendix A). Fig. 1 shows the cumulative frequencies of
different morphology descriptors with downscaled or upscaled scaling factors. It is found that 1-20 PCs con-
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tribute the most to the formation of GF, while 31-73 PCs contribute the most to LR. Thus,  a
and  c are
responsible for general form (GF) and local roundness (LR), respectively. A more detailed description of
SH-PCA can be found in Xiong and Wang (2021).

1-20 PCs
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31-73 PCs
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Fig. 1 Cumulative frequency of morphology descriptors with varying different scaling factors

2.3 DEM modelling technique
To illustrate the effect of the morphological gene mutation at a specific length scale, one particle was
chosen from the experimental database as an example. Fig. 2 shows the morphological gene-mutated particles
generated with varying scaling factors  a
and  c . Specifically,  a
and  c in Eq. (7) are set to 0,
0.25, 0.50, 0.75, 1.25 and 1.5, respectively, to achieve different degrees of morphological gene mutation. The
reference particle corresponds to  a
= 1.0 and  c = 1.0 in Fig. 2. Table 1 shows the traditional morphology descriptors for all the morphological gene-mutated particles. From Table 1, the morphological gene
mutation at GF-level (GF-GM) witnesses an increase in elongation, flatness and aspect ratio with  a increasing from
0 to 1.5, which corresponds to the phenomenon shown in Fig. 2, i.e., the particle GF-GM with
a
= 1.5 is rougher and more irregular than GF-GM with  a
= 0. With GF-GM, R shows a fluctuation
around 0.6. It is because the GF-level morphology will affect the largest inscribed sphere radius in calculating R.
In addition, the morphological gene mutation at LR-level (LR-GM) witnesses a decreasing roundness with
 c varying from 0 to 1.5, while showing no effects on morphology descriptors at GF-level. Obviously, the
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particle surface of LR-GM  c = 1.5 is rougher with sharper corners than LR-GM  c = 0.
All the resulting gene-mutated particles were imported into PFC3D to build DEM particles with the bubble-packing algorithm. The two parameters, namely, the radius ratio of the smallest to the largest sphere  and

e
n

the sphere-to-sphere intersection angle  , are set to be  = 0.3 and  = 150 (Wu, et al., 2021). Fig. 3 compares

u

two DEM samples, namely, LR-GM with  c

= 0 and LR-GM with  c

between different samples. Obviously, LR-GM with  c

。

= 1.5, to visualize the distinction

= 1.5 shows a much rougher surface but similar GF

when compared with LR-GM with  c = 0. Note that the realistic volume list extracted from the μCT experiment was utilized in all samples, as shown in Fig. 3b.
To prepare the samples with predefined confining stresses for the triaxial shear, two different servo-control
mechanisms were needed. First, all the samples were loaded to the predefined axial and confining stresses
(equal to 1.5 MPa in this paper) by adopting the conventional servo-wall mechanism (Fig. 3d). The friction
coefficient μ of all particles was set to control the packing density for a given sample. After that, the rigid
cylinder wall was deleted, and the bonded-ball membrane was installed (Fig. 3e). The radius of the membrane
boundary should be slightly larger than that of the rigid cylinder wall boundary due to the thickness of the
membrane, and this gap was empirically set to be 0.9-0.95 times the ball radius (Qu et al., 2019). External
equivalent forces were then assigned to all the membrane balls between the two loading platens to simulate the
hydrostatic loading on the membrane during the physical triaxial test. The external equivalent force Fe on
each membrane ball is calculated according to Eq. (8) (Fazekas et al., 2006; De Bono et al., 2012; De Bono and
Mcdowell, 2014; Qu, et al., 2019),

