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Abstract
This paper presents a microscopic investigation on the effects of initial anisotropy, drainage condition, and consolidation
state on the mechanical behavior and strain localization of dense sands. Discrete element simulations with non-spherical
clumps were carried out to simulate drained and undrained biaxial tests of isotropically and K0 consolidated anisotropic
sands. In drained tests, the stress–strain relationship shows an initial hardening and subsequent softening behavior, and the
peak shear stress decreases as the bedding plane angle increases. K
 0 consolidation has slight influence on the peak friction
angle and does not affect the friction angle at zero dilatancy. In undrained tests, softening behavior occurs when the bedding plane angle is small, while for higher bedding plane angle, the strengthening response takes over. As the bedding plane
angle increases, the peak friction angle decreases initially but increases afterwards. The relative displacement and rotation
angle of clumps as well as the void ratio distribution within the specimen indicate the appearance of shear band. Shear bands
leads to the inhomogeneous deformation field within specimens. Excessive dilation inside of shear band is produced, and it
may induce re-contraction behavior under drained condition and may re-increase the pore water pressure under undrained
condition. The appearance of shear band reduces the peak shear strength, and the specimen with a low bedding angle results
in a larger reduction of shear strength than that from the specimen with a high bedding angle. Particle rotation mode and
force chain network change along with the formation of a shear band. As the longest axis of clumped particle varies from
vertical to parallel with respect to the loading direction, the majority of particle contacts inside of shear band changes from
multi-point mode to single contact mode. The obtained shear band width and inclination angle were computed, and their
variations with bedding angle were obtained.
Keywords Shear band · Dense sand · Anisotropy · Discrete element simulation · Undrained shear

