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The anisotropy feature is an important characteristic of granular materials in natural life and is caused by two facts: the anisotropy
feature of particle shape, such as an elongated or flattened shape, and the anisotropy feature of the packing fabric, such as the
preferable orientation of particle alignment. The discrete element method has been commonly used in the study of meso-
mechanics of granular materials and is in our study to simulate the direct shear test with particles of various aspect ratios under
different initial orientation alignment conditions for assessing the coupled influence of anisotropy from particle shape and fabric
of particle packings on the shear behaviour of granular materials. Analysis results show that anisotropy from the particle shape has
the most significant influence on the shear behaviour of a granular packing when the packing has the initial anisotropy fabric of an
orientational alignment perpendicular to the shear direction. Moreover, the initial fabric anisotropy of a granular packing has an
increasing influence with the rise in anisotropy of particle shape. A combined anisotropic factor is finally introduced to reflect the

coupled influence of the shape anisotropy of particles and the fabric anisotropy of particle packings.

1. Introduction

Particles of natural granular materials have mostly non-
rounded shapes and are arranged in various fabric patterns
in real life. For example, the preferred direction of the long
axis of particles is horizontal when the cohesionless soil
with elongated or flattened particles deposits under gravity,
and this condition would lead to the anisotropy feature of
the deposited soil. Anisotropy is an important feature and
imposes a notable influence on the mechanical behaviour of
granular packings, which has been attracting much re-
search interest in the field of powder and soil engineering
[1-6].

Anisotropy of granular materials comes from not only
the anisotropy of particle shape, such as elongated or flat-
tened particles, but also the anisotropy of fabric in particle

packings, such as the preferable orientation of particle
alignment. One conventional shape descriptor for the shape
anisotropy feature is aspect ratio [7, 8], which is the ratio of
the length over the width of a particle. The influence of
aspect ratio on the shear behaviour of granular materials has
been investigated in previous studies [1-3, 8-10]. The results
show that the shear strength of granular assemblies would be
strongly enhanced with the increase in aspect ratio due to the
possible attribution of a better ability of the elongated
particles to interlock [1, 2, 8, 10, 11]. The solid fraction
[2, 11], the contact number [2, 3], the prevailing contact type
[2, 12], and the critical state [9] were also found to be
relevant to the aspect ratio. In the meantime, the initial
packing geometry is another important influencing factor of
mechanical behaviour [6, 13], and other works focused on
the influence of the initial anisotropy characteristic of a
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granular packing, that is, the initial orientation alignment of
nonrounded particles, on the macromechanical and
micromechanical behaviour [4, 5, 11]. The shear behaviour
of samples with different initial particle orientations is
significantly different. For example, the specimen with a
vertical orientation has a higher shear strength but a smaller
coordination number than the specimens with random and
horizontal orientation [4].

However, some questions still need to be answered. For
example, which of the shape anisotropy of particles and the
fabric anisotropy of packings is more critical to determine
the anisotropy feature for materials needs to be determined
given that they have influence on the shear behaviour of
granular materials. Moreover, it is unclear whether a
granular packing with particles of a higher respect ratio value
has absolutely higher shear strength than that of a lower
respect ratio value, regardless of the initial orientational
alignment of the particles. So far, few relevant works look
into the coupled influence of the shape anisotropy of par-
ticles and the fabric anisotropy of particle packings on the
anisotropy behaviour of granular materials, which is worthy
of being explored.

The direct shear test has the advantage of a simple setup
[14, 15], and the discrete element method (DEM) is a
powerful method to perform virtual mechanical testing of
granular materials [16-19].

In this study, we aim to explore the response of a series of
granular systems of elongated particles with different respect
ratios under various initial orientational alignments in the
direct shear test with the help of DEM owing to its simplicity.
For this purpose, we use clumps in DEM to simulate
rounded and elongated particles with a respect ratio of 1 to 3,
and we also generate elongated particles in assemblies under
three initial alignment orientations: random, perpendicular,
and parallel to the shear direction. Notably, possible particle
breakage resulting from shearing has been verified to also
obviously affect the mechanical properties of granular
material [17, 18]. However, the influence from particle
breakage is ignored in this study to focus on the combined
influence of particle shape and particle initial packing
pattern.

