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Abstract
Fluidization of dry granular material is the transition from a solid state to a liquid state when sufficient energy is applied
during vibration. This behavior is important because it is closely related to deformations of geotechnical structures during
an earthquake. The scientific challenge lies in the understanding on how strain localization is related to the fluidization zone
during the entire shearing process. Despite the importance of the mechanical behavior of granular material during fluidization,
it cannot be easily characterized using traditional direct shear test. In this paper, 2D DEM model is firstly conduct, shear
vibrational fluidization is defined for dry granular material, and the discrete element method has been used to simulate the
direct shear test on granular material under vibrational loading during shearing. The peak, residual and vibro-residual shear
strength envelopes have been obtained from the numerical simulations. Three distinct zones have been identified in the upper
shear box based on the observed changes in volumetric strain before vibration. During vibration, fluidization occurs in the
three zones with the characteristics that the shear stress, porosity, volumetric strain, and the coordination number drop to
relatively lower values. During vibration, material becomes denser than the critical state, and strain localization has been
relieved. Densification of the material at the shear zone leads to a strengthening of the material which increases the shearing
resistance after vibration. Furthermore, a comparison of the 2D and 3D simulations is performed. Results reveal that the
motion of particles in the out-of-plane direction in the 3D simulations lead to smoother shear stress and more consistent with
the experimental result.

Keywords Granular material · Shear vibrational fluidization · Strain localization · Discrete element method · Direct shear
test simulation

1 Introduction

In recent years, the earthquake-induced stability problem of
geotechnical structures founded on or in granular soil is one
of themain concern in engineering design [19]. An important
characteristic of the granular material is that the interactions
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between grains are dissipative because of kinetic friction
and inelastic particle collisions [21, 48]. When sufficient
energy is provided to a granularmaterial during vibration, the
granular material can exhibit fluid-like behavior [43]. This
transition from a solid state to a liquid state occurs when the
vibrational acceleration, a, exceeds a certain critical value.
For example, when vibration is applied in the vertical direc-
tion, fluidization occurs when acceleration a is greater than
1 g [18].

Richards et al. [30] proposed the concept of “dynamic
fluidization”, which considers the effect of earthquake accel-
erations on dry granular soils. When acceleration is imposed
at some critical levels, it changes the state of the soil, causing
general plastification such that the soil becomes, in a sense, an
anisotropic fluid. “Dynamic fluidization” was also observed
by Fauve et al. [12], Goldshtein et al. [15], Ristow et al. [31],
and Götzendorfer et al. [16] in experimental studies. It was
assumed that the main trigger of fluidization was the iner-
tial forces acting between the granular particles. Taslagyan
et al. [44] investigated the effects of vibration intensity, nor-
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mal stress and particle shape on the fluidization phenomenon
of dry granular media by conducting a series of laboratory
dynamic direct shear tests. The fluidization of granular mate-
rial under direct shear vibration was observed by a loss in
the shear strength that the main trigger of the fluidization
depended mainly on horizontal accelerations with a decrease
in the shear stress [43, 44]. Based on laboratory test results,
it is proposed that the strain localization occurs in a narrow
band close to the shear surface. However, it is difficult to
relate the width of the strain localization to fluidization in
the laboratory test specimens.

In the experiments carried out by Taslagyan et al. [44],
the relationship between shear strength and vertical dis-
placement with an increase of the horizontal strain had been
measured that the vertical displacement dropped to a certain
value when vibration was applied. However, identifying the
location of the strain localization in relation to fluidization in
the experimental test is a challenge.Numericalmodels can be
used tofind the locationof strain localization and the behavior
of fluidization by observing the micromechanical motion of
individual particles. Based on this microscopic observation
of the variations of the contact force chain, volumetric strain,
porosity, coordination number during vibration, fluidization
can be observed and quantified.

The discrete element method (DEM) was first proposed
by Cundall and Strack [7]. In the last 30 years, there has been
considerable development and application of this approach in
solving many geotechnical engineering problems [2] such as
soil consolidation [5], erosion [37], debris flow entrainment
[23], granular flow mobility [8, 47], and soil irregular vibra-
tion [48, 49]. DEM has been chosen in this study because it
can directlymodel processes at the grain level and capture the
relative translation between the particles. A particle-based
DEM analysis involves modeling a granular material using
particles that usually have simple geometries, such as disks
in a 2D analysis. To overcome the difficulties associated
with laboratory measurements and improve the understand-
ing of the micro–macro mechanical behaviors of fluidization

of granular materials, discrete element modeling is used to
simulate real granular particles. The 2D DEM model is first
calibrated against laboratory results. Then, the model is used
to provide further insight into the shearing process and the
mechanism under vibration. In this paper, a description of
the 2D and 3D DEM models used to simulate the dynamic
direct shear test are presented, and the method to measure
the volumetric strain distributions, variations of porosity and
coordination number of particles in the sample during the
vibration process is discussed.