1 Introduction
The failure mode of granular materials varies with the
material state, loading mode, drainage condition, and stress
condition. It can be separated into two typical types: strain
localization and diffuse failure. The strain localization can be
observed in a laboratory test which demonstrates a localized
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displacement gradient field [1–3]. Strain localization is a
typical failure mode in dense sand, over-consolidated clay,
and soft rock, its occurrence induces the abrupt reduction
of shear strength and should be carefully considered. With
the increase in deformation, the region of localized strain
extends and shear bands appears, which induces the appearance of peak strength before the ultimate limit failure state is
reached [4–7]. Diffuse failure mode, which corresponds to
a homogeneous and uniform deformation filed, also happen
before the ultimate limit failure state is reached [2, 8].
The peak shear strength and failure mode of soil have
been studied experimentally [9–12] and theoretically [13,
14]. In most cases, the peak strength of soil obtained from
drained tests is shown to be less than that the one obtained
from undrained tests [15–17]. Discrete element method
(DEM) has also been used to investigate the mechanical
responses of soil [18–20], and the simulated results were
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consistent with the actual mechanical response found in
experiments [21, 22]. The initial anisotropy of soil is found
to obviously affect its mechanical properties under principal stress rotation conditions [23]. Due to the sedimentation
of natural soil, the plastic shear strength often varies with the
loading direction relative to the sedimentation plane. Yang
[18] studied the mechanical response of loose and medium
dense anisotropic sand, and reported the absence of strainsoftening behavior. Undrained shear in DEM can be realized
by constant-volume DEM simulations of dry particles, but
it cannot explain some special phenomena, for instance, the
energy transfer and dissipation mechanisms of granular flow
[24, 25]. The coupled CFD-DEM method was proposed to
better reveal the interaction between fluid and particle and
the associated mechanical responses [24]. Even though DEM
with constant volume method has its shortcomings, it can
produce similar results in terms of the mechanical response
(i.e. deviatoric stress and excess pore pressure) of samples
under triaxial undrained shear tests in comparison to CFDDEM simulation [26]. In DEM simulation, flexible boundary is widely adopted in drained tests [27], but in undrained
tests, the boundary is often set as rigid [15, 16, 19, 27, 28].
It has been shown that flexible boundary in discrete element
simulation can produce a closer prediction of experiment
data than those under rigid boundary. Mukherjee [11] proved
the influence of flexible boundary on the onset of solid–fluid
instability under undrained condition by theoretical analysis.
It is obvious that the flexible boundary can naturally produce
the mechanical properties of soil. Although these existing
studies provide significant insights into understanding the
mechanical behaviors of cross-anisotropic soil, there still
lacks a comprehensive study on the influences of consolidated state, drainage condition, and stress state.
Strain localization often occurs in dense sands before the
plastic limit is reached, which can be predicted by bifurcation analysis [3]. The inclusion of noncoaxial plastic flow
rule can improve the prediction of bifurcation point [29],
and the evolution of strain localization can be captured by
a regularized finite-element numerical simulation [30]. The
onset of strain localization in anisotropic sand has been
predicted based on a deviatoric hardening plasticity [31];
the predicted relationship between loading direction and
bifurcation points is consistent with experimental findings
[32]. The characterization of shear band in soil has been
extensively studied in recent decades. For instance, by using
micro-focus X-ray CT, Oda et al. [33] investigated the particle movement inside a shear band; Sibille and Froiio [34]
proposed a semi-automated numerical photogrammetry
technique to investigate the strain localization by measuring the micro-structure and particle rotation; Ashibli and
Hasan [35] used X-ray CT to scan dense sands, in which
they observed a noticeable jump of the void ratio as crossing the shear band and reported the width and inclination
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angle of the shear band to respectively be around 12 times of
the mean particle size and 63.5°; Takano et al. [36] studied
the strain localization in soil using X-ray tomography and
digital image correlation, they found that the localized zone
to be an internal structure consisting of several overlapped
bands, and that a wider grain size distribution leads to a
thicker shear band; Guo [21] summarized that, depending on
the specific particle shape, material density, stress level and
drainage condition, the width of shear band can range from
10 to 25 times of the mean particle size. Discrete element
simulation [22, 37] was adopted to explore soil fabric in
strain localization, and flexible boundary was used in order
to capture shear band [24]. Iwashita [22] and Guo [21] studied the inter-particle contact pattern. Li [37] considered the
longest principle axis direction of particle and constructed a
model to analyze the void space in anisotropic material. The
progress in DEM study provides an available approach to
investigate the microscopic behavior of shear band; however,
micro-structure of inter-particle contact inside of shear band
has seldomly been explicitly investigated, especially in the
case of anisotropic soil.
This paper presents a discrete element simulation of the
mechanical behaviors of anisotropic dense sands with varied
bedding angle (set δ = 0°, 30°, 60°, 90°) under drained and
undrained 2D compression conditions. Flexible boundary
was adopted to naturally model shear banding and non-uniform deformation, and a volume control method was introduced to simulate the undrained condition. Clump of two
discs were used to generate specimen by multi-layer compaction method along selected direction. Specimens were
isotropically and K0 consolidated, and the lateral boundary
was stress-controlled. The influence of bedding angle on
the drained and undrained behavior of anisotropic sand was
obtained, and the influence of K0 consolidation on friction
angle and dilatancy angle was analyzed. Distributions of
void ratio, relative displacement field, and rotation angle as
well as the inter-particle force chain were adopted to study
shear band microscopically. According to the particle rotation pattern, the variation of thickness and inclination of
shear band with bedding angle was discussed.

2 DEM simulations of bi‑axial tests
To generate an initially homogeneous and uniform specimen, the multi-layer compaction method [38] was adopted.
Clump, which is composed of two identical discs, was used
to generate anisotropic sample. As shown in Fig. 1, the
aspect ratio of all clumps is set as 1.5 [39]. The rectangular
specimen was constituted of 6800 clumps; the height and
width were about 24 mm and 10 mm. As shown in Fig. 1,
the particle size distribution was selected according to
Toyoura sand. The microscopic parameters of clumps and
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Fig. 1  Particle size distribution curve
Table 1  Properties of walls, ellipsoids, and membrane
Wall-ellipsoid friction
Wall normal stiffness
Number of clumps
Clump aspect ratio
Particle density
Damping ratio
Effective modulus E
Stiffness ratio
Clump normal stiffness k n
Inter-particle friction
Membrane friction
Membrane stiffness
Membrane bonding strength
Void ratio after consolidation