Fe 
where  c

is the confining stress, SAi

and ni

c
3

6

n S
i

Ai

,

(8)

i

are the surface area and the unit normal vector of the i th

neighboring triangle. Since the bonded-ball membrane will deform with loading, Fe on each ball was calculated and updated after every 100 timesteps. All the samples were ready for the triaxial shear after being
reiterated to achieve a state of equilibrium.
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Fig. 2 Reconstruction of morphological gene-mutated samples and the corresponding representations in the discrete
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Table.1 Morphology descriptors for gene-mutated particles

a , c

GF-GM

LR-GM

0
0.25
0.5
0.75
1
1.25
1.5
0
0.25
0.5
0.75
1
1.25
1.5

Elongation Flatness Aspect ratio Roundness Sphericity Convexity
0.755
0.766
0.761
0.676
0.822
0.933
0.775
0.821
0.798
0.648
0.826
0.933
0.803
0.871
0.837
0.619
0.827
0.926
0.845
0.906
0.875
0.594
0.823
0.914
0.890
0.935
0.912
0.582
0.815
0.899
0.936
0.959
0.947
0.598
0.804
0.879
0.982
0.978
0.980
0.620
0.789
0.858
0.890
0.935
0.912
0.731
0.854
0.952
0.890
0.935
0.912
0.710
0.852
0.949
0.890
0.935
0.912
0.672
0.844
0.937
0.890
0.935
0.912
0.620
0.831
0.920
0.890
0.935
0.912
0.582
0.815
0.899
0.890
0.935
0.912
0.566
0.796
0.874
0.890
0.935
0.912
0.554
0.775
0.848

u

J Zhejiang Univ-Sci A (Appl Phys & Eng) in press |

(a)

(b)

(d)

(c)

d
te

i
d

e
n

u

(e)

Fig. 3 DEM modelling technique with morphological gene mutation (a) LR-GM

LR-GM

7

 c = 0 (b) real volume distribution (c)

 c = 1.5 (d) rigid servo-wall (e) membrane servo-wall

2.4 Sample description and model parameters
A total of 27 samples were generated and divided into three groups: a one-to-one mapping sample, 13
random relatively denser packing samples (RDPS) and 13 random relatively looser packing samples (RLPS). In
the one-to-one mapping sample, particles share the same volumes and spatial locations as the physical ones
from the μCT experiment. RDPS and RLPS were generated by setting μ = 0 and μ = 0.5 during the sample
compaction process. Thus, these two groups share the same particle set but different initial void ratios. Since it
is very difficult to generate a loose sample with realistic particles under a confining pressure of 1.5 MPa, all
samples in RDPS and RLPS are medium dense samples with relatively denser and looser packing states. To
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simplify the DEM simulation and highlight the effects of particle morphology at different length scales, each
sample in both RDPS and RLPS contains one type of morphological gene-mutated particle with  a

and

 c varying from 0 to 1.5 for GF and LR, respectively. Note that all samples in both groups obey the same
volume distribution as in the μCT experiment.
Table 2 lists the model parameters after calibration, and follows Wu, et al. (2021) and De Bono and
Mcdowell (2014). This sample was compacted with predefined confining stresses by adopting the
above-mentioned bonded-ball membrane technique. The top and bottom platens were then loaded simultaneously toward each other with a constant velocity of 0.005 m/s to an ultimate axial strain of 30% for both RDPS
and RLPS. According to Wu, et al. (2021), the chosen parameters and contact types can lead to a model response that matches well with the experimental results. Fig. 4 shows the comparison of the stress-strain curve
and the three-dimensional rose map of the one-to-one mapping sample with those from the μCT experiment
(Wu, et al., 2021). The excellent agreement between numerical and experimental results validates the model
parameters chosen in this paper.
Table.2 DEM model parameters

Groups

Sample parameters

Membrane parameters

Items
Size: height × diameter (mm)
Number of clumps
Density (kg/m3)
Local damping coefficient
Clump friction
Wall friction
Contact model
Shear modulus (GPa)
Poisson’s ratio
Number of balls
Density (kg/m3)
Tensile strength (N)
Tangential strength (N)
Normal stiffness (N/m)
Shear stiffness (N/m)
Ball radius (mm)

u
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Value
16×8
1520
2650
0.7
0.3
0.0
Hertz-Mindlin
28
0.25
7600
1000
1×10200
1×10200
1×106
1×106
0.128

0%

5%

μCT
experiment

DEM
simulation
(a)
Fig. 4 Model validation (a) stress-strain curve (b) 3D rose map

(b)
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3 Numerical results and discussion
3.1 Stress-strain relationship