2. Test Programme

2.1. Sample Preparation. In this research, numerical simu-
lations were conducted on uniformly graded rounded and
elongated particles with different aspect ratios under various
initial orientational alignments using PFC2D (Particle Flow
Code in 2 Dimensions; Itasca, 2004 [20]).

2.1.1. Particle Shape. Elongated particles were modelled as a
juxtaposition of two or more disks of radius R with the total
length L and width W (Figure 1). The aspect ratio AR = L/W
increases from 1.0 with one circle disk up to 3.0 with three
jointed circle disks. As shown in Table 1, the generated
samples were represented as I-IV with the corresponding
respect ratios of particle shape of 1.0, 1.25, 2.0, and 3.0,
respectively.
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The initial void ratio, initial density, and particle size grading
were set at the same level for all samples for the direct shear
testing to focus on the effect of respect ratio of particle shape on
the mechanical features. For this purpose, we adopted the
equivalent area and density principles. The area of an elongated
cluster can be expressed with the area of each clustered circle
disk, as shown in equation (1). With the equivalent area
principle, the areas of particles in all samples should be the same,
that is, the area of cluster in each sample should be equal to the
disk area of sample I, as expressed in equation (2).

Scluster = Z Sdiskincluster - Soverlap’ (1)

S

clusterinsamples — Sdiskinsample I (2)

From equation (2), the radius of the disk used in the
cluster of sample II with an aspect ratio of 1.25 (Figure 2) can
be expressed with the radius of the circular particle of sample
I as follows:

Ry = 0.871R,. (3)

Similarly, the radii of the circular particles used in the
elongated clusters of the rest samples are obtained as follows:

Ry = 0.707R;, Ry = 0.577R;. (4)

The equivalent density principle is adopted here to keep
the same initial densities for all samples. The equivalent
density is expressed as the ratio of the total mass and the
equivalent area of clusters in samples II-IV. Given that the
equivalent area of the clusters in samples I-IV is equal to
each other, the total mass of each sample should be the same.
In PEC, the total mass is equal to the product of the density
and exact area of the disks used in the elongated clusters in
samples II-IV or the circle disks in sample I. As a result, the
input value of the exact density of disk used in the elongated
clusters in samples II-IV can be obtained as an equation.

Pluttony = 5 (5)
LotV = 5 AII,IIIorIVPI,

where p; and A; are the density and area of circular disk of
sample I, respectively. Py; 11,1y and Ay iorry are the density
and area of circular particle used in the elongated cluster of
samples II-1V.

2.1.2. Alignment of Particles. The alignment of particles is
defined as the direction of the long axis of the particle and
can be expressed as the angle between the long axis of the
particle and the horizontal direction. Particles of each
sample were generated under three orientational alignments,
namely, (a) horizontal direction, (b) random direction, and
(c) vertical direction, as shown in Figure 1, to investigate the
influence of initial particle alignment on the shear behaviour
of granular materials with different particle shapes.

2.1.3. Preparation of Specimens. A total of 15 specimens
were prepared with the same initial situations by com-
bining the five particle shapes and three initial alignments
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FiGURE 1: Three initial alignments of particles in specimens: (a) horizontal alignment; (b) random alignment; (c) vertical alignment.

TaBLE 1: Shape parameters of particles used for sample preparation.

Particle I II 111 v
Shape
Aspect ratio (L/W) 1 1.25 2 3

above into the simulation. The parameters adopted in the
model of sample I with round particles are listed in Table 2
as the baseline values. For all samples, the initial porosity e,
is 0.4 and the initial density p, is 1.89 g/cm®. The sizes of
disks in sample I were distributed between 0.6 and 2 mm, as
shown in Figure 3, and the relative unit weight was set as
2650 N/m’. The linear contact model with normal stiffness
K, and tangent stiffness K; has been commonly considered
in considerable previous research to investigate the me-
chanical behaviour of granular material and is used here
[21]. Referring to previous calibration studies on biaxial test
simulation [22, 23], the normal stiffness K}, and tangential
stiffness K; of particles were set to be 20 and 10 MPa, re-
spectively, whilst the normal stiffness K,, and tangential
stiffness K, of walls were set to be 2000 and 0 MPa to
simulate rigid boundaries. The friction coefficient was set at
0.5 between particles and 0 MPa between particle and wall.