2 Shear vibrational fluidization

In a broad sense, fluidization refers to the fluid-induced
mobility of solid granular material subjected to upward seep-
age flow [27]. Under a hydraulic gradient, the soil particles
float in suspension and become a fluidized bed [38]. This
quicksand condition is also known as piping or boiling [33].

In the current study, the effect of fluid flow is not the
focus and the material is dry. As referring to Richards et al.
[30], plasticization will take place when a horizontal accel-
eration is larger than a specified value such that the granular
soil becomes an anisotropic fluid, with flow being possi-
ble within a bounded range of directions. Here, we define
this phenomenon in a more specific circumstance, i.e. “shear
vibrational fluidization”, for dry granular material.

3 Physical tests

Aschematic diagramand a photo of the direct shear test appa-
ratus used in the current study are given in Figs. 1 and 2 [42].
The apparatus was modified from a traditional direct shear
test machine. The modifications included the installation of
an electromagnetic actuator between the proving ring and
the shear box and the incorporation of two electromagnets in
the actuator, which generated the vibration in the horizontal
shearing direction.

Fig. 1 Schematic diagram of the vibrational direct shear apparatus, from Taslagyan et al. [42]
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Fig. 2 The vibrational direct shear apparatus, from Taslagyan et al. [42]

Measurements were carried out using two LVDTs to mea-
sure the vertical and horizontal displacements, two load cells,
and two uniaxial accelerometers granular the vertical and
horizontal vibration accelerations on the soil sample.

As shown in Fig. 1, one of the accelerometers was placed
on top of the loading plate (measuring the vertical vibration
accelerations), and the other one was attached to the top half
of the shear box in the direction of shearing (measuring the
horizontal vibration accelerations). The output signals were
recorded using an NI Compact DAQ System, which, in turn,
was connected to a PC for logging the datawithNILabVIEW
software.

The testing procedures followed ASTM D3080/D3080M
[1]. Amodification of the test procedure was the introduction
of vibration close to the end of the test after the soil sample
had reached the critical state or residual state. Vibration was
applied while the sample was being sheared. The frequency
and vibration force were adjusted to a certain magnitude and
kept constant [42].

To investigate vibrational fluidization of granular materi-
als, glass beadswith diameters of 0.55mmwere also tested on
the modified direct shear apparatus. The samples were tested
at normal stresses of 23, 50, 118 kPa in the strain-controlled

mode at a shear rate of 0.61 mm/min. The vibration fre-
quency was 60 Hz for all of tested samples. The sensor data
were logged at 1 kHz frequency.

The physical characteristics of the tested materials were
provided that the density of a single glass bead was 2550
(kg/m3), the bulk density was 1566 (kg/m3), the void ratio
was 0.692, and the porosity of the macro sample was 0.409.

4 Numerical simulation

In the experimental tests of Taslagyan et al. [43, 44], there
was only one test using glass beads that could be used for the
current analysis. In order to simulate the characteristics of
granular materials using the experimental results for calibra-
tion, glass beads are chosen due to the disk/sphere shape in
the Particle Flow Code (PFC) by Itasca [20]. For 2D analy-
sis, the limitations have been concluded by Cui et al. [6] that
side wall effect enhanced friction and momentum transfer
in the out-of-plane direction was not considered. However,
it is believed that the 2D simulation will capture the main
shearing characteristics of the material because vibration is
carried out in one direction and there is no deformation in the
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Fig. 3 a Photograph of 0.55 mm diameter glass beads obtained using a microscope at ×50 magnification [44]; b 0.55 mm diameter DEM particles

other directions in the test. Furthermore, compared with 3D
analysis, the calculation time for 2D model is much shorter
[25, 45].

4.1 Model setup

The DEMparticles were randomly filled in a rectangular box
of 60×50 mm (Length×Height) bounded by rigid walls.
For all the granular specimens used, the particle diameter
was equal to 0.55 mm, i.e., the same value as the glass beads
used in the laboratory test (as illustrated in Fig. 3). The height
of the individual cylindrical model elements was equal to the
box width (60 mm) as in the PFC2D (Particle Flow Code in
2 dimensions) analysis disks were considered [6].

