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Abstract

Presented is a study on the geometrical characteristics of sand particles and the mechanical behavior of sand material under
external loading. Based on computed tomography technique, a reconstruction method of granular particles was developed
and used to build a database of 3D geometrical models for sand particles. The studied sand particles showed good
regularities in morphological characteristics and thus were suitable to be used for the random generation of numerical
samples. DEM tests using realistically shaped particles were proven to better simulate the mechanical behavior of the
sample during elastoplastic loading stage, which was an issue for the simplified spherical particles. The generation,
extension, and breakage of the force chains controlled the strain softening behavior of sands. Anisotropy analysis using the
spherical harmonic series showed that the evolution of anisotropy directions and parameters corresponded well with the
macroscopic mechanical behavior of the material. Pore volume computation based on Voronoi diagram was performed to
illustrate the formation and evolution of localized shear zone. The mesoscopic analysis showed that particle shape
significantly influences the mechanical behavior of sands and thus should be properly modeled in numerical simulations.

Keywords 3D particle - Direct shear test - Discrete element method (DEM) - Failure mechanism - Granular material

1 Introduction

As a common granular material in geotechnical engineer-
ing, many numerical and experimental investigations on
sands have been conducted in the recent few decades. The
multi-scale mechanical behavior of sands has proven to be
a key factor in engineering designs of embankments,
foundations, slopes, and other infrastructures. Many
numerical methods have been developed and used to sim-
ulate granular materials, like sands, on constitutive level
and in practical engineering problems. More and more
researchers noticed that the geometric shape performed
important influence on the mechanical behaviors of gran-
ular materials [34, 37]. Previously, the researchers were
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mainly focused on the 2D model of the particles based on
2D images [11]. In the past decades, with the development
of the techniques, the 3D surface of the particles can easily
be obtained by laser scanning [19] or computed tomogra-
phy [10]. At the same time, a series of methods have been
developed to constructed the 3D model of the particles,
such as Fourier series 3D expansion method [22], machine
learning [18], and spherical harmonic function method [7].

Due to its capability of simulating the behavior of each
particle, discrete element method (DEM) has proven to be
effective in the modeling of sands. Using DEM simula-
tions, the anisotropic fabric evolution and localization
phenomenon in granular materials on meso- and macro-
scales were studied in several papers [9, 16, 17, 30, 39]. As
shown in the studies by Santamarina and Cho [29] and
Salazar et al. [28], particle shape has a significant influence
on the physical and mechanical behaviors of granular
materials. It has been shown that DEM simulations using
spherical particles tend to underestimate the friction angle
and shear strength of granular materials [27, 29]. To reduce
this kind of influence, Iwashita and Oda [12] presented a
rolling resistance method that can account for the moments
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between particles which are transferred through contacts
and resisted particle rotations. And recently, Zhao et al.
[41] have addressed some deficiencies of using the rolling
resistance model. Many researchers have worked on the
DEM analysis based on sophisticated particle shapes, such
as 3D oval particles [20, 24], overlapping rigid clusters
[19], convex polyhedral [8], superellipsoid [41], and level
set [26]. As we know, the contact detection algorithm for
spheres is easier than other types of particles. And, gen-
erally, the sphere clumping approach has advantage in
computational efficiency. Furthermore, it can easily be
used for sophisticated particle shape [19]. So, the over-
lapping rigid clusters approach proposed by Li et al. [19],
which can finely represent a sophisticated particle with few
spheres, is adopted in this study.

Direct shear test is one of the most commonly used
testing methods for determining shear strength of
geotechnical materials [13, 23, 35]. To gain insight on the
meso-structure evolution of sand samples under shear
loading, numerical simulations of direct shear tests using
DEM have been conducted. In earlier studies that use DEM
to simulate direct shear test, the evolution of shear band
and its relationship with the macro-behavior of sand sam-
ples were discussed [3, 6, 32, 40]. However, most studies
focused on 2D problems, and the shapes of particles were
simplified to be circular or spherical. This largely ignores
the important influence of the angularity of large particles
on the mechanical behavior of granular materials. In this
paper, it is shown that the mechanical behavior of sands
can be better represented in DEM simulations if modeled
with realistically shaped particles.