0
1.0 × 109 N/m
6800
1.5
2650 kg/m3
0.7
5.0 × 1011 N/m
3.33
E*r
0.5
0
kn/5
1.0 × 10100 MPa
0.154 (isotropic); 0.149
(K0)

walls are shown in Table 1. The maximum and minimum
void ratios are 0.254 and 0.117 respectively. The interparticle friction consisted of rolling resistance and friction
coefficient is the major factor affecting peak friction angle
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[40]. To reflect the influence of clump radius, the normal
stiffness of a clump was set as the product of effective
modulus and radius, and the adopted inter-particle contact
law is a linear model which provides linear elastic (notension) frictional behavior. Clumps were compacted by a
rigid plate in several layers to generate a cubic specimen.
All plates are frictionless, so the friction angle between
clumps and walls is zero. To generate a specimen of different inclination of bedding plane, the rigid plate was rotated
by a preset angle [26]. As shown in Fig. 2, the mold was
rotated to an appropriate angle and specimen was generated layer by layer. Unnecessary clumps were removed to
make sure that the specimen reaches the designated height.
Later the mold is rotated backward to build the specimen.
The angular velocity of all clumps was set zero during
generation, which enlarges the effect of anisotropic fabric
[41]. Eight specimens were generated, among which four
of them were isotropically consolidated with varied bedding angle (δ is 0°, 30°, 60°, and 90°) and the rest four
were K0 consolidated. The relative densities of all specimens are kept around 76%.
The stage of isotropically consolidation was divided
into two parts, the one is using rigid walls to add force,
and the other one is using a flexible wall to simulate membrane. The flexible wall was made of clumps. As shown in
Fig. 2, each clump contains two discs, and contact bond
force exists between clumps. The direction of confining
stress added on the membrane clumps is perpendicular to
the major axis of a clump. Confining stress was applied to
the boundary by two laterals rigid walls; the walls were
deleted afterwards and two clusters of clumps were generated. The average particle size of the cluster is 1/3 of the
average particle size of specimen. The initial void ratios
of the specimens were 0.163; after isotropically consolidation by applying 100 kPa confining stress, the void ratios
of the specimens became around 0.154. The arrangements
of the clumps after isotropically consolidation are shown
in Fig. 3; anisotropy is represented by the alignment of

Fig. 2  Generation of anisotropic specimen and of flexible boundary
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where dH is the shortening in height and dδh is the increasing in width.
The specimen height is the distance between top and
bottom rigid plates. Due to the flexible boundary, the total
volume of specimen can only be measured by an indirect
method. Specimen was divided into a series of horizontal
layers which is thin enough to be treated as individual rectangles. By summing up the volume of each rectangle, the
total volume of specimen can be obtained.
The confining stress increment is

d𝜎3 = −kn

Fig. 3  Arrangement of clumped particles after isotropic consolidation
a δ = 0°; b δ = 30°; c δ = 60°; d δ = 90°

clumps in a preset direction. As shown in Fig. 4a, the
distribution of particle orientation demonstrates initial
anisotropy.
During the shear stage, the velocity of rigid walls in top
and bottom of the specimen was set as 0.05%/s. The undrained
condition in the simulation was realized by loading samples
under a constant volume condition. The effective confining
stress was calculated by the horizontal displacement of wall
and the normal stiffness between the membrane and the specimen. During the constant volume loading, the horizontal displacement increment is
)
(
dH
𝛿
d𝛿h = −
(1)
H h

Fig. 4  Distribution of particle
orientation after consolidation. a Isotropic consolidated
specimen; b K0-consolidated
specimen
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d𝛿h
H

(2)

where kn is the mean normal stiffness between the specimen
and membrane.
To ensure quasi-static conditions, the nominal axial
strain rate is set as 0.05%/s. Since the used loading velocity
0.05%/s is larger than lab tests, a higher damping factor (i.e.
0.7) was adopted to satisfy stable quasi-static loading condition and affordable computational expense. Damping factor
(or damping ratio) is a dimensionless parameter describing how inter-particle oscillation decays after a disturbance
is applied. As shown in Fig. 5, the obtained stress–strain
relationship can be kept unchanged even if loading velocity is amplified 10 times. Loading was stopped when the
axial strain reaches 10%. Volume control system was used to
simulate undrained shear tests; the pore water pressure was
calculated by effective stress principle. During the undrained
shear process, the total lateral stress was kept constant, the
summation of the effective lateral stress on particles and
stress on liquid equaled to the total confining pressure.
The specimen generation and loading process of the K0
consolidated shear tests were the same with the isotropically consolidated shear tests. The difference was the applied
stress in consolidation stage. In K
 0 consolidation, the ratio
of the horizontal stress and vertical stress was estimated by
the empirical formula K0 = 1 − sin𝜑�. The effective friction
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Since the initial void ratios of all specimens are the same,
compared to the isotropically consolidated specimen, the
slight increase in the mean stress in consolidation induced a
smaller void ratio after consolidation.