To ensure an initial tight packing and to avoid crystal-
lization, the gravitational deposition method was used in the
particle generation. A population of particles with the diame-
ter of 0.55 mmwas created within the specified volume upon
a direct shear box and particles were then falling down into
the direct shear box by the effect of gravity until the box
was full. The next step was to perform the consolidation by
compacting the particles using a servomechanism to reach
the designed compression stress of 1 kPa in the horizontal
and vertical directions. The servomechanism in DEM simu-
lations is illustrated in Appendix with detailed equations and
parameters. The microstructure of the particles used in the
DEM model of the direct shear test is illustrated in Fig. 4.

The side boundary walls (except the top and bottomwalls)
were then deleted from the model, and a direct shear box
with six walls was added to the side boundary of the sample
shown in Fig. 4. The DEMmodel of the direct shear box was
created to closely simulate the physical laboratory test box.
The size of the shear box used in the current study was 60×
50 mm with a gap of 0.35 mm in the middle of the box. Two
additional flat surfaces (wall numbers 7 and 8) were attached
to the edge of the upper and lower box, and a gap between the

shear wall and wing wall was set to be less than the particle
diameter to prevent the particles from escaping from the box
during the shearing and vibration process.

During the shearing process, the lower half of the box
(wall numbers 3 and 6)was displaced to the right at a constant
velocity of 0.61 mm/min which was consistent with that in
the laboratory, while the upper half of the box (wall numbers
4 and 5) was fixed from moving in both x and y directions.
The bottom box (wall number 1) was fixed from moving in
the y direction but can move in the x direction to simulate
the behavior of the bottom plate during the laboratory test.
The top boundary could rotate freely andmove in the vertical
direction tomaintain a constant normal stress, and the vertical
displacement was calculated. The average shear stress was
calculated from the contact forces on wall No. 4 to the actual
shear area (Eq. 1). The contact force is equal to the sum of
the normal contact forces induced by each particle in contact
with the wall No. 4 (Fig. 4). The average shear stress can be
expressed as:

τ � Fn
L − �s

, (1)

where Fn is the calculated normal force on wall No. 4, L
is the original length of the shear surface, which is equal to
60 mm, and �s is the shear displacement.

The final horizontal strain can be calculated from:

εx � �s

L
(2)

4.2 Micro parameter calibration for DEM simulations

At the start of the direct shear test, the DEM specimens
were first consolidated until equilibrium was reached under
a specified normal stress applied on the top boundary using
the servomechanism. The equilibrium state was adjusted by
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Fig. 4 The microstructure of
particles and wall elements with
numbers marked used in the
DEM model of the direct shear
test

measuring the ratio of the maximum contact force and the
maximum unbalanced force of the whole sample. To mini-
mize the effects on the shear behavior caused by the initial
porosity and packing geometry, a uniform inter-particle fric-
tion coefficient of 0.36 was used in the initial consolidation
stage.

The micro-properties of the material should be calibrated
before the model can be used to simulate the direct shear
test. For a material with known macro-properties and simple
packing arrangement, its micro-parameters may be calcu-
lated from the commonly measured macro-properties [22,
40]. However, for a material with random packing, calibra-
tion of the micro properties (such as particle stiffness and
inter-particle friction coefficient) of the particles is needed to
fit the macro-parameters (such as the peak and residual fric-
tion angle and Equivalent Young’s modulus) [14, 28, 29, 34,
35]. The Equivalent Young’s modulus calibration is focus on
the initial slope of the shear stress–horizontal strain curve.
The relationship between the Young’s modulus Ec and the
normal stiffness of particle kn was calculated from [28]:

Ec � kn
2t

, t � 1, 2D (3)

where t is the unit thickness of element disk in twodimension.
The particle friction coefficient calibration is focused

on the peak and residual shear strength before the start
of the vibration. In this calibration procedure, the relation-
ship between the micro-parameters and the macro-property
responses can be established by adjusting the input micro-
parameters in a series of direct shear test simulations. The

micro-parameters of the synthetic material can then be deter-
mined by matching the macro response of the glass beads
based on the obtained relation. Since there was no size dis-
tribution of the glass beads used in the laboratory test, the
effects of particle size and packing arrangement were minor
if the packing geometry was not too extreme [20]. Particle
stiffness was measured directly from glass beads. Wall fric-
tion was set to be zero due to lubrication of the direct shear
box [1]. A friction coefficient of 0.35 was used in the discrete
element simulation for glass beads based on measurement
from direct shear tests [3, 24, 39]. Cui et al. [6] conducted
the tilting tests and found the interface friction coefficient for
glass beads to be 0.36. In the numerical simulation, the para-
metric approach can be used to determine the parameters for
DEMmodel [6, 10]. For 0.55 mm diameter glass beads used
in the current study, the parametric approach was used to
determine the friction coefficient with verification based on
laboratory direct shear tests. In addition to the particle stiff-
ness ratio, the wall stiffness was also calibrated. No vibration
was applied during calibration.