Deformation localization is a common phenomenon
observed in granular materials under external loads.
Dilatation, occlusion, particle rotation, anisotropy, and
other meso-structural characteristics are fundamental
physical processes found in the localization zone. To
quantify the localization behavior in geotechnical material,
digital image correlation [25], ultrasonic tomography,
X-ray tomography, 3D volumetric digital image correlation
[5], and other nondestructive methods have been used in
earlier studies. However, the reliability of certain methods
may be affected for various reasons, and some experiments
are very expensive. On the other hand, DEM simulations
are much cheaper and repeatable, while the reliability of
the results can be easily verified through simple laboratory
tests.

Presented in this study is a numerical system that can
simulate the mechanical behavior of sands with realisti-
cally shaped particles using 3D discrete element method.
As the first step, the 3D shape information of sand particles
has been obtained using computed tomography (CT) and
stored in a database. Using this database, the DEM model
of the sand sample used in this study was generated. The
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properties of contacts between sand particles are deter-
mined by calibrating numerical results with the laboratory
test results. A series of simulations of the sand sample
under different loading conditions were performed. And
various aspects of the mechanical behavior of sand on
meso- and macro-scale were discussed.

2 3D geometric modeling of sand particles

The sand sample used in this study was taken from Fujian,
China (Chinese standard method, GB/T17671-1999). The
sample was sieved through round-hole sieves so that the
sand particles with diameters between 1.0 and 2.0 mm can
be picked out for further use (Fig. 1a).

2.1 CT scan and reconstruction of sand particles

Laser and structured light are two common scanning
methods used for surface reconstruction of objects [7].
However, for sand particles, it is too small to be accurately
captured by laser or structured light scanning methods. On

Fig. 1 Sand particles used in this study: a sand particles; b sand
sample mixed with silicone sealant
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the other hand, CT has been widely used to obtain the
internal structure of an object with high precision [10, 18].
Based on CT sequence images, the 3D fine geometric
model of sand particles can be reconstructed.

To obtain an accurate contour of the sand particles
through CT scan, it is ideal to keep the particles from being
closely in contact. In this study, silicone sealant, which has
a density much smaller than sand particles, is used to
separate the particles. First, the sand particles were evenly
mixed with the silicone sealant. The mixture was stirred
enough to make sure that all the sand particles individually
suspend in the silicone sealant. Then, the mixture was
poured into a cylinder mold with lubricant. A cylinder
mold with 2.0 cm in diameter and 3.0 cm in height was
used. After the mixture solidified, the sample was taken out
of the mold, and later used for CT scan (Fig. 1b).

To obtain the 3D CT sequence images of the sample, the
Diondo D5 X-ray CT system is used (Fig. 2a). The rotation
stage of Diondo D5 has a micro-step resolution of 0.00°
and an absolute positioning accuracy of 0.05°. The detector
consists of an image intensifier and a 427 mm x 427 mm
CCD of 3072 x 3072 pixels. During the scanning process,
to obtain an effective source spot size of 5 um, the voltage
and current were held at 25 kV and 100 pA, respectively.
Under this condition, the resolution of the scanning is about
0.015 mm.

Based on the CT sequence images of the sand sample,
its 3D model was reconstructed by using a software
developed by Zhang et al. [38]. Note that it was easy to
distinguish the individual particles through image separa-
tion since the particles were not closely in contact by using
the sample preparation method described earlier. Figure 2b
shows the schematic diagrams of 3D reconstruction process
of the sand particles. Each of the 3D geometrical model of
the sand particles was well captured and reconstructed.

2.2 3D geometrical characteristics of sand
particles

Size and shape information of particles can be utilized in
many fields of science and engineering to characterize the
mechanical properties of a granular material [1, 2]. Over
the last few decades, several methods have been introduced
to quantitatively characterize particle shapes. To study the
3D geometrical features of the sand particles, a quantitative
analysis and visualization module for particles were
developed based on an open-source library named Visu-
alization Toolkit (VTK). VTK is a C++ class library for
3D computer graphics and image processing that provides
powerful 3D geometrical functions for quantitative analy-
sis of objects. The developed module was integrated into
Particle’®.

Size is the basic form dimensions of particles, which
includes three length values length L, width W, and
thickness 7, which describe the extension of the particles
along three suitable perpendicular directions. Generally,
the three length values of a particle are obtained through its
minimum volume bounding box (MVBB), which can be
directly calculated by using VTK (Fig. 3). The particle
length distribution curves based on 3D geometrical analy-
sis are shown in Fig. 4a. Notice that the lengths of the sand
particles range from 1.0 to 3.4 mm.