3 Simulated results
3.1 Drained tests

Fig. 5  Influence of loading rate on stress–strain response

angle 𝜑′ was obtained from the isotropically consolidated
drained shear tests. Since 𝜑′ changes with bedding plane
angle, the K0 value also varies correspondingly. For comparison, the initial void ratios of the specimen before consolidation were the same with the isotropically consolidated
shear tests. The horizontal stress in the consolidation was set
as 100 kPa, so the vertical stress was 100/K0 kPa. After K0
consolidation, the void ratios of the specimen were 0.148.

The mechanical response of isotropically consolidated
specimen under drained loading condition is shown in
Fig. 6. As shown in Fig. 6a, the stress–strain curve exhibits an initial hardening behavior and a subsequent softening behavior. The peak deviatoric stress decreases as the
bedding angle δ increases if δ < 60° and turns to slightly
increase when δ > 60°. With the increase in the bedding
angle δ, the softening behavior becomes not apparent.
All specimens with different bedding angle tend to reach
a similar residual shear stress. As shown in Fig. 6b, the
sand demonstrates a contractive behavior first, and then
changes to a dilative behavior. The strain at the transition point from contractive to dilative is about 2%, and
it slightly decreases with the increase in δ. Such dependence has also been found in other numerical studies [42].

Fig. 6  Mechanical behavior
of isotropically consolidated
drained shear tests
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The mobilized
which was calculated by
(( friction
) ( angle,))
𝜑 = arcsin 𝜎1 − 𝜎3 ∕ 𝜎1 + 𝜎3 , is shown in Fig. 6c. The
friction angle mobilizes with the imposed strain, after the
attainment of the peak; it decreases and reaches a constant
value. In accordance with the peak shear stress, a lower
bedding angle produces a higher peak friction angle. The
stress ratio corresponding to the transition from a contractive to a dilative behavior [43, 44] is clearly shown in
Fig. 6d; the value decrease with the increase in the bedding angle.
It should be noted that the obtained stress strain relationship at softening regime is not a pure material response,
due to the appearance of shear bands the specimen does
not deform homogeneously anymore. Specimen containing
localized large deformation turns the post-peak behavior to
be a combination of structural and material responses, and
the structural effect relies on the properties of shear band.
The soil inside the shear band dilates and becomes looser.
When subjected to further loading, it may change from dilation to contraction again, as can been observed from those
specimens except for δ < 60°. The reason why a specimen
of δ = 60° does not result in a second contraction is that the
bedding angle is along with the failure line which can be
estimated to be π/4 + φ/2. Accordingly, in consistence with
what has also been reported in previous experimental studies
[45], the discrepancies of soil density inside and outside the
Fig. 7  Mechanical behavior of
K0 consolidated drained shear
tests
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shear band may lead to the breakdown of the uniqueness of
critical state.
The simulated results of K
 0 consolidated drained test
are shown in Fig. 7. As shown in Fig. 7a, the obtained
stress–strains are similar to the isotropically consolidated
drained shear tests. The peak and residual shear stresses are
close to the isotropically consolidated drained shear tests.
However, the strain required to reach the stress peak is less
than that in isotropically consolidated drained shear tests.
As shown in Fig. 7b, the evolution of the volume strain is
similar to the isotropically consolidated drained shear tests.
The strain at the transition point from contractive to dilative
behavior is less than that in the isotropically consolidated
drained shear test. The absolute value of the minimum volumetric strain is smaller than that in the isotropically consolidated drained shear test, and the maximum volumetric strain
is larger than that in isotropically consolidated drained shear
test. As shown in Fig. 7c, the evolution of the friction angle
is the same with the isotropically consolidated drained shear
test, but the strain at peak friction angle is small.
As shown in Fig. 7d, the stress-dilatancy is similar to the
isotropically consolidated drained shear test. The variations
of peak friction angle and friction angle at zero dilatancy are
shown in Fig. 8. As shown in Fig. 8a, the peak friction angle
decreases at the initial loading stage and increases with the
bedding angle afterwards. The tendency of φ along with δ