Gu and Yang [17] conducted a biaxial test with 1600 uni-
form particles to investigate Poisson’s ratio of glass beads.
In real cases, the ratio of particle normal stiffness to shear
stiffness kbn/k

b
s is associated with Poisson’s ratio of the mate-

rial [36]. In order to verify the assumption of kbn/k
b
s of 1, a

simply biaxial test simulation was conducted with the length
and width of 40 mm and 20 mm, respectively. A total of
3097 particles were generated in the test. The lateral stress
was maintained at 10 kPa during the loading process by con-
trolling the lateral wall to move in the horizontal path. The
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Fig. 5 Comparison of numerical and laboratory results before vibration stage based on parameters calibration under different normal stress

vertical wall was loaded at a constant velocity of 1×10−5

m/s until the peak axial stress was detected. The calculated
Poisson’s ratio in a biaxial test is equal to 0.231, which stays
within the range of Poisson’s ratio of a glass bead assembly
in the real case [36].

In the numerical simulation, the density of a single glass
bead element was set to be 2550 kg/m3, which was equal
to the density of real glass bead. The initial porosity of the
numerical sample was calculated to be 0.156 in the 2D sim-
ulation which corresponded to a porosity of 0.385 in the 3D
simulation (dense packing) [20]. The density index RD of
the granular material is defined as the ratio of the difference
between the void ratios of a cohesionless soil in its loosest
state and existing natural state to the difference between its
void ratio in the loosest and densest states [32]:

RD � emax − e

emax − emin
(4)

where emin and emax are the void ratios of a granular assem-
bly in its densest and loosest state, respectively, and e is the
current void ratio. The maximum void ratio measured in the
numerical sample was equal to 0.245, the minimum void
ratio was equal to 0.103 for the densest packing [20]. There-
fore, the density index (RD) of the 2D numerical sample was
calculated to be 0.423.

The comparison of the DEM and laboratory results after
calibration is shown in Fig. 5. As depicted in Fig. 5, the
numerical results are consistent with the laboratory results.
The input micro parameters for the current numerical simu-
lation are shown in Table 1.

Table 1 DEM input parameters in direct shear vibration simulation

Parameters Values Units

Particle normal stiffness 1 × 108 N/m

Particle normal to shear stiffness ratio
(kbn /k

b
s )

1

Inter-particle friction coefficient 0.36

Particle radius 0.25–0.3 mm

Particle density 2550 kg/m3

Initial void ratio 0.185

Density index (RD) 0.423

Wall stiffness to particle stiffness ratio 10

Wall normal to shear stiffness ratio 1

Wall–particle friction coefficient 0

4.3 Numerical shear vibration test programme

Vibration was added in the shearing process after the calibra-
tion. Several steps were executed from the initial generation
of the sample to the end of the shearing. Firstly, the gener-
ated assembly was consolidated with the specified normal
load. The normal load was held constant during the whole
numerical process by using the servomechanism. Secondly,
the initial direct shear test was controlled by applying a con-
stant velocity to the lower box until the horizontal strain
reached 0.1. Subsequently, vibration was applied by chang-
ing the velocities of the upper box with a certain horizontal
acceleration according to a specific function. During vibra-
tion, the velocity of the lower box was kept constant. Shear
strength during vibration was calculated from the vibrational
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Fig. 6 Comparison of shear stress versus horizontal strain between DEM and laboratory results [42]

walls of the upper box to the shear area. Finally,when the hor-
izontal strain was equal to 0.113, the vibration of the upper
box was terminated and the lower box continued to shear
until the horizontal strain reached 0.16.

In the laboratory test [43], vibration was applied to the
upper box with the horizontal acceleration of up to 3.5 g
when the sample reached the residual state. Frequencies and
vibration forces were adjusted to a certain magnitude and
then kept constant during the vibration stage. The application
of vibration in the DEM simulation was based on the velocity
calculation on the top two walls (wall numbers 4 and 5) as
shown in Fig. 4. In matching the calculated velocity with the
boundary condition in the experimental tests, the derivations
of the trigonometric function are conducted using the initial
amplitude, frequency (Eqs. 5 and 6) and acceleration (Eq. 7)
to obtain the number of steps in the DEM simulations during
the acceleration process. The horizontal displacement y of
these two walls at any time t during the vibration stage is
calculated as:

y(t) � Asin(ωt), (5)

where A is the vibration amplitude of 0.242 mm, ω is the
angular velocity which is expressed as ω � 2π f , f is the
vibration frequency of 60 Hz.