The sample was also characterized by using the tradi-
tional sieve analysis, which showed that particle sizes are
between 1.2 and 2.0 mm, as mentioned earlier. In sieve
vibration tests, most particles fall with its principal axial
perpendicular to the sieve, as shown in Fig. 4a. This means
that the particle size obtained through sieve analysis is
closer to its width rather than its length. From the his-
togram of the three length values of the particles (Fig. 4a),
it can be observed that the particle size range determined
from sieve analysis is consistent with the width distribution
that comes from the 3D geometrical analysis. Compared
with simple sieve analysis, 3D geometrical analysis on
sand samples can give more accurate measurements of
particles in all three dimensions.

To categorize particle shapes, Zingg and Theodor [42]
introduced a classification system according to the elon-
gation W/L and flatness T/W of particles. This system is
modified to incorporate four classes of particles, which are
granules, chips, laths, and fibers. The classification analysis
result of the sand sample used in this study is shown in
Fig. 4b, which indicates that most of the particles are
granules.

Figure 4c shows the relationship between surface area
and volume of the sand particles. The particles are com-
pared with three commonly used geometrical shapes:
sphere, dodecahedron, and octahedron. The following
exponential function describes a curve that is used to fit the
statistical results:

SA =5.8V%3, (1)

where SA and V are the surface area and volume of the
particle, respectively. According to the relationship
between surface area and volume, the sand particles are
mostly close to octahedron.

Other than size and classification, several shape
descriptors were used to provide more information on the
geometrical features of the sand particles. The sphericity
and surface ratio S; of a particle are defined:

_aBev)*?
V=Tas @

S. = AS/V. (3)
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Fig. 2 3D reconstruction method of sand particles using CT system: a configuration of the Diondo D5 X-ray CT system; b 3D reconstruction of

sand particles

Figure 5 shows the correlation between the two shape
descriptors and particle length. As shown in Fig. 5a, the
particle’s sphericity decreases as the particle length
increases. A linear function with negative slope can be
used to describe the relationship between sphericity and
particle length, which indicates that the smaller particles
are more spherical. Figure 5b shows that the smaller par-
ticles have greater surface ratios. A power function, with an
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exponent of — 1, can be used to describe the relationship
between the surface ratio and particle length.

Using the 3D numerical model of the sand specimen that
was reconstructed from CT sequence images, the geomet-
rical features of the sample particles were quantitatively
analyzed. Compared with traditional analysis methods, the
presented methodology can provide more accurate infor-
mation on the particle sizes and shapes. According to the
above statistical analysis results, the sand particles used in



Acta Geotechnica (2020) 15:2813-2828

Length

Fig. 3 Size of a sand particle and its minimum volume bounding box
(MVBB)

this study show strong regularity with respect to their
geometrical attributes. Therefore, it is reasonable to use
these particle models as a database to randomly generate a
DEM model for the sand sample that is used in the fol-
lowing sections of this study.

3 DEM simulations of direct shear tests

To investigate the macro- and meso-mechanical behaviors
of sands, a series of DEM simulations of direct shear test
were performed and analyzed. Using the approach descri-
bed in the previous section, a proper DEM numerical
model of the sand sample is generated. It is known that
DEM simulation results are largely influenced by the
contact properties between particles, which are hard to be
determined directly. In this study, the meso-mechanical
parameters were determined by calibrating the stress—dis-
placement and dilatancy responses from the DEM simu-
lations to those from corresponding laboratory tests.

The DEM simulations in this study were conducted
using YADE [14, 15], an open-source program based on
3D DEM. YADE uses an explicit finite difference algo-
rithm, in which particle velocities and accelerations are
assumed to be constant during each time step. The dynamic
behavior of each particle is governed by Newton’s second
law of motion, and the force at each contact is updated by
force—displacement law. Numerical damping is applied to
the system to achieve numerical stability, as well as a rapid
convergence to equilibrium.

3.1 DEM model generation and simulation
process

The geometrical models of the sand particles were selected
randomly from the previously introduced 3D particle
database. To represent the realistic shapes in DEM
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simulation, the overlapping rigid cluster method [19] was
used to generate the corresponding multi-sphere clumps.

As an example, the multi-sphere clump of a sand par-
ticle is shown in Fig. 6, which indicates that the clump can
accurately descript the geometry of the sand particle with a
small number of spheres.