Two-dimensional discrete element simulation of the mechanical behavior and strain localization…
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Fig. 8  Variations of peak friction angle and friction angle
at zero dilatancy with bedding
plane angle δ

is similar with the result by previous study [46]. When the
bedding angle is small (i.e. less than 30°), the obtained peak
friction angle from isotropically consolidated sands is less
than the one from K0 consolidated sands. However, When
the bedding angle is large enough (i.e. larger than 30°), an
opposite relationship is obtained. The effect of initial anisotropy on the peak friction angle becomes more obvious
under K0 consolidated condition, and the peak friction angle
reaches the lowest value when δ = 60°. However, the friction
angle at the critical state is irrespective of the bedding angle,
indicating a unifying state. As shown in Fig. 8b, the friction
angle at zero dilatancy is only affected by the bedding angle
but not by consolidation, or stress path.

3.2 Undrained tests
The obtained mechanical response of isotropically consolidated sands in undrained compression tests is shown
in Fig. 9. As shown in Fig. 9a, a low bedding angle (i.e.
δ = 0°, 30°) produces a high stress–strain curve. In contrast
to the drained tests, the softening behavior is weaker. In the
case of a high δ value (i.e. δ = 60°, 90°), the soil even does
not show softening behavior. As shown in Fig. 9b, the pore
water pressure accumulated at the initial shearing stage, and
then turned to decrease and becomes negative. After attaining the lowest value, the pore water pressure increases again,
and this increasing trend is only obvious in the specimen

Fig. 9  Mechanical behavior
of isotropically consolidated
undrained shear tests
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of a low bedding angle. As a shear band appears, the soil
inside of shear band largely dilates and becomes loose, and
then a second growing phase of pore water pressure can be
observed. Since the sum of effective confining stress and
pore-water pressure is constant, the effective confining stress
may decrease after a short-lived critical state. The stress path
eventually follows the Mohr–Coulomb line in the opposite
direction is caused by the re-increase of pore water pressure.
Soil reaches the critical state if enough strain is imposed,
but the state cannot be kept for a long time for the specimen changes to be inhomogeneous. The obtained results
are consistent with experimental results [47]. As shown in
Fig. 9c, the stress path shows a right shifting trend and all
specimens reaches to the same critical state. The evolution
of mobilized friction angle with imposed strain is shown in
Fig. 9d. As the strain increases, the friction angle rises up to
the peak and then reduces subsequently. The friction angle
at critical state is about 24°, which correspond to the slope
of the critical state line is around 0.4 (shown in Fig. 9c).
The obtained results of K 0-consolidated undrained
tests are shown in Fig. 10. The same with isotropically
consolidated undrained tests, the specimen of low bedding angle produces initial hardening and subsequent
softening behavior, the specimen of high bedding angle
produces monotonically hardening behavior. Under the

Fig. 10  Mechanical behavior
of K0-consolidated undrained
shear tests
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same bedding angle condition, the peak shear strength is
obviously larger than that of isotropically consolidated
undrained tests. Since all specimens were dense, dilation
induces a positive pore-water pressure in the early loading
stage and then a negative one in the subsequent loading
stage. The peak pore water pressure is less than that in
isotropically consolidated undrained test, indicating that
K0 consolidation depresses the buildup of water pressure.
The evolution of the mobilized friction angle is almost the
same with the isotropically consolidated undrained tests.
The peak friction angle and the peak shear strength cannot be reached at the same time, and the attainment of
peak shear strength is earlier than the peak friction angle.
As shown in Fig. 8a, the peak friction angles obtained
from undrained shear tests are slightly larger than those
obtained from drained tests. Stress paths in all tests were
summarized and are shown in Fig. 11. The stress path
for drained tests is a straight line, and stress path curves
for undrained shear tests go up and approach the critical
state line [47]. Although it looks like that the stress path
goes across the Mohr–Coulomb line in the p–q plane, it is
actually not the case because the Mohr–Coulomb line is
a projection of a 3D failure surface. In fact, the simulated
stress path presented in this paper does not go through the
3D failure surface.
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Fig. 11  Critical state line