The velocities ofwall numbers 4 and 5 during the vibration
stage are calculated by taking the derivative of Eq. 5 with
time:

v(t) � ωAcos(ωt) (6)

In the DEM calculation, the velocity of the upper box walls
increases from zero to a maximum value step by step:

ttotal � vmax

a
� N�t (7)

where ttotal is the total time of accelerating of the wall from
zero velocity to the maximum velocity, a is the acceleration
of the vibrational walls equal to 3.5 g [42], vmax is the max-
imum velocity, i.e., vmax � ωA, and N is the number of
steps during the acceleration process, while �t is the DEM
simulation time step [20] such that �t � √

m/K for the
linear contact model [26] which is used in the current study,
where m is the mass of the particle and K is the stiffness of
the particle. The calculated DEM time step in this analysis is
approximately 1×10−7–1×10−6 s.

5 Numerical simulation results

5.1 Comparison of numerical and laboratory results

The numerical results simulating the vibrating direct shear
tests are compared with the laboratory measurements as
shown in Fig. 6. It shows the variation of the shear stress
with increasing horizontal strain. The horizontal strain is
the ratio of the displacement to the original length of the
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Fig. 7 Comparison of vertical displacement versus horizontal strain between DEM and laboratory results [42]

lower part of the shear box, which is calculated from Eq. 2.
It is observed that the laboratory and numerical results have
almost the same peak shear strength and residual strength.
However, the laboratory shear strength drops after reaching
the peak, and it is smoother than the current DEM results.
This may be caused by the two dimensional model since
the particles generated in the sample are less than those in
the three-dimensional sample. The limitations of 2D DEM is
mainly on sidewall confinement effects that the force transfer
in the out-of-plane direction is not considered, together with
the particle confinement in the out-of-plane direction caused
larger dilation during shearing. This point will be returned to
in the Comparison of numerical 2D and 3D analysis section
that follows.

It is also found that the shear strength drops to a cer-
tain value during vibration in both numerical and laboratory
cases. It is observed in the laboratory case that after vibra-
tion, the residual strength recovers to a value higher than
the shear strength before vibration. However, in the current
DEM analysis, the vibro-residual strength only recovers to
the same value as that before vibration. There may be several
reasons to explain this difference. First, during vibration, the
particles will be rearranged (vibration caused repacking) and
therefore becomes denser than the critical state of the pre-
vibration stage. Second, the experimental study is 3D.During
vibration, material in 3D can be densified easier than in 2D
due to higher porosity and particle rearrangement in the out-
of-plane dimension. Comparedwith the 3D case, thematerial
in the 2Dvibration stage ismore difficult to be repacked.With
a larger degree of densification, the residual shear stress is
larger at the end of vibration. This point will also be returned

to in theComparisonof numerical 2Dand3Danalysis section
that follows. The calculated and observed vertical displace-
ments versus horizontal strains are shown in Fig. 7. It is found
that the vertical displacement increases with an increase in
the horizontal strain before vibration in both numerical and
laboratory results. The initial negative displacement found in
the current DEM simulation is caused by particle consolida-
tion. When vibration starts, the vertical displacement drops
from 0.65 to 0.3 mm, which shows that the sample is in a
contractive state. However, due to higher porosity and eas-
ier rearrangement of particles in the out-of-plane direction in
3D laboratory tests, the decrease in vertical displacement is
found to be much larger than in the DEM results.

The envelopes of the peak, residual and vibro-residual
shear strength from the laboratory tests and the DEM results
are shown in Fig. 8. The normal stresses in the current DEM
simulations are 23, 50, and 118 kPa which are indicated by
hollow markers. As shown in Fig. 8, the peak, residual and
vibro-residual shear strengths in the current DEM simula-
tions are consistent with those observed in the laboratory
tests. Based on the numerical and experimental results, the
friction angle φ of the residual value is 21.23° which only has
4.36% difference with the laboratory observation of 22.2°.

5.2 Determination of three zones before vibration

A technique has been developed to determine the thickness of
the strain localization and fluidization during the entire shear-
ing process by measuring the volumetric strain in a specified
area. The volumetric strainwas determined by insertingmea-
surement circles inside the sample in the DEM simulation.
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Fig. 8 Peak, residual and vibro-residual shear strength envelops from the laboratory tests and DEM simulations

The measurement circle is a built-in tool in PFC2D to help
the user to measure quantities such as coordination num-
ber, porosity, stress and strain rate in a specific measurement
volume at the current state [20]. The diameter of the mea-
surement circle should be large enough and it should include
at least 20 particles in calculating the average values [4]. In
the presented model, there are approximately 53 particles in
each measurement circle.