L

Fig. 5 illustrates the relationships between stress ratio (deviatoric stress q / mean stress p) and axial strain
for both RDPS and RLPS. Here, q, p and  L are defined as follows:

q

1   3

,
2
  2 3
p 1
,
3
h h
L  0
,
h0

(9)
(10)
(11)

where  1 is the axial stress,  3 is the confining stress, h0 is the initial sample height, and h is the
sample height at the deformed state. From Fig. 5a, all curves in RDPS share a similar overall variation trend
regardless of the variance of particle morphology involved. They show a continuous strain hardening response
to the peak state at an axial strain of around 5% and a mild strain-softening up to the advent of the critical
condition. It is found that the initial stiffness, peak stress ratio and critical state stress ratio among different
morphological gene-mutated samples are consistent and vary in a narrow range. This indicates that the particle
morphology shows a negligible effect on the stress-strain responses of granular soils in a relatively denser
packing state. This finding agrees well with the experimental results of Sharma et al. (2021) and the numerical
results of Qu et al. (2022).
Compared to RDPS, all RLPS in Fig. 5b exhibit a lesser initial stiffness, a more delayed peak state (at an
axial strain of around 8%) and a milder strain-softening up to the critical state. A notable difference in the initial
stiffness and peak state stress ratio can be found among samples with morphological gene mutation at LR-level
and a smaller difference at GF-level. This exciting finding implies that the particle morphology at LR-level
plays a more significant role in the stress-strain response at the pre-peak stage than the particle morphology at
GF-level. Furthermore, the larger the scaling factor is, the more prominent the peak state stress ratio is. That is
because a more prominent scaling factor leads to less roundness with more sharp corners and edges at LR-level.
The overall rougher particle surface obtained results in less particle translation and rotation at the grain-scale
and, consequently, a more prominent peak state stress ratio. It is worth noting that the sample with  c = 1.25,
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instead of the one with  c

d
te

= 1.5, shows the highest peak state stress ratio for both RDPS and RLPS. That is

probably because the relatively larger initial void ratio of the sample with  c
particle surface, resulting in a lower peak state stress ratio.

= 1.5 outperforms the rough
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Peak state

Peak state

(a) Morphological gene mutation of RDPS

d
te

Peak state
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(b) Morphological gene mutation of RLPS

Fig. 5 Stress-strain responses of both RDPS and RLPS

3.2 Volumetric strain
Fig. 6 shows the volumetric strain against the axial strain relationships of both RLPS and RDPS groups.
The volumetric strain  V is defined as follows:

V 

V  ( R0  R) 2 (h0  h)   R02 h0

V0
 R02 h0

(12)

 2 R   L    2 R  L    ,
2
R

where V

, R

and h

are the increments of the sample volume, average membrane radius and

sample height at the deformed state; while V0
state; and  R

and  L

2
R L

, R0

and h0

denote the corresponding values at the initial

are the radial and the axial strains expressed by  R  R / R0

and
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 L  h / h0
, respectively. Note that the higher-order terms in Eq. (12) cannot be neglected in a
large-strain problem such as the one studied here. RDPS show a consistent evolution trend of volumetric strain
against axial strain, regardless of the morphological gene mutation at GF- or LR-level (Fig. 6a). In general,
RDPS exhibit a slight initial contraction and then a substantial dilation which gradually diminishes towards the
critical state while the volumetric strain remains nearly constant. It is found that particle morphology only
shows a slight effect on the evolution of volumetric strain against axial strain for RDPS. This is because all the
samples in RDPS are compacted to their densest packing state by setting the interparticle friction coefficient to
zero. The dense packing-induced high interlocking of particles constrains the rotation and translation of particles within the given sample. Hence, particle morphology plays a minor role in the evolution of volumetric
strain against axial strain.
Compared to RDPS, all RLPS witness a more significant initial contraction and a notable difference in
volumetric strain curves among different morphological gene-mutated samples (Fig. 6b). This observation
implies that particle morphology plays a more prominent role in the volumetric strain behaviour in RLPS than
in RDPS. This is because the relatively looser packing state of RLPS provides more space for particles to rotate
and translate, making particle morphology more influential on the volumetric behaviour of RLPS. In addition,
RLPS with morphological gene mutation at GF-level shows a relatively consistent variation trend of volumetric strain at the early stage of axial strain (before 10%), and the difference of curves among different
gene-mutated samples becomes more significant at large strains. It is interesting to note that RLPS with
morphological gene mutation at LR-level shows a notable difference in the volumetric strain curves at the early
stage of axial strain and the difference remains roughly constant to the final critical state. This observation
implies that the LR-level particle morphology contributes more to the early stage of volumetric strain evolution, while the GF-level particle morphology plays a more significant role in the later stage. Specifically, at the
early stage of axial strain, the particles are inclined to rotate with the expansion of sample volume, in which the
LR-induced particle interlocking plays a more significant role. With the continuous expansion of sample
volume at the later stage, particles have more space to rotate and translate; hence, the GF-induced particle
interlocking contributes more.
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(a) Morphological gene mutation of RDPS
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(b) Morphological gene mutation of RLPS
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Fig. 6 Volumetric strain evolution of both RDPS and RLPS