The generated sand particles were dropped into a
6.4 cm x 3.2 cm x 2.5 cm box under gravity. Note that
the particles were pluviated in several layers to ensure good
compaction. Next, the samples were consolidated to equi-
librium under a specified vertical stress, which was 50 kPa
in this study. Then, the particles out of the sample range, a
6.4cm x 32 cm x 22 cm rectangular space, were
deleted. As shown in Fig. 7a, a final sample with 15,942
sand particles (multi-sphere clumps) and 430,822 spheres
was generated and ready to be used for direct shear tests.
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Fig. 6 Multi-sphere description of the sand particle: a multi-sphere
clump model; b comparison between the multi-sphere clump model
and the corresponding particle model

The DEM model for the direct shear tests is shown in
Fig. 7b. The upper and lower shear boxes were each made
of five wall elements. The normal stress was applied to the
top wall of the upper shear box using a servo-control
mechanism that controls the velocity of the top wall so that
the reaction force on the top wall reaches the target stress
values and keeps stable. Then, the upper and lower shear
boxes started to move with a constant velocity of
6 x 107> m/s in the positive and negative directions of the
x-axis, respectively, until the horizontal strain reaches 8%.
Note that the normal stress was maintained at the target
value with a relative tolerance of 107 for the entire hor-
izontal loading process.

During the simulations, the horizontal displacement,
vertical displacement, and horizontal stress were recorded
automatically. The movement of each particles and the
development of the contact characteristics between parti-
cles were also recorded for further analysis that is pre-
sented in later sections.

3.2 Inversing meso-mechanical parameters
based on laboratory tests

To determine the meso-mechanical parameters of the sand
particles used in DEM simulation, a series of direct shear
tests were performed in laboratory. The sand sample was
sieved through a round-hole sieve to select the particles
with size between 1.0 and 2.0 mm, which is the same range
as that of the reconstructed 3D numerical models. The
diameter and height of the shear box were 63.84 mm and
20 mm, respectively. The density of the compacted sample
was 1.58 g/cm’. And four laboratory tests under different
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Fig. 7 DEM model of the direct shear test (the color shows the horizontal position of the particle): a sand sample; b direct shear test

normal stress (100 kPa, 200 kPa 300 kPa, and 400 kPa)
were performed. As we know, particle breakage will hap-
pen during the shear process under higher stress state
[31, 33]. To study the breakage characteristics, particles’
size analysis before and after the shear tests has been
performed for each sample, which showed that only very
few particles broken during the tests. So, rigid particle and
the friction contact model are used in DEM numerical tests.

The simulation results of the case with 200 kPa normal
stress were benchmarked against the corresponding labo-
ratory test results. For the friction contact model, the elastic
modulus of contact and the friction angle of particles are
the two important parameters. The former will influence
the stiffness of the sample, and the latter will influence the
strength of the sand sample on macro-scale, respectively.
The meso-mechanical parameters of the sand particles
were adjusted so that the shear stress—shear displacement
and volumetric strain—shear displacement curves from the
DEM simulation matched well with those from the labo-
ratory test. Table 1 shows the meso-mechanical parameters
of sand particles used in the DEM simulations.

To verify the reliability of the meso-mechanical
parameters shown in Table 1, numerical and laboratory
tests under other values of normal stress (100 kPa,
300 kPa, and 400 kPa) were conducted and analyzed.
Figure 8 shows the comparison between the results of
laboratory tests and DEM numerical tests. It can be
observed that the results of all four cases corresponded well
with each other. Therefore, the parameters shown in
Table 1 can be used to represent the meso-mechanical
properties of the sand particles in DEM simulations.

4 Numerical results analysis
4.1 Macro-mechanical behaviors

The shear stress—shear displacement curves, as shown in
Fig. 8a, remained almost linear during the elastic loading
stage (from point A to C). For all four cases with difference
normal stresses, strain softening occurred after the peak
strength (point D), and the shear stresses reached
stable values toward the end of simulations (from point E
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Table 1 Meso-mechanical parameters of materials used in DEM test

Material Parameters

Sand particle Density (kg/m?) 2100
Elastic modulus of contact, E. (GPa) 5
Poisson’s ratio of contact, v 0.1
Friction angle (°) 27.0

Shear box Density (kg/m?) 1000
Elastic modulus of contact, E. (GPa) 10
Poisson’s ratio of contact, v 0.1
Friction angle between particle and top/bottom boundary (°) 30.0
Friction angle between particle and side boundary (°) 0

300

Shear Stress (kPa)

O 100kPa O 200kPa
f. 300kPa v 400kPa
1 1 1 1 1 1 1 1 Il 1 1

o k
0.0 05 1.0

1.5 20 25 30 35 40 45 50 55 6.0
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Volume Strain (%)
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o
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1<)
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Shear Displacement (mm)
(b)

Fig. 8 Comparison between the results of laboratory tests (hollow
points) and DEM numerical tests (solid lines): a shear stress—shear
displacement; b volume strain—shear displacement
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to F). It was also observed that the peak stresses were
obtained at smaller displacements for the cases with
smaller normal stresses.