4 Detailed investigation of the strain
localization
4.1 Distribution of void ratio
Deviatoric strain and its increment were often used to
investigate the evolution of shear band in experimental
study; however, the strain is a parameter to indicate the
macroscopic behavior of soil. Since it is incapable of
providing the mechanical properties inside and outside
of the shear band, the void ratio distribution (or porosity) can serve as a direct measurement of shear band. The
void ratio was calculated by the total volume of clumps
on a measured circle and the area of the circle, and the
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calculated value was assumed be the void ratio of the
center of the measured circle. To obtain a representative
value, the measured circle must include enough clumps.
The particle number is estimated via dividing the area by
the mean particle size; the accuracy for the calculated void
ratio can be ensured if more than 200 particles are considered. The calculated shear band thickness is affected
by the error originating from void ratio measurement. As
long as the obtained void ratio is accurate, the estimated
shear band thickness is reliable. Figure 12 is the void ratio
distribution when the axial strain reaches 4%. The sand
inside of shear band becomes loose for dilation effect,
and the sand outside of shear band keeps a dense state. In
drained shear tests, a dominant shear band occurs in the
specimen of low bedding angles, while for specimens with
high bedding angles it becomes hard to observe a clear
shear band pattern. The K
 0 consolidation gives out the
same shear band pattern, indicating the K
 0 consolidation
does not affect the formation of shear band. Although the
obtained stress–strain relationships are different in drained
and undrained tests, the distribution pattern of the void
ratio is irrespective of the drainage condition.

4.2 Relative displacement
According to the theory by Rudnicki and Rice [3], a nonuniform deformation field varies with position across
a planar shear band but remains uniform outside of the
band. The magnitude of displacement inside a shear band
is greater than the one outside of it. Therefore, the relative

Fig. 12  Distribution of void ratio (ε1 = 4%)
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displacement [48] can be used to visualize the shear band.
The relative clump displacement concept originated from
the kinematic displacements and relates the clump displacement vector d. The relative displacement of a clump
is
)
(
rdi = norm d − di
(3)
n

RD =

1∑
rd
n i=1 i

(4)

where rd i is the relative displacement of two adjacent
clumps, ‘norm’ means the magnitude of vector, d is the displacement vector of a clump, di is the displacement vector of
an adjacent clump, RD, which represents relative displacement, is an average value of all individual relative displacement vectors, n is the contact number of a clump.
The relative displacements of clumps when ε 1 = 4%
are shown in Fig. 13. At this axial strain extent, all
simulations have reached peak deviatoric stresses. Sudden changes of relative displacement field can be seen
as the onset of shear band. Dominant shear band can
be observed in all specimens, however, multiple shear
band can be observed in specimens of bedding angle
δ = 60° and 90°. Accompanying with the formation of
shear band, the rigid boundary limits the development of
localized deformation, and it shows a strong influence on
the mechanical response. Besides, the results show that
changes of consolidation and drainage do not alter the
deformation pattern.

Fig. 13  Distribution of relative displacement (ε1 = 4%)
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4.3 Clump rotation
Particle rotation plays an important role in the development
of shear bands [49]; the rotation angle of clumps can be used
to detect the shear band formation. The rotation angle fields
when ε1 = 4% in all tests are shown in Fig. 14. The rotation
of a clump is restricted in multiple directions if surrounded
by other clumps. The void ratio in dense sand is too small to
allow clump rotation until an unbalanced condition appears,
which indicates the onset of shear band. The sign of rotation
angle changes when passing through the shear band region
from outside, and this is in consistent with Esin et al. [50]. In
the case of bedding angle δ = 90°, the major principal stress
direction is parallel to the major axis of clumped particles,
and particles can rotate easier than those ones when bedding angle δ = 0° when an unbalanced state appears. The
obtained patterns are similar to the decomposed images [51]
described by double Fourier series [52]. Guo [32] pointed
out that the particles inside shear band may either rotate or
completed constrained in the case of two particles being
conjoint. The simulated result shows a more complex mode:
most particles inside of the shear band also slip relative to
nearby in-contact particle, especially in the case with low δ.

4.4 Microscopic properties of shear bands
In order to investigate the microscopic property of a shear
band, relative movement, rotation, and void ratio distribution are analyzed. Alshibli and Sture [53] pointed out
that the void ratio inside of a shear band is larger than the
global average void ratio of a specimen, indicating the
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Fig. 14  Distribution of the rotation angle of particles (ε1 = 4%)

dilation of soil in the shear band. According to the distribution of void ratio, the region where void ratio is larger
than the average value of entire specimen was picked
out and plotted. As shown in Fig. 15, absolute values of
particle relative displacement and particle rotation angle
clearly indicate a localized deformation area.