The shear box was modelled by walls in simulation, as
illustrated in Figure 4. The size of the shear box was set at
50 mm square and 30 mm height. The lower part of the
shear box was modelled by walls 1, 2, 3, and 4; the upper
part was modelled by walls 4, 5, 6, and 7. The purpose of
walls 7 and 8 was to avoid the outflow of particles from the
ends of the shear zone during the process of shearing. The
walls were regarded as rigid in their normal direction, and
their surface was smooth. Thus, the normal stiffness of
walls was 2000 MPa and the friction coefficient of walls
was set to 0.

2.2. Testing Process. After generation was completed, a
sample was firstly consolidated one-dimensionally under the
designed consolidation vertical stress of ¢, = 100 kPa. Then,
it was sheared in the horizontal direction under a quasi-
static condition.

sample [ = sample I1

FIGURE 2: Sketch of the equivalent area principle for samples II
and L. Sgiskincluster and Ryy are the area and radius of each disk used
in the elongated cluster of sample II. S, is the overlap area of
circular disks in the elongated cluster of sample II. Sgmpierr is the
area of cluster in sample II. Sgumpler and Ry are the area and radius
of disk in sample I.

The consolidation process was modelled in PFC2D by
the upper covering wall (wall 5) moving downwards with a
controlled velocity until the vertical consolidation stress ¢
between particles and the wall reached the designed con-
solidation stress value of 100kPa. The distance of the
downward movement of the covering wall was regarded as
the consolidation displacement. The consolidation process
was regarded as complete once this wall cannot move further
with the vertical stress ¢, being 100 kPa and the consoli-
dation displacement remaining constant.

After consolidation was completed, the shearing force
was loaded by the lower part of the shear box, which is a
movable part that moves horizontally in the right direction
at a constant speed. The target of choosing a suitable shear
speed value was to keep the shearing process quasi-static. No
exact relationship was considered between the shearing
speed value used in physical experiments and that adopted in
DEM simulation. In previous studies [11, 14, 23-25], the
shearing speed value ranged widely from 0.0006 mm/s to
0.1 mm/s. The influence of the shear speed on the mechanical
behaviour of cohesionless materials was also insignificant



TABLE 2: Parameters adopted in modelling of sample I as baseline
values.

Unit Parameter Value
Number 918
Specific gravity (N/m?) 2650
Particles Particle size range (mm) 0.6-2
Normal stiffness, kn (MPa) 20
Shear stiffness, ks (MPa) 10
Basic friction 0.5
Normal stiffness, kn (MPa) 2000
Walls Shear stiffness, ks (MPa) 0
Friction 0
PSR Porosity, e 0.4
Initial situation Density, po (g /cm3) 1.89
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FIGURE 3: Particle size grading curve of specimen.

under the quasi-static situation, especially before the ma-
terial reached its peak value. We set the shear speed to be
0.0l m/s with comprehensive consideration of time effi-
ciency and reasonable accuracy. The shear stress 7 and the
corresponding shear strain ¢ were monitored during the
shearing process. The shearing process was stopped when
the shear strain was over 15%. The vertical stress o, was kept
constant by a servo control algorithm during the whole
shearing process.

3. DEM Simulation Results

In this section, samples with different respect ratios under
three initial alignments were compared to analyse the
consolidation displacement, void ratio change, angular
distribution probability density change during consolidation
process and peak and residual stress values, angular dis-
tribution, void ratio change, and contact force map change
during shearing process.