3.3 Initial void ratio
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RDPS and RLPS were generated by setting the friction coefficient μ of all particles to be μ = 0 and μ = 0.5,
respectively, during the compaction process. Table 3 shows the initial void ratios for different morphological
gene-mutated samples. Here,  a
and  c are the scaling factors governing the morphological gene mutation at GF and LR, respectively. It is found that RLPS show a generally larger initial void ratio than RDPS and
the larger the scaling factor is, the more prominent the initial void ratio is. The reason is that, for RDPS, the
more prominent scaling factor leads to a more irregular particle surface at the targeting length scale, making it
harder to compact. Similarly, RLPS with rougher particle surfaces contain more interparticle contacts, and so
more frictional work is needed during the compaction process with the same interparticle friction coefficient.
The relationship between initial void ratios and traditional morphology descriptors for different morphological
gene-mutated samples is shown in Fig. 7. More precisely, the initial void ratio increases with the increasing
aspect ratio and shows an opposite decreasing trend with the increase of roundness (Figs. 7a and b). Also, RDPS
experience a larger rate of variation of initial void ratio than RLPS for both aspect ratio and roundness. For the
overall shape parameters like sphericity and convexity (as shown in Figs. 7c and d), the initial void ratio decreases with both the increasing sphericity and convexity. Similar to the aspect ratio and roundness, RDPS show
a faster variation of initial void ratio with the overall shape parameters than RLPS do, regardless of the morphological gene mutation at different length scales.

u

Table.3 Initial void ratio of virtual samples

a , c

0

0.25

0.5

0.75

1

1.25

1.5

GF
LR
GF
LR

0.358
0.330
0.390
0.386

0.355
0.339
0.391
0.389

0.358
0.346
0.392
0.389

0.360
0.350
0.393
0.390

0.365
0.365
0.395
0.395

0.365
0.377
0.393
0.398

0.376
0.388
0.396
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Fig. 7 The relationship of initial void ratio and traditional morphology descriptors

3.4 Energy dissipation behaviour
Particles within a given sample can rotate and translate throughout the whole triaxial shearing process and
such grain-scale behaviours may consequently affect the macro-scale responses of granular soils. Since any
individual particle needs to consume energy to move, the energy dissipation of the whole granular system is
important for us in understanding the macro- and micro-scale mechanical behaviours of granular assemblages.
Based on the law of energy conservation, the following equation (Wang and Yan, 2012) should be satisfied at
any stage of triaxial shearing.
dW  dWg  dEs  dEk  dEf  dEd ,
(13)
where W is the boundary work (which is equal to the sum of work done by the axial loading Ww
fining pressure Wm
the kinetic energy; Ef

); Wg

is the body work done by gravity ; Es

is the frictional energy dissipation; and Ed

and con-

is the elastic strain energy; E k

is

is the damping dissipation. Note that
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the energy dissipation due to particle breakage is not included in Eq. (13) because particle breakage is not
considered in the DEM simulations of this study. This is justified by the negligible amount of particle breakage
observed in the μCT study on the LBS sample done by Cheng and Wang (2018b). Herein, the PFC3D built-in
fish functions, i.e., clump.energy, ball.energy, contact.energy.sum, were utilized to extract the energy storage/dissipation components at each state of triaxial shearing.
Fig. 8 compares the various incremental energy components of both RDPS and RLPS with  a,c

= 1.0.