From the volumetric strain—shear displacement curves
(Fig. 8b), obvious bulk shrinkage was seen at the beginning
of the test, which is an indication of typical loose sand.
Then, the samples started to dilate as the shear stress—shear
displacement curves became nonlinear. After the peak
strength was reached, the rate of volume changes gradually
decreased to almost zero. Also, the dilatancy of the DEM
sample increased when the normal stress was decreased.

The results of the DEM tests corresponded well with
those of the laboratory tests, which indicates that the
generated numerical sample based on the real particle
shapes can simulate the mechanical behaviors of the cor-
responding sand sample with a high accuracy, while, on the
other hand, Salazar et al. [28] showed that DEM samples
based on oversimplified spherical particles failed to accu-
rately simulate the mechanical behaviors of sands during
the plastic deformation stage when the volumetric strain is
largely controlled by the shapes of particles.

4.2 Evolution of force chain distribution

For granular materials, the applied external force is bal-
anced by the contact forces between particles throughout
the entire sample. Such contact force network is usually
known as the force chains, which is often used to describe
the evolution of internal structure (or mesoscopic fabric) of
particle assemblies. In this study, a statistical analysis zone
was selected in the middle of the numerical sample, as
shown in Fig. 9, to quantitatively analyze the evolution of
force chains.

Figure 10 shows the evolution of some statistical
parameters of the sand particles in the statistical zone for
the case with 300 kPa normal stress. F, is the average
value of the contact forces; Pgyong and Pyeqk are the pro-
portions of the strong and weak contacts, which are defined



Acta Geotechnica (2020) 15:2813-2828

2821

Statistical zone

........................................... e e e e e N 2}
i | =
l A [
| - \E
5 UL UR N
i i 5
i ' =
i ! @
D AR s ey Shears s =pescs bamdsrseso sy [ 7
S ! :
St ' 1
g : 5
D7 LL LR |
< : i
D i 1
= B B 0 i
[72]
Fig. 9 Schematic diagram of the statistical zone and the sub-zones
F _ Poo Poons
Num Coor n — F,, A Nllmc()or weak * strong
_ ) %) (%)
6.05 1.2 == Pt Pstrong 737 7
L g DDE‘?tCFtEtDIq] |
» L1F [P\Ro.f Ty ’
6.00 | \ o8 Sty y
R T HHER 136 A
- 1LO0F / o Y - Qon .
\/ i B R N L S U I
5.95 [ [\ 7 bf  \PE R
0.9 H 7 R R A | P
LA /F Y g0
_ it ,
5.90 - 0.8 H L/ \ 1 1
r [/ \R 1, 13 g
0.7 —:D/ W / &
5.85 | \ y
| . \s /\ 4
L 0.6 LY \ 2R / ’/\
J,'/ P [] '\/' b 33
5.80 [ .S ol VRS KR IRE B8R
0.5 !L \ : \/ i
4 1 ] 1 ] ] 1 ] 1 1 1 Q0

2]
3
(&)
I
(=

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Shear displacement (mm)

Fig. 10 Evolution of the contact characteristics of the sample (normal stress = 300 kPa)

as the contact with normal contact force larger or smaller
than F,, respectively. The coordination number (Numcqor)
is the average number of contacts per sand particle:

Numcoor = 2Ne /Ny, (4)

where N. and N, are the numbers of contacts and sand
particles, respectively.

From Fig. 10, it can be seen that Numcy, increased
quickly during the beginning stage (point A to C in Fig. 8a)
of the shearing test, which corresponds to the bulk
shrinkage process of the sample at the macroscopic scale.
The increase in Numcoo means that more particles started
to bear the external shear load, which leads to the sharp
increase in shear stress observed in Fig. 8a. Then, from
stage C to D, the deformation of the sample turned from
mostly elastic to elastoplastic, and the volume of the

sample increased continuously. However, Numco,, showed
little change during this stage, which indicates that the
evolution of the sample’s internal structure was mainly
through the sliding between adjacent particles. After point
D, the deformation of the sample turned to a strain soft-
ening stage along with the volumetric dilation, while the
parameter Numc,,, kept decreasing gradually. This process
continued until the shear displacement reached 4.5 mm
when the values of the sample volume and Numgcoer
became stable. Note that the value of Numc,o, was larger in
this study than those reported in publication (less than 4.5
according to Guo and Zhao [9], Kruyt and Rothenburg [16]
where simple spherical particles were used.