3.1. Change in Vertical Displacement and Void Ratio during
Consolidation. Rearrangement of particles under the ver-
tical consolidation stress causes consolidation displacement
and changes in the void ratio. Figure 5 shows the vertical
consolidation displacement curve developing with the time
step for the specimens with different respect ratios under
three initial alignment conditions. For each consolidation
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FIGURE 4: Shearing box model.

process, the vertical displacement increases with each time
step and finally approaches a constant value. Spatial posi-
tions of particles would be rearranged and trends to com-
press to each other under the consolidation loading. The
corresponding void ratios after consolidation for all speci-
mens with different aspect ratios and under different initial
alignment conditions are also plotted in Figure 6.
Comparing the consolidation curves with different as-
pect ratios under the same initial alignment shows that the
final consolidation displacement generally decreases when
particles become increasingly elongated. The void ratio after
consolidation generally increases with the increment in
aspect ratio under the same initial alignment. These trends
indicate that the elongated particles with higher aspect ratios
would hinder themselves from sliding and rotating towards
each other. For elongated particles, three types of contact
exist between two elongated particles: cap-to-cap, cap-to-
side, and side-to-side [2]. When the particle shape is close to
round, the major contact type is cap-to-cap; rotating over
each other is easy, and the packing is easy to be compressed
to a denser status. With the increase in respect ratio of
particles, the contact network would be mostly dominated
by the complex contacts of cap-to-side and side-to-side, both
of which can accommodate force chains that are usually
unsustainable by cap-to-cap contacts [2]. These formed force
chains benefit local arching structures appearing with much
void space and prevention of particles further moving to
each other under the vertical consolidation force.
Comparing the void ratios of specimens with the same
aspect ratio but under different initial alignments indicates
that the difference in the void ratio after consolidation
caused by different initial alignments increases with the
increment in aspect ratio, as shown in Figure 6. Particles
with an initial alignment parallel to the loading direction
(vertical alignment here) is easier to compress to a denser
packing with a lower final packing porosity than that of
perpendicular direction (horizontal alignment here).

3.2. Change in Particle Alignment after Consolidation.
Figure 7 illustrates the angular distribution probability
densities of the long axis of particles in specimens with
particle aspect ratios of 1.25, 2, and 3 under three initial
alignment conditions. When the particle alignment direc-
tion is horizontal (perpendicular to the consolidated force
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Ficure 5: Consolidation displacement of specimens with different particle aspect ratios of 1.0, 1.25, 2.0, and 3.0 under three initial
alignments: (a) horizontal, (b) random, and (c) vertical.
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FIGURE 6: Void ratio of specimens after consolidation with aspect ratios under different initial alignments.

direction), as shown in Figure 7(a), and the respect ratio is ~ the density distribution shows no obvious change after
1.25, the density of the angular direction around 0° and 180°  consolidation. This finding indicates that the particles for
is slightly reduced, and the reduced part is mostly shifted to ~ specimens with the horizontal initial alignment would
that around 90° and 270°. When the respect ratio increases, ~ mostly move downwards without much rotation under the
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FIGURE 7: Angular distribution probability densities (%) of the long axis of particles in specimens with different alignments before and after

consolidation.

vertical consolidation force, especially for more elongated
particles with a higher respect ratio value. When the initial
direction of particle alignment is random, as shown in
Figure 7(b), the angular distribution probability density of
the long axis of particles would generally change from a
uniform distribution pattern before consolidation to a
slightly anisotropy distribution pattern with a major hori-
zontal direction after consolidation. The change appears
more obvious for the specimens with a larger respect ratio.
When the initial direction of particle alignment is vertical
(parallel with the consolidation force direction), as shown in
Figure 7(c), the density of angular distribution around 90 is
obviously reduced after consolidation, and this reduction is
always obvious regardless of the aspect ratio.

The abovementioned comparison shows that the level of
angular distribution density in the vertical direction would
be kept for the specimens with a horizontal initial alignment
and reduced for the specimens with a random or vertical

initial alignment after consolidation. That is, the initial
alignment situation would cause different effects on the
revolution of the anisotropy feature of particle arrangement
during consolidation: the anisotropy is kept under a hori-
zontal initial alignment condition, strengthened under a
random initial alignment condition, and weakened under a
vertical initial alignment. The increasing aspect ratio of
particle shape would weaken the reduction due to the dif-
ficulty of rotation over each other for more elongated
particles with easier interlocking appearing.