Note that the incremental axial strain was set to be 1%. In general, energy conservation can be found in both
RDPS and RLPS during triaxial shear. Specifically, the incremental elastic energy dEs
, except for the first
few percentages of axial strain, fluctuates around zero regardless of the initial void ratio involved. This phenomenon implies that the granular assemblage has little capability to store elastic strain energy at larger axial
strains. Compared to RDPS, RLPS shows a slightly smaller peak incremental elastic strain energy dEs
at
smaller axial strains and a milder change of both incremental boundary work dW
tional energy dissipation dEf
incremental kinetic energy dEk

and incremental fric-

after the peak state. Due to the quasi-static nature of the simulations, the
remains around zero. The incremental body work dWg

d
te

is also zero for

both RDPS and RLPS because the gravity acceleration is set to zero. Therefore, the incremental boundary work
dW
is mainly transformed into the grain-scale elastic strain at the early stage of shearing and later mainly

i
d

dissipated by interparticle friction at larger axial strains. The incremental damping energy dEd
is negligibly
small when compared with other energy components. This is because the average unbalanced forces of all
samples are less than 5  104
N at any stage of triaxial shearing due to the quasi-static nature of the
simulation, and thus the generalized damping forces, which are applied to all six degrees of freedom of any
particle and are proportional to the total unbalanced force, are very small.
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Fig. 9 compares the incremental frictional energy dissipation dEf

for both RDPS and RLPS with

various levels of morphological gene mutation. It is found that the dEf
curve from each simulation is
basically consistent with its corresponding stress ratio curve shown in Fig. 5, reflecting the major role of interparticle friction in dissipating the input boundary work throughout most of the shearing process. Evidently,
as shown in Fig. 9a, the morphological gene mutation, either at the general form or at the local roundness level,
shows little influence on the initial slope of the dEf
curve (i.e., < 3% strain) of both RDPS and RLPS. This
is because the boundary work is mainly stored as interparticle elastic energy during this stage. The morphological gene mutation starts to affect the dEf
curve after about 3% strain, and the level of influence is
apparently more pronounced in RLPS than in RDPS, particularly at the large-strain stage (i.e., > 10% strain)
(Fig. 9b). This is perhaps due to the larger degrees of freedom of the particles in the RLPS. Another notable
observation for RLPS is that the gene mutation at the LR-level shows a higher level of influence on the
dEf

curve (with the peak of dEf

occurring earlier and being larger) than that at the GF-level. A larger

scaling factor of gene mutation generally results in a larger influence on the peak dEf
behaviour (Fig. 9b)
than those at the GF-level.
Additionally, the variations of particle morphology and initial void ratio can strengthen or relieve the
degrees of freedom of particles in a given granular assemblage and consequently affect the energy storage/dissipation behaviour. Thus, the final incremental frictional dissipation obtained should be a competition
of the two controlling variables. Since particle morphology at the LR-level outperforms that at the GF-level in
affecting the peak incremental frictional energy dissipation, only roundness is utilized in the following analysis. Eq. (14) is proposed to correlate the peak incremental frictional energy dissipation, roundness and initial
void ratio:
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dEfp  a  bR  cR 2 
where dEfp

d f
g
 2  3,
e e
e

(14)

is the peak incremental frictional energy dissipation; R is the roundness; e is the initial void

ratio; and a, b, c, d, f and g are the fitting coefficients whose values are shown in Table 4. The r-square of the
surface fitting is 0.886, reflecting a good agreement between the fitting surface and the original data points.
Fig. 10 shows the fitting surface, original data points, and the fitting errors (expressed by small vertical lines).
In general, dEfp

increases with decreasing R. It is because the smaller R will result in more sharp corners

and edges of particles, and consequently more interparticle contacts. Compared to R, e shows a more com. dEfp

plex trend of variation against dEfp

shows an increasing trend with increasing e at small

initial void ratios but an opposite trend at larger initial void ratios. The explanation of this phenomenon is that,
at small initial void ratios, an increase of e relieves the degrees of freedom of particles and hence increases
dEfp

while, at larger initial void ratios, a further increase of e will lead to the loss of interparticle

contacts and hence decrease dEfp

d
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(a) RDPS

Fig. 8 Incremental energy components for RDPS and RLPS with

(b) RLPS

 a,c

= 1.0
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(a) Morphological gene mutation of RDPS
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(b) Morphological gene mutation of RLPS