The evolutions of F, and Pgirong Were similar to those of
the shear stress at the macroscopic scale. From A to C, F,
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and Pgyong increase sharply, which corresponds to the
increase in shear stress. Then, after the peak strength was
obtained (point D), F, started to decrease slowly until the
shear displacement reached 4.5 mm, while Pgyons kept
fluctuating within a stable range. Different from Pgyong,
Pyeac Was observed to decrease sharply from A to D and
then became stable during the strain softening stage.

Figure 11 shows the force chains of the sample under
300 kPa normal stress at different stages of shear loading,
in which the colors and line widths represent the magni-
tudes of corresponding normal contact forces. According to
Fig. 11a, after the consolidation stage (point A), the strong
force chain distribution was heterogeneous and anisotropic
with a principal direction in the vertical direction. Note that
such heterogeneity and anisotropy can often be observed in
various natural deposits. By using particle models with
realistic shapes, the DEM simulations presented in this
study can capture these characteristics of granular materials
and thus yield more realistic simulations results.

As shown in Fig. 11b, from stage A to B, the shear
displacement only increased by 0.1 mm (about 0.15%
shear strain), but the structure of the force chains evolved
drastically. The force chains, especially those with large
contact forces, mainly distributed in a banding zone from
the upper right to the lower left part of the sample. During
the bulk shrinkage stage, from stage A to C, the number of
the strong force chains was observed to increase signifi-
cantly, which is consistent with the plot of Pyone shown in
Fig. 10. Then, as the shear displacement increased from C

to E, the region of strong force chains became more narrow
and stable. A skeleton composed of a series of parallel
strong force chain arches, which connect the upper right to
the lower left boundaries of the sample, was formed. From
E to F, during the strain softening stage, the penetrating
force chains were being destroyed by the large shear dis-
placement, which explains the drop of external shear load.

During the deformation and failure process of granular
material under external loads, the mesoscopic fabric of the
sample continues to evolve. This evolution of internal
structure comes from the rotation and displacement of
particles, as well as the corresponding adjustments of the
contact characteristics between particles such as coordinate
number, contact forces, and contact direction. As observed
in the plots of force chains (Fig. 11), the fabric evolution in
granular material is always anisotropic, which is another
important aspect of the mesoscopic analysis of DEM
simulation results.

4.3 Evolution of stress-induced anisotropy

Stress-induced anisotropy, defined as the anisotropic rear-
rangement of particles during external loading [4], is
considered to have a significant influence on the mechan-
ical behavior of granular material. Evidence of stress-in-
duced anisotropy was observed in the evolution of the force
chains shown in Fig. 11. The quantitative analysis of the
evolution of anisotropy was performed using the spherical
harmonic series method presented by Yang et al. [36].

Normal Contact Force (N)

Fig. 11 Force chains of the sample (normal stress = 300 kPa) at a different shearing process as shown in Fig. 8a: a Point A; b Point B; ¢ Point C;

d Point D; e Point E; f Point F

@ Springer



Acta Geotechnica (2020) 15:2813-2828

2823

The general digital modeling expression of irregular
geometrical bodies in spherical coordinate system, given
by Luerkens [21], is modified by Yang et al. [36] to
describe the anisotropic statistical results of the DEM
direct shear simulations:

1
Ry (0, ) = oo + 020 - 5 (3 cos> 0 — 1) + 05 cos 2¢
1
- 3sin? 0 + o -§(3500540— 3000520+3),
(5)

where 0 is the angle between the anisotropy principal
direction and horizontal plane; ¢ is the angle between the
projection of the anisotropy principal direction on the
horizontal plane and the direction of shear displacement;
R;(0,¢) is the value of the statistical parameter (normal-
ized contact number, normal contact force, or tangential
contact force) in the direction defined by 0 and ¢; ,,, and
B, are the Fourier—Legendre coefficients used to represent

the level of anisotropy, which are given by:where
P (cos 0) is the associated Legendre function.

Figure 12 shows the evolution of the principal axes of
the particles. Initially, the value of 6 was about 2.5° which
means that most of the particles had principal directions
that are close to the horizontal plane. This inherent aniso-
tropy was formed during the pluviation of particles with
realistic shapes under gravity. As the shear displacement
increased, the value of 0 continued to increase to about 10°.
Meanwhile, the value of ¢ fluctuated and stabilized at
around 90°, which is perpendicular to the direction of shear
loading.