3.3. Stress-Strain Relationship during Shearing. The shear
stress-strain curves of all specimens under the same vertical
stress of 100 kPa are plotted in Figures 8 and 9 to illustrate
the influence of particle shape and the initial alignment
condition. Each plot in Figure 8 shows the developing curves
of shear stress with the increase in shear strain for specimens



Advances in Materials Science and Engineering

1
50 150
_
£
= i =
= 100 & 100 |
+ <
- — PRI
% v ”AA;(IJ?]/N l\q/ i /Y
3 M 0\ X -
g ) &% ol » PPYXE] N S
1 \ 1] 7 M \ ¥ ; - Thv
z A R AR C ) g Syt T T T TR
— L AR T (] Ay / { < - Ly W 17 ) WAt
= 2 e AL NI T 1 S i ! Y S [
B osol 0TGN [ AN 2osob gl S Py Y W 2
155 IV Y Yt Ja it u‘mf $ RO Mio et “'
PR S ‘, E A < Pl VA U
] W # | 2l E
[ ' \l‘\f\'r/\"‘y“/\\ v »
el e e S e
ety Dy
0 L s L 0 ! "
0 5 10 15 20 0 5 10 15 20
Shear strain, € (%) Shear strain, € (%)
— 1.00 — 1.00
--- 125 --- 125
— -~ 200 --- 2.00
--— 3.00 ~.~ 3.00
(@) (b)
150
< g "
- A ,
L / WA
Ay 100 e i N
= -, S Vo,
Lot PR T, 1 I
O v . ‘
= YA 1 ANl
= N AT - ‘l P A VA A
7Tt ’ AN
= 50 - . »/“;"ﬁ—l M ‘i"“d\/ b r“ fu
5 ALY ! sy A e, '
< AV y 1l X
72} ) v LAY (R
TR
¢ ¥ DERTICR
(%4 w““',nw
O 1
0 5 10 15 20

Shear strain, € (%)

— 1.00
--- 125
--- 2.00
--- 3.00

(c)

FIGURE 8: Shear stress-strain curves of specimens with different particle shapes under the vertical stress of 100 kPa during the shearing
process under three initial alignment conditions: (a) horizontal, (b) random, and (c) vertical.

with different aspect ratios of particle shape under the same
initial alignment. Under the horizontal alignment condition,
as plotted in Figure 8(a), the shear stress generally occurs
slightly higher for specimens with higher aspect ratios than
for those with lower aspect ratios. In the starting stage, with
the shear strain being lower than 3%, the shear stress in-
creases with the development of shear strain, and the dif-
ference in these curves appears to be negligible. After the
shear strain reaches 3%, a more obvious difference appears
amongst these stress-strain curves for different particle
shapes: the shear stress reaches the peak level and then
decreases to a constant level with the development in shear
strain when the aspect ratios are smaller, such as 1 and 1.25;
the shear stress continuously increases until approaching a
constant level without the occurrence of a peak value during
the whole shearing process when the aspect ratios are larger,
such as 2 or 3. Figures 8(b) and 8(c) compare the stress-
strain curves of specimen of various particle shapes under

the random and vertical initial alignment conditions, re-
spectively. The developing trends of curves under the ran-
dom and vertical initial alignment conditions generally agree
with those in the abovementioned case of horizontal initial
alignment. However, the difference in stress-strain curves of
different aspect ratios of particle shape, especially in the case
of vertical initial alignment in Figure 8(c), is much larger
than the difference in curves in the case of horizontal initial
alignment in Figure 8(a). This finding illustrates that the
aspect ratio of particle shape may affect the shear stress of
granular materials regardless of the initial alignment. The
corresponding stress would also be increased with the rise in
respect ratio for the same strain, which has already been well
agreed upon in previous studies. However, the intensity of
the effect of the aspect ratio is highly influenced by the initial
alignment condition, which has not been mentioned in
previous studies so far. The effect of aspect ratio is most
significant in the case of vertical initial alignment, least



significant in the case of horizontal initial alignment, and
between the former two in the case of random initial
alignment.