Fig. 9 Energy dissipated by interparticle friction

Table.4 Coefficients of surface fitting between dEfp

Item
dEfp
Fitting description

Fitting Coefficients

R
e
r2
a
b
c
d
f
g

, R and e

value
Peak incremental frictional energy dissipation
Roundness
Initial void ratio
0.886
2.78
-0.34
0.24
-2.92
1.08
-0.13
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Fig. 10 Correlation of roundness, initial void ratio and peak incremental frictional energy dissipation

4 Conclusions
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In this study, the X-ray μCT, SH-PCA and DEM were incorporated to generate morphological
gene-mutated virtual samples at different length scales. The 27 DEM samples obtained were categorized into
three groups, and the effects of particle morphology at different length scales on the stress-strain and energy
storage/dissipation behaviours were carefully investigated. The main contributions and findings of this study
are summarized as follow:
(1) Comparison of the simulation results from RDPS and RLPS indicates that the effects of particle
morphology on the stress-strain, volumetric strain and energy storage/dissipation responses are more pronounced for looser samples than for denser ones. Among different length scales, the particle morphological
features at the LR-level outperform those at the GF-level in dictating the initial stiffness, peak state stress ratio,
volumetric strain and frictional energy dissipation behaviours.
(2) The frictional energy dissipation curves are consistent with the corresponding stress ratio curves for
both RDPS and RLPS, reflecting the significant role of interparticle friction in dissipating the input boundary
work throughout most of the shearing process. In addition, the peak incremental frictional energy dissipation is
a result of the competition between particle morphology and the initial void ratio. It is found that the incremental
frictional energy dissipation increases with decreasing roundness while showing an increasing trend with increasing initial void ratio at small initial void ratios but an opposite trend at larger initial void ratios.
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Appendix A. Morphology descriptors

Group

Descriptor
Elongation

General form

Flatness
Aspect ratio

Local roundness

Overall shape
parameter

Roundness
Sphericity
Convexity
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second principal dimension
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Ratio of all corner curvature radii ( Rc ) to the
largest inscribed sphere radius ( Rinsc )
Ratio of the surface area ( S A ) of a sphere with the
same volume ( V ) as the given particle to surface
area of this particle
Ratio of particle volume over its convex hull
volume ( VCH )
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目

的：本文旨在探讨不同尺度颗粒形貌特征对于砂土应力-应变以及能量耗散行为的影响。

1

1

1,2

1

2

创新点：1. 采用同步 X 射线计算断层扫描技术提取高精度真实颗粒形貌；2. 利用基于球谐分析的主成分分析方法实现
了不同尺度颗粒形貌的基因突变与衰减；3. 运用离散单元法成功模拟了具有不同颗粒形貌试件的三轴剪切过
程。
方

法：1. 通过同步 X 射线计算断层扫描实验，提取了高精度的真实颗粒形貌，并通过三维点云表征；2. 通过基于球
谐分析的主成分分析方法，构建了不同尺度下颗粒形貌的突变与衰减；3. 通过离散单元法仿真，模拟了不同形
貌试件的三轴剪切过程，并进一步讨论了不同尺度颗粒形貌对于颗粒材料应力-应变以及能量耗散行为的影响。

结
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论：1. 通过比较较松散和较密实的试件，发现对于较松散试件，颗粒形貌对颗粒材料的初始刚度、应力-应变、体
积应变和摩擦能量耗散等响应的影响更为明显；2. 对于不同尺度下的颗粒形貌，局部圆度较长径比对颗粒材料
宏观响应的影响更大；3. 颗粒材料的能量耗散行为由颗粒形貌和初始孔隙率共同决定。
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