The volumetric strain εv can be calculated by measuring
the volumetric strain rate in a measurement circle [4]:

εv �
n∑

i�1

ε̇vi�t (8)

where ε̇vi is the instantaneous strain rate determined from
the velocity of particle i within the measurement circle at the
end of each DEM time step.

The analysis of the numerical results was focused on the
shearing characteristics of the material during shearing and
the formation of different zones in the sample. In order to
explain the experimental results, 42 measurement circles
were used and distributed uniformly in the upper box, as
shown in Fig. 9a. During the shearing process before vibra-
tion was applied, the average values of the volumetric strains
in each row of measurement circles were calculated. For
example, average volumetric strain for the first row was cal-
culated based on 7 measurement circles. The upper shear
box is divided into three zones, zones A, B, and C, based on
the average volumetric strain distribution along the vertical
distance from the center line for different horizontal strain
from 0.02 to 0.095 before vibration as shown in Fig. 9b. It is

revealed that with increase in horizontal strain, the average
volumetric strain in zone B increases accordingly. However,
the changes in volumetric strains in zone C and zone A are
small. This is because the material in zone C is shearing at
critical state. In zone B the material is shearing at a state
before reaching the critical state which shows shear dilation
due to particle rearrangement. This is also the reason why
shearing in zone B is less than that in zone C, but the vol-
umetric strain in zone B is larger than that in zone C. On
the other hand zone A undergoes very little shearing. From
the numerical results displayed in Fig. 9b, the distinguished
three zones are plotted in Fig. 9c. Zone C is located close to
the middle the sample in the region is subject to strain local-
ization and intensive shearing. The thickness of zones B and
C are the same which are equal to 0.004 m.

5.3 Strain localization and shear vibrational
fluidization

The average volumetric strains of zones A, B and C with
the increase of horizontal strain during the whole shearing
process are plotted in Fig. 10a. The volumetric strains in
zones A, B and C are changing during vibration whichmeans
that the process of shearing starts from the beginning until
the end of vibration.

The variation of the volumetric strain determines the
contraction or dilation behavior of the material. Shear con-
traction is defined as a decrease in volumetric strain and shear
dilation means increase in volumetric strain. As shown in
Fig. 10a, b, based on the calculated volumetric strains in the
sample, it is found that zone C is shearing at the critical state
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Fig. 9 a Distribution of the
measurement circle in DEM
simulation to determine the
width of fluidized strain
localization, b the average
volumetric strain distribution
along the vertical distance from
the center line for different
horizontal strain states (from
0.02 to 0.095, before the start of
vibration), c the determined
thickness of zone A, B, and C
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Fig. 10 Variation of a
volumetric strain; b porosity;
and c coordination number in
three different zones with the
increase of horizontal strain
during direct shear test
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since there is no change in volume due to shearing [33]. Dur-
ing vibration, particles will be rearranged (vibration caused
repacking) and zone C becomes denser than critical because
of volume contraction and decrease in porosity. Therefore,
post vibration deformation causes a slight increase in volu-
metric strain indicating that shear vibrational fluidization has
densified the material.

Material in zoneB is not shearing at critical state during the
entire shearing process. It is shearing before critical state and
it shows shear dilation due to particle rearrangement which is
evidenced by high volumetric strain and high porosity. Dur-
ing vibration, both volumetric strain and porosity decrease
indicating that the material is being densified. The difference
in zone B comparing to zone C is that it continues to contract
after vibration. The reason is because zone B is not at a crit-
ical state and it will continue to decrease in volume until it
reaches the critical state. Material in zone A undergoes very
little shearing. Since thematerial was initially in a dense state
and the porosity has not changed significantly during shear-
ing. During vibration, relatively small decreases in volume
and porosity occur due to densification. After vibration, there
is not a lot of volume and porosity change since the material
has not sheared significantly. Therefore, strain localization is
not found in zone A.

Before vibration, only zone C experiences localized
deforming at critical state. During vibration, strain localiza-
tion in zone C is somewhat relieved. After vibration, material
in zone C returns to the critical state due to additional shear-
ing and geometric constraints, and material in zone B moves
closer to the critical state. Post vibration brings both zones
closer to the critical state.