Figure 9 compresses the shear stress-shear strain curves
of specimens with the same aspect ratio under three initial
alignment conditions, namely, horizontal, random and
vertical. The difference in stress-strain curves amongst three
initial alignment cases is not obvious in specimens with the
respect ratios of 1.25 and 2, as shown in Figures 9(a) and
9(b). However, the gap amongst the curves under three
alignment conditions becomes significantly larger when the
aspect ratio is increased to 3, as shown in Figure 9(c). The
curve of specimen under the vertical initial alignment is the
highest and the curve of specimen under the horizontal
initial alignment is the lowest. The curve of specimen under
the random initial alignment is between those of the former
two. Therefore, the initial alignment direction imposes
significant effect on the shear behaviour of granular material
only when the aspect ratio is sufficiently higher, that is, for
highly elongated particles.

As shown in Figures 8(c) and 9(c), the shear stress has
even exceeded 100 kPa when the aspect ratio is 3 under the
vertical initial alignment. One of the possible reasons of such
high stress level is the strong interlocking amongst highly
elongated particles when the shearing direction is perpen-
dicular to the particle alignment, and the material strength of
particles is stirred to contribute to the shear stress of the
whole assembly of particles. Another possible reason may be
that the rotation of the shearing surface due to the dilatancy
easily occurs in the sample with highly elongated particles
when the shearing direction is perpendicular to the particle
alignment. This occurrence leads to a higher apparent shear
stress measured in the direct shear test.

As shown in Figures 8 and 9, the shear stress-strain
curves fluctuate, especially in the later stage. In fact, fluc-
tuations of shear stress and vertical displacement with shear
displacement have been observed during laboratory tests
and numerical simulations of granular materials [26-28].
The magnitude of the fluctuation was reported to correlate to
the intrinsic properties of materials, such as the particle size
distribution, the particle-particle friction, and the degree of
irregularity of the shear surface [28]. Figures 8 and 9 show
that the elongation of particle shape imposes a greater in-
fluence on the magnitude of stress fluctuation than the initial
particle alignment. The fluctuation in the stress-strain curve
becomes more obvious with the increase in aspect ratio. The
reason could be that particles with a higher aspect ratio are
easier to interlock and need more energy to climb over each
other temporarily.

3.4. Peak and Residual Stress Values. Figure 10 summarises
the peak and residual strengths of each specimen. The peak
and residual values of shear stress generally increase with the
rise in the aspect ratio of particle shape, regardless of the
initial alignment. Moreover, the effect of the aspect ratio on
the peak and residual shear stress is most obvious for the
specimens under the vertical initial alignment, and it is the
least obvious for the specimens under the horizontal initial
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alignment. In the meantime, the effect of different initial
alignment conditions increases with the rise in aspect ratio.
In general, the specimen under the initial vertical alignment
has the highest peak and residual values, and that under the
initial horizontal alignment has the lowest ones with the
same aspect ratio.

3.5. Particle Alignment Evolution during Shear. Figure 11
illustrates the evolution of the angular distribution proba-
bility densities during the shearing process (with shear
displacements of 1, 3, and 5mm, corresponding to shear
strains of 0.02%, 6%, and 10%, respectively) for the speci-
mens with particles of various respect ratios under different
initial particle alignments. In general, the change in particle
alignment orientation during the shearing process is not
obvious with horizontal alignment. However, the probability
density of the angular around 90° (i.e., the vertical direction)
decreases, and that of the angular around 0° (i.e., the hor-
izontal direction) increases in the horizontal and vertical
initial alignment cases, especially when the particle shape is
not much elongated. This result means that the rotation of
particles occurs much more in the cases of random and
vertical initial alignments than in the case of horizontal
alignment and may cause higher shear stress during the
shearing process, as shown in Figure 9. This rotational
movement of particles is attributed to the strong force chains
forming along the shearing direction under the vertical
initial alignment.