Figure 13 shows the evolution of the anisotropy prin-
cipal directions of the contact direction, normal contact
force, and tangential contact force during the shearing
process. Compared to the numerical results shown in a
study using simplified spherical particles by Yang et al.
[36], the anisotropy analysis results obtained in this study
showed some similarities in terms of the overall trend of

’ 2n(n +m)! o (6)
(2 + 1)( — )' " m . ’
ﬁm,n _ nzn(n +nm)'m [1 /0 R(0, )Py (cos 0) sin(m0)d0d cos 0
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Fig. 12 Evolution of the anisotropy direction of the particle’s
principal axis during the shear tests (0 is the angle between the
anisotropy principal direction and horizontal plane; ¢ is the angle
between the projection of the anisotropy principal direction on the
horizontal plane and the x-axis or shear direction)
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Fig. 13 Evolution of the anisotropy principal direction of the contact
characteristics during the shear tests (6, is the angle of the anisotropy
principal direction of the contact normal orientation with the
horizontal direction, while 6, and 6, are the angle of the anisotropy
principal direction of normal contact force and tangential contact
force with vertical direction, respectively)
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Fig. 14 Evolution of anisotropy parameters of sample under a different vertical stress during the shear tests: a a00; b a20; ¢ a22; d a40; e b22
evolution of the anisotropy parameters and principal  particles were more sudden and violent, which lead to

directions. However, due to the use of realistically shaped  stronger fluctuations in the evolution of stress-induced
particles, the translational and rotational movements of the  anisotropy in the sample. Also, it was observed that the
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Fig. 14 continued

anisotropy of the normal contact force is stronger than of
the contact normal orientation in this study, while it was
the opposite for spherical particles as reported by Yang
et al. [36].

A good correspondence between the curve of anisotropy
principal direction of the contact normal orientation 6, in
Fig. 13 and the development of shear stress in Fig. 8a was
observed in all four cases. At the initial state, 0, is about 2°
which means that most of the contacts were nearly in the
horizontal direction. This result is consistent with the initial
principal directions of the particles shown in Fig. 12. As
the shearing progressed, the principal direction of the
contacts rotated counterclockwise and reached a
stable value of about 26° with the horizontal plane.

The evolution of the principal direction of the normal
contact force 0, is different than that of 0,, which indicates
that most of the external loads were carried by a small
number of particles. Before the shearing started, because of
the normal stress, the principal direction of the normal
contact force was very close to the vertical direction. After
the shear displacement was applied, 0, quickly increased to
about 26°, which is the same as the stable value of 0,. Note
that a peak in the curve of 0, was observed at the shear
displacement where the maximum bulk shrinkage
occurred.

The development of the principal direction of the tan-
gential contact force 6; was slower than those of the other
two principal directions (6, and 0,). In this study, 6, fluc-
tuated sharply during the whole shearing process, which is
likely due to the sudden relative sliding between the

realistically shaped particles. Also, from the evolution of 6;
shown in Fig. 13, the sliding displacement mostly hap-
pened after the peak shear stress was reached (point D in
Fig. 8a).

Figure 14 shows the evolution of the Fourier-Legendre
coefficients used to represent the level of anisotropy of
sample under different normal stresses during the shear
tests. For the tangential contact force, just as the corre-
sponding principal direction 0y, the evolution of the Four-
ier-Legendre coefficients also had sharp fluctuations, but
the overall changes of their values were insignificant.
Because the realistic shapes of the particles were highly
irregular, the rotational and translational movements of the
particles were largely controlled by the normal contact
forces rather than the tangential contact forces. On the
other hand, if simplified spherical shapes were used for the
particles, their rotations would be controlled by the tan-
gential contact forces.

For the normal contact orientation and the normal con-
tact force, the evolutions of their Fourier-Legendre coef-
ficients were similar to each other. The anisotropy
parameters evolved quickly during the beginning stage of
the shearing process and then became stable after the peak
shear stress was reached. Like the comparison between the
anisotropy principal directions 6, and 0,, the evolutions of
the normal contact force parameters were quicker than
those of the normal contact orientation.