In order to evaluate the micro mechanism between par-
ticles during shear vibrational fluidization, the coordination
number in PFC is used to quantify the packing state of gran-
ular materials. The coordination number is calculated by
counting the number of contacts of a particle with its neigh-
boring particles. It will not only characterize the behavior
of strain localization under quasi-static loading [41], it also
measures the behavior of fluidization of the granular material
[50]. During the simulation, the average coordination num-
ber C̄ of a granular assembly in a specificmeasurement circle
is calculated from [20]:

C̄ � 1

Np

Np∑

i�1

Ci, (9)

where Ci is the contact number on a single particle i , and Np

is the total number of particles within the volume.
Under quasi-static conditions, the coordination number

will decrease when the material is exposed to shear dila-
tion. However, the coordination number in zones A, B, and
C decrease during vibration and then increase again after

Table 2 The decrease of the coordination number in three zones during
the vibration

Horizontal strain Average coordinate number

Zone A Zone B Zone C

0.080–0.100 (before vibration) 4.373 3.263 3.777

0.100–0.113 (during vibration) 4.138 3.134 3.575

0.113–0.140 (after vibration) 4.377 3.865 4.027

vibration, as shown in Fig. 10c. Table 2 shows the values
of the coordination number in all three zones before, during
and after vibration. The decrease in the coordination number
means a decrease in the number of contacts and therefore
a decrease in effective stress and shearing resistance. The
results are consistent with the results of Zhao [50] for chan-
nelized granular flow condition. Therefore, the coordination
number, effective stress and shearing resistancewill decrease
when shear vibrational fluidization occurs.

In order to analyze the characteristics of vibrational flu-
idization, the porosity and coordination number of different
zones in one completely vibrational cycle have been mea-
sured. The rate of strain as a significant parameter in the
fluidized cell can be represented by the velocity of the upper
vibrational wall. The velocity of upper walls in one complete
cycle is shown in Fig. 11.

The variations of porosity and coordination number of
different zones in one complete cycle are shown in Figs. 12
and 13, respectively.

As shown in Fig. 12, the porosities in different zones vary
differently during one cycle. However, a common charac-
teristic could be found because the porosities at the end of
the completed cycle are less than those at the beginning in
all three zones. In particular, porosities in zones B and C
decrease at the end of the cycle when the upper walls return
to its original velocity. In general, the coordination numbers
(contact number between granular elements) increase with
the decrease in porosity. However, as shown in Fig. 13, the
coordination numbers at the end of the vibrational cycle are
less than those at the beginning. Meanwhile, the coordina-
tion numbers decrease when the vibration starts in zones B
and C. Therefore, the decrease in porosity and coordination
numbers of the granular elements during vibrational shearing
capture the important characteristics of fluidization.

6 Comparison of numerical 2D and 3D
analysis

6.1 3D DEMmodelling and the input parameters

In the current study, the PFC3D model is geometrically
similar to the 2D test, with the same width and height. How-
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Fig. 11 Velocity of upper walls
in one complete cycle
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Fig. 12 Variations of porosity in one complete vibrational cycle of a zone A; b zone B; c zone C

ever, due to dramatically decrease of calculation efficiency
in PFC3D with massive particles (approximately 122 times
increase in terms of particle number comparedwith 2D case),

the thickness of the model cannot be chosen the same as in
the experimental approach of 60 mm [11, 46]. Moreover,
considering the average particle size used in this model, the
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Fig. 13 Variations of coordination number in one complete vibrational cycle of a zone A; b zone B; c zone C

Fig. 14 3D numerical model
setup
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Fig. 15 Comparison among DEM 2D, DEM 3D and experimental results in terms of a shear stress versus horizontal strain; b vertical displacement
versus horizontal strain

model thickness was determined to be 4 mm, which contains
more than 14 particles along the thickness direction [9].

The 3D numerical model setup is shown in Fig. 14. The
walls of the shear box were separated into upper and lower
parts as planar and rigid elements. Two additional rigid walls
were attached to the edge of the upper and lower box which
was similar to the 2D model to prevent the particles from
escaping from the box during the shearing process. The input
parameters andmodelling procedures were the same as those
used in the 2D simulations. After the generation of particles,
a gravitational acceleration of 9.81 m/s2 was applied to the
computational domain and elements were allowed to free fall

in the storage container until the ratio of average unbalanced
force to the average contact forces converged was less than
1% difference. A consolidation by compacting the particles
using a servomechanism to reach the designed compression
stress of 1 kPa in three directionswas then performed.During
the shearing process, the lower half of the box was displaced
to the right at a constant velocity of 0.61 mm/min. The upper
box would be vibrated when the horizontal strain reached a
certain value with the same frequency, amplitude and accel-
eration as those in 2D simulations and physical modelling.
Shear stress and vertical displacement were measured during
shear process.
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Fig. 16 Particle trajectories in an x, y planar cross section within the shear band of the 3D DEM simulation before the vibration stage

6.2 Comparison and discussion

The DEM 3D numerical results during the whole shearing
process are compared with the DEM 2D and the experi-
mental results, as shown in Fig. 15. It is observed that the
peak shear stress between DEM 3D and experimental results
share the same value, and the curve of 3D simulation is much
smoother than that of 2D result after peak stage before the
start of vibration and is more consistent with the experimen-
tal result (Fig. 15a). Furthermore, the residual strength after
vibration recovers to a value higher than the shear strength
before vibration, which is not obtained in the 2D simulations.
This is probably attribute to material in 3D can be densified
easier than in 2D during the vibration stage because of higher
porosity and particle rearrangement in the out-of-plane direc-
tion. However, the residual strength of 3D simulation after
vibration is still less compared with the experimental result.
The reason may due to the finite thickness of the present
model (4 mm in DEM 3D model, compared with 60 mm in
experimental approach) restrains the particle rearrangement
in the thickness direction.