To study the detailed force chain network inside of a shear
band, a construction method of force chain [34] is adopted.
As shown in Fig. 15, for lower δ cases (δ = 0° and 30°),
the core region is filled with a structure in which adjacent
particles mainly contact each other along short axis, and
inter-particle stress is mainly transmitted along short axis
of particles. A typical force chain network inside of shear

Fig. 15  The rotation angle and relative displacement of particles inside of shear band (color scales are same as Figs. 13 and 14)
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band is shown in Fig. 16, which is picked from the local area
indicated in Fig. 14. As shown in Fig. 16a, in a specimen of
0° bedding angle, force chains in the loading direction are
formed by a string of particles which mainly interact with
each other along their shorter axis. Since the contact pattern is mainly multi-point, the formed contact structure is
relatively stable. In a specimen of high bedding angle, force
transmitted along loading direction is formed by a string of
particles along their longer axis, and the contact mode along
the loading direction mainly exhibits a single-contact-point
fashion. As shown in the embedded little figures in Fig. 16b,
the force chain of single-contact-point mode can be readily
destroyed by applying a disturbance, after which a zigzag

X. Lü et al.

structure of force chain is generated. During the breaking
process, a small relative sliding among particles with significant relative rotation can be observed. The particle rotation
and stress transmission mode change with the formation of
a shear band, and the mechanical behavior of specimen subjected to loading varies. The specimen with low δ results in
a larger reduction of shear strength than that resulted from
the specimen of with δ. The mode of contact force inside of
shear band was statistically analyzed. The intersection angle
α between the direction of the maximum contact force on
a non-spherical particle and the particle’s major axis was
obtained; the obtained statistical results inside of shear band
are shown in Fig. 17. Irrespective to the drainage condition and consolidation mode, specimens with a low bedding
angle show more contact forces between two parallel particles. A specimen with a horizontal bedding plane shows a
typical force chain network type of Fig. 16a, and a specimen
with a vertical bedding plane shows the type of Fig. 16b.

4.5 The macroscopic properties of shear band

Fig. 16  Force chain network inside of the shear band (isotropically
consolidated drained tests)

Fig. 17  Statistical analysis of
force chain mode inside shear
band of all specimens ( Cmax is
the maximum contact force on
a particle)
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Macroscopic properties of a shear band, i.e. thickness and
inclination, are further studied. Based on the distribution of
void ratio field, the measurement of thickness can be feasible [32]. According to the distribution of void ratio field
along horizontal and vertical sections, the measurement of
the shear band thickness is shown in Fig. 18. The void ratio
inside of the shear band is higher than the global average
void ratio of the specimen. After shear band formation, the
void ratio varies in the direction which is perpendicular to
the shear band. The influence of measuring circle size on
the obtained shear band is analyzed. In isotropically consolidated drained tests, the relationship between shear band
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Fig. 18  Measurement of shear band thickness (ē is the average value
of void ratio, t is the thickness)
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thickness and measuring circle diameter is shown in Fig. 19.
By dividing the area by mean particle size, the particle number in a measuring circle is estimated. The accuracy of measured shear band thickness can be ensured if enough particles
are included in a circle, i.e. more than 200. The measured
thicknesses of shear bands of all tests are shown in Fig. 20a,
they lie in the range of 16–23 times of mean particle size d 50.
The range is slightly larger than 7–8d50 by Oda and Kazawa
[54] and is slightly larger than the results by Alshibli and
Hasan [30]. Comparing to the 15–18d50 obtained from the
DEM simulation when the rotational resistance at contacts
is neglected [55], the consideration of rotational resistance
results in a large shear band thickness. The obtained shear
band thickness shows an increasing trend as δ increases,
however, there is a drop when δ = 60°. The drop is induced
by the approximation of shear band angle with bedding
plane angle; the movement between two parts of specimen
separated by shear band is mainly caused by sliding but not
by clump rotation. The consolidation type and drainage condition do not show obvious influence on the varying characteristic of thickness with bedding angle.