The range of changing percentage before and after the
shearing process is relatively larger for specimens with the
vertical initial alignment, as shown in Figure 12. This finding
indicates that the rotation movement occurs more in the
specimen of vertical initial alignment under the horizontal
shear loading than that in the specimens of horizontal and
random initial alignments. For the specimens with the
vertical initial alignment, the percentage of vertical particles
with an angle of 60°-90° transfers to that of a horizontal
particle of 0°~30° when the particle shape is lowly elongated,
and to that of a declinate particle of 30°-60° when it is highly
elongated. For the specimens with the horizontal initial
alignment, the percentage of horizontal particles slightly
transfers to the percentage of vertical particles when the
particle shape is lowly elongated and to that of declinate
particles when it is highly elongated. For the specimens with
the random initial alignment, the change in particle direc-
tion is from declinate direction to horizontal direction when
the particle shape is lowly elongated; no obvious change in
particle direction occurs when the particle shape is highly
elongated. All of the abovementioned results indicate that
the shearing process may reduce the anisotropy feature for
all particles in the specimen when the initial anisotropy of
particle alignment is strong. In the meantime, the shearing
process may increase the anisotropy feature of all particles
when the initial anisotropy of particle alignment is low.
Moreover, the elongation value of 0.5 is a significant
milestone level, above which the consolidation and shearing
behaviour of granular materials would be obviously affected
by the initial alignment situation.
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4. Discussion

4.1. Combined Anisotropic Factor. The results in Section 4
indicate that the aspect ratio and the initial orientational
alignment influence the shear behaviour, but the influences
from the two factors are affected by each other. The reason is
that the two factors are contributors to the fabric anisotropy
feature of a granular material packing. We define a com-
bined anisotropy factor (CAF) to determine the relationship
between the fabric anisotropy feature and the shear be-
haviour. CAF may reflect the attribution based on the aspect
ratio and the initial orientational alignment. It is expressed
as

CAF = AR x(g + 6>, (6)

where AR is the value of the aspect ratio of the particle shape.
0 is the radian value of the initial orientational alignment

referring to the shear loading direction (the horizontal axis
here). The radian values in this study are 0°, 45°, and 90° for
the horizontal, random, and vertical alignments, respec-
tively. The peak and residual values of shear stress for each
specimen are plotted as functions of the CAF with the fitting
curves, as shown in Figure 13. The fitting equations are listed
as follows:

y = 37.65¢"1244* R? = 0.8498 are for the peak stress
value.

y = 10.806x — 7.2235, R* = 0.8527 are for the residual
stress value.

The general trends for the relationships between the peak
and residual stress values monotonously increase with the
rise in the CAF value. The fitting curve is given as an ex-
ponential curve for the peak value and a linear curve for the
residual value, which indicates that the peak value of shear
stress is more sensitive to the CAF value than the residual
value of shear stress.
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4.2. Force Chains during Shearing. Figure 14 shows the
strain-stress curves of four specimens with various CAF
values and the development of force chain networks in these
specimens. The stress level during the shearing is higher in

the specimen with a higher CAF value, which agrees with the
conclusion drawn in Section 4.1. The shear loading in a
granular material assembly is transmitted from particle to
particle through contact points. The normal and tangent
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forces occurring at the contact points would develop
mechanically stable and jammed contact networks during
the shearing process to resist the loading [14], and the
development of force chain networks may indicate the fabric
evolution of granular assemblies and explain the origin of
shear stress differing for specimens with different CAF
values. The force networks are traced at three points: O, A,
and B, with strains of 0%, 6%, and 16%, respectively (Fig-
ure 14). At the beginning point O, without any strain, the

force chains are mainly aligned with the vertical direction.
The vertical load is translated to the particles that are in
contact with the upper wall through the contact points.
Then, it quickly spreads downwards, forming several main
force chains. At a strain of 5%, the shear stress increases, and
most contact force orientations rotate anticlockwise and
form major force chains with the direction of the major
principal stress. The shear stress occurring in the specimen is
higher and the formed force chains are more distinguished
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FIGURE 15: Probability density function (%) of angular distribution of the long axis of particles in specimens with different CAF values at the

shear strains of 0% (point O), 5% (point A), and 19% (point B).