4.4 Deformation localization analysis

To obtain the deformation characteristics of the sample,
Voronoi diagram was generated based on the center and
radius of the spheres in the multi-sphere clumps used to
model the sand particles. As shown in Fig. 15, the Voronoi
cell corresponding to each sphere can be obtained, and
then, the volume of each multi-sphere clump (or sand
particle) can be calculated:

m

Vj’ = Z V{}]m, (7)
=

where V} is the volume of the ith multi-sphere clump,
which includes the volume of the solid particle and the
volume of the influenced pore; V\"}{)r is the volume of the
Voronoi cell corresponding to the jth sphere in the ith
multi-sphere clump; m is the total number of spheres in the
ith clump.

The volumetric strain of each multi-sphere clump is
defined as:

TR 100% |, (8)
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Fig. 15 Schematic diagram of the particle clump’s volume based on
Voronoi cell

where ¢ (¢) is volumetric strain of the ith clump at time ¢,
Vi(t) is volume of the ith clump at time #, and V5(0) is
volume of the ith clump at the beginning of the shearing
process. Since the volume of the solid particles is constant,
the change of the particle clump volume is caused by the
evolution of shapes of the surrounding pores. Therefore,
¢ (f) can be used to describe the change of the pores’
volume, which is a key factor in the deformation location
of granular material.

Figure 16 shows the evolution of the displacements,
rotations, and volumetric strains of the multi-sphere parti-
cles. At the beginning of the shearing process (point A to
C), the particles near the shear surface were in compression
(¢() < 0). Due to stress concentration, localization started
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Rotation

to develop from the two ends of the shear surface.
According to the relative movement of the shear boxes, the
sample was divided into an active zone (UL, LR) and a
passive zone (UR, LL), as shown in Fig. 9. The particles in
the passive zone were tightly constrained by the adjacent
particles, which made their rotations more difficult than
those of the particles in the active zone where the contact
forces were weaker. Therefore, the localization behavior
was first triggered in the active zone, and the initial shear
band had the shape of an asymmetric lens.

With the development of shear displacement, particle
movements and rotations caused the pore volume to
increase near the shear surface (Fig. 16b, c), which slowed
down the rate of increase in the shear stress. Then, the
localization zone was observed to penetrate the entire shear
surface and stabilized, which corresponds with the strain
softening stage of the sample (Fig. 16d, e). Due to the
random realistic shapes of the particles, the distribution of
volume strain in the localization zone was highly incon-
sistent. From Fig. 16, it was observed that the thickness of
the localization zone is about 10 particle sizes.

5 Conclusions

Fabric evolution of granular material under external loads
is a critical issue in geomechanics. Taking advantage of the
CT technique and DEM, numerical simulations have been
performed to investigate the geometrical characteristics of

Pores

Fig. 16 Evolution of the localization of deformation: a Point B; b Point C; ¢ Point D; d Point E; e Point F
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sand particles and the mechanical behavior of granular
material under direct shear loading. Macroscopic and
mesoscopic analysis based on the simulation results has
been conducted to give insights on the evolution of
heterogeneity and anisotropy in the localized shear zones in
sand samples.

A reconstruction method of granular particles has been
presented and used to build a database of 3D geometrical
models for sand particles. A quantitative analysis indicated
that the particle sizes determined from the traditional sieve
analysis are close to the actual widths, rather than the
lengths, of the sand particles. The studied sand particles
showed good regularities in morphological characteristics
and thus were suitable to be used for the random generation
of numerical samples.

The DEM results corresponded well with those of the
laboratory tests, which were used to calibrate the meso-
mechanical parameters. DEM tests using realistically
shaped particles were proven to better simulate the
mechanical behavior of the sample during elastoplastic
loading stage, which was an issue for the simplified
spherical particles.

The mechanical behavior of the sample was largely
controlled by the strong force chains, which were observed
to have formed before the peak stress was reached. The
breakage, extension, and generation of force chain arches
happened post-peak stress and lead to strain softening. The
complex geometry of the particles also increased the value
of the coordinate number.

Anisotropy analysis using the spherical harmonic series
showed that the evolution of anisotropy directions and
parameters corresponded well with the macroscopic
mechanical behavior of the material. Compared to the
previous studies using spherical shaped particles, realisti-
cally shaped particles better simulated the influences of
normal and tangential contact forces toward the anisotropic
evolution of the material fabric.

Pore volume computation based on Voronoi diagram
was performed to analyze the formation of localized shear
zone, which was critical to the overall mechanical behavior
of the granular material. The plots of the displacements and
rotations of the particles, as well as the pore volume, all
showed that deformation localization occurred and evolved
during the shearing process. The thickness of the local-
ization zone was about 10 particle sizes.
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