Fig. 19  Influence of the radius
of measuring circle

Fig. 20  The thickness and inclination of shear band versus bedding plane angle (d50 is the mean particle size)
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The inclination angle of shear band can be measured
according to the distribution of angular velocity. The
obtained result from DEM analysis is similar to that one
obtained from the analysis of relative displacement field.
The observed shear band is not a rigorous straight line but
demonstrates curves in some places. By fitting the curve line
by a straight line, the inclination of shear band was obtained.
The shear band angle under a different bedding angle condition is shown in Fig. 20b. The shear band angle can be
described by

𝜃cm =

𝜋 𝜑
+ Mohr−Coulomb theory
4
2

(5)

𝜃cr =

𝜋 𝜓d
+
Roscoe theory
4
2

(6)

𝜃ca =

𝜋 𝜑 𝜓d
+ +
Arthur et al. (1977)
4
4
4

(7)

w h e r e t h((
e φ i)s ( t h e f))
riction angle, and
𝜓d = arcsin 𝜀̇ 1 + 𝜀̇ 3 ∕ 𝜀̇ 1 − 𝜀̇ 3 is the dilatancy angle at
the onset of shear band.
The obtained shear band angle is between the results
between Mohr–Coulomb theory and Roscoe’s theory.
Arthur’s formula fits the obtained inclination angle of shear
band from DEM analysis when δ is less than 60°, however,
it slightly deviates from DEM results under high δ conditions. For δ = 60°, the measured angle becomes large and
approaches the Mohr–Coulomb theory. For δ = 90°, the
measured angle becomes small and approaches the Roscoe’s
formula.

5 Summary and conclusions
DEM analysis using non-circular clumps were carried out
to investigate the mechanical response of isotropically and
K0 consolidated anisotropic dense sands in drained and
undrained biaxial tests. The stress–strain and volumetric
strain variation under drained condition and the pore water
pressure under undrained condition were obtained. Shear
band was identified by investigating the relative displacement field, rotation angle field, distribution of void ratio;
the inter-particle force chain network and its influence on
the thickness, inclination and void ratio of shear band were
analyzed.
The influences of consolidation, initial anisotropy, and
drainage condition during shear on the mechanical behavior of sand are obtained. In drained tests and most of undrained tests, the computed stress–strain relationship demonstrates a hardening trend at the initial strain-controlled
loading stage, and then enters a softening regime after the
peak shear stress is reached. The increase in the bedding
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plane angle induces a decrease in the peak stress, while the
residual shear strength is independent of bedding angle.
K0 consolidation shows slight influence on the stress-strain
behavior, in particular, it has no effect on the peak shear
stress but tend to alter the corresponding strain value, and
this influence becomes weaker with the increase in bedding angle. With the increase in bedding plane angle, the
peak friction angle decreases with imposed strain first and
increases afterwards. However, the residual friction angle
is not affected by bedding plane angle. In drained tests, the
smaller volume strain value of isotropically consolidated
specimen comparing with that of K0 consolidated specimen indicates a weaker dilation behavior. As the bedding
angle of specimen increases, the friction angle at zero
dilatancy initially decreases and then turns to increase. In
undrained tests, the pore water pressure is positive at the
initial loading stage and decreases to be negative as loading progresses. As a shear band appears in a specimen, the
soil inside of the shear band largely dilates and becomes
looser; drained shear test shows a re-contractive behavior
and undrained shear test exhibits a second growing phase
of pore water pressure.
The relative displacement, rotation angle of clumps, and
the void ratio distribution were analyzed to investigate the
formation and microscopic behavior of shear band. The
inter-particle contact inside of the shear band in the specimen of a low bedding plane angle (i.e., δ = 0°) shows a parallel mode, and the specimen of a high bedding angle (i.e.,
δ = 90°) mainly shows a zigzag-shaped mode combined by a
string of particles. The parallel structure induces a large pore
and intensive relative slide, and the zigzag-shaped structure needs substantial number of adjacent structure to keep
stability. The specimen of low bedding angle results in an
obvious reduction of shear strength after the formation of
shear band. However, the specimen of high bedding angle
results in a smaller reduction of shear strength.
The inclination and thickness of shear bands were
measured in all tests. The inclination angles are found to
be between Mohr–Coulomb theory and Roscoe’s theory
and vary with bedding angle. The thickness of shear band
is measured according to the distribution of void ratio
which is much higher within the shear band. The specimen of a higher bedding angle has wider area with largeaverage rotation, and the thickness of shear band is slightly
broadened as the increase of proportion of zigzag structure
inside shear band.
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