when the CAF value of the specimen is larger. At a shear
strain of 10%, the shear stress level becomes lower than that
of 5% for specimens with CAF values of 1.96 and 3.93, and
the formed force chains recover to the vertical direction with
less concentration. However, for specimens with CAF values
of 6.28 and 12.57, the corresponding stress level to shear
strain of 10% is greater than that of 5%, and the formed force
chains remain aligned along the major principal stress and
become more concentrated. The abovementioned compar-
ison implies that the higher shear stress in specimens with a
higher CFA value comes from the more concentrated force
chains aligning with the direction of the major principal
stress formed in the assembly.

4.3. Particle Alignments in Shearing Band Zone Evolution
during Shearing. The magnitudes of the particle rotation
inside and outside the shear band obviously differ [14]. The
shear bands are defined as the zone with a width of 10 times
the particle diameter beside the horizontal interface of the
upper and lower parts of the testing box to capture the
feature of the shear band indicated by particle rotation.
Particles within the shear band zone are identified by rec-
ognising their y positions, and the rotation of these particles
is traced during the shearing process. Figure 15 shows the
probability density functions of the long axis of particles
within the shear band zones for the specimens with CFA
values of 1.96, 3.93, 6.28, and 12.57 at points O, A, and B with
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shear deformations of 0, 3, and 8 mm. Particles generally
rotate in the shear band zone of all specimens. Comparing
specimens with different particle respect ratio values under
the same initial alignment situation shows that the more
elongated particles with a larger aspect ratio rotate less than
the less elongated particles with a lower aspect ratio within
the shear band zone of the specimens. Comparing specimens
with the same particle shape but under different initial
alignment situations reveals that the particles in specimens
under vertical alignment show more obvious rotation than
those in specimens under horizontal alignment. Notably, the
long axis direction of particles after rotation tends to be
perpendicular to the corresponding force chain direction
illustrated in Figure 14 during the shearing process. This
observation indicates that the force chains during shearing
to resist the horizontal shear loading are mostly provided by
the side-to-side contact amongst particles, which agrees with
the conclusion that the major contact type of elongated
particles is side-to-side drawn in previous studies [2].

5. Conclusions

The coupled influence of the particle shape and initial
alignment condition is investigated for 2D granular as-
semblies under direct shear tests. The DEM results of
macroscopic and microscopic responses are analysed. We
can then assert a few conclusions, as follows:

(1) The influence of respect ratio of particle shape on the
consolidation and shear behaviour of granular as-
semblies is affected by the initial alignment condi-
tion. The influence of respect ratio in vertical and
random initial alignments is much more obvious
than that in horizontal initial alignment.

(2) The influence of the initial alignment condition on
the consolidation and shear behaviour of granular
assemblies is also affected by the respect ratio of
particle shape. The influence of the initial alignment
condition becomes increasingly obvious with the rise
in respect ratio.

(3) A CAF of the shape anisotropy and the fabric an-
isotropy is defined in this study. A monotonously
increasing relationship exists between the shear
stress and the CAF value.

(4) The higher shear stress of specimens with a higher
CAF value results from stronger force chains
aligning with the major principal direction

This study also has some limitations that require future
works. The shearing model in this study is simplified into a
2D situation with movements of particles only allowed
within a plane, which is somewhat different from the actual
3D situation of the shear test. Some qualitative conclusions
on the joint influence of particles and the initial alignment
condition are provided here, and the validity of the 3D
situation is expected to be further investigated with a 3D
model in the future.

In the meantime, the numerical simulation in this study
is conducted under a relatively low normal stress without

Advances in Materials Science and Engineering

considering particle crushing during the consolidation and
shearing processes. The joint influence of particle shape and
the initial alignment condition with consideration of particle
crushing will be evaluated in the future to account for higher
normal stress environments with high fidelity.
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