The general trend of vertical displacement of 3D sim-
ulation is observed consistent with the experimental result
during the three distinct shearing processes (Fig. 15b). Com-
pared with 2D result, 3D vertical displacement is lower than
2D result due to the higher porosity and easier rearrangement
of particles in the out-of-plane direction. However, the 3D
results value still higher than those of experimental results,
which may also due to the finite thickness of the 3D model.
With the increase of the thickness of 3Dmodel, the numerical
results are expected to get closer to the experimental results.

As shown in Fig. 15a, the shear stress obtained in the
3D simulation is smoother in comparison to the 2D simula-
tion result. This difference may be attributed to the softening
effect present in the 3D simulation that is lacking in the 2D
simulation, such as out-of-plane particle motion, which is
caused by the added degree of freedom [13]. Tracking indi-

vidual elements in the 3D simulation reveals that a significant
motion in the y direction (out-of-plane direction), as shown in
Fig. 16. Figure 16 shows the trajectories of five such elements
within the shear band of the 3D simulation canmove 0.58mm
which is larger than the diameter of the granular element in
the out-of-plane (y) direction during the pre-vibration stage.
This represents a significant difference when compared with
the behavior of the elements in the 2DDEMsimulation (fixed
moving along out-of-plane y direction) that the elements in
the 3D simulation have an additional degree of freedom in
the out-of-plane (y) direction.

An increase in apparent friction in the 3D simulation
caused by the presence of forces in the out-of-plane direction
[13], which caused the residual frictional angle predicted by
2D simulation substantially low after the vibration stage. The
limitations of 2D DEM is mainly on side wall confinement
effects that the force transfer in the out-of-plane (y) direction
is not considered, together with the particle confinement in
the out-of-plane (y) direction caused larger dilation during
shearing.

For proving the relation between the vertical displacement
and the finite thickness (T ) of the 3D model, two more sets
of 3D numerical simulation with the thickness of 6 mm and
8 mm have been conducted. Comparison of the numerical
and experimental results are shown in Fig. 17.

As shown in Fig. 17a, the shear stress from 3D numerical
results with different thickness are consistent with that of the
experimental result. The shear stress drop to a certain value
during the vibration stage and the residual strength recover
to values higher than the shear strength before vibration. It
is observed that the thickness of 3D numerical model has no
influence on behavior of shear stress. In order to evaluate
the influence of the thickness of 3D model on the verti-
cal displacement, comparison among the experimental result
and 3D models with different thickness have been shown in
Fig. 17b. The general trends of vertical displacements of 3D
simulations are observed consistent with the experimental
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Fig. 17 Comparison of numerical results of 3Dmodels with different thickness T and the experimental result, a shear stress; b vertical displacement

result during the three distinct shearing processes. The ver-
tical displacement of 3D model decreases with the increase
of the thickness of the 3D model due to the easier rearrange-
ment of particles in the out-of-plane (y) direction. However,
the vertical displacement of the numerical model with 8-mm
thickness during vibration is still much higher comparedwith
the experimental result. It may due to the finite thickness of
the presentmodel (comparedwith 60mm in the experimental
model) still restrain the particle rearrangement in the out-of-
plane direction.

Due to dramatically decrease of calculation efficiency
in PFC3D with massive particles (approximately 122 times

increase in terms of particle number comparedwith 2D case),
the thickness of the model cannot be chosen the same as in
the experimental approach of 60 mm.

7 Conclusion

In the current study, the notion of “Shear vibrational fluidiza-
tion” of dry granular material is defined. The acceleration
for glass beads to initial fluidization is determined as 0.23 g
[30]. In the experimental tests and numerical simulations,
a horizontal acceleration of 3.5 g is applied which pro-
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vides sufficient energy for granular material to fluidize.
The direct shear test combined with vibration is conducted
using a 2D discrete element model. The peak, residual and
vibro-residual shear strength envelopes are obtained from
the numerical simulations. The relationship between strain
localization and fluidization zone during the entire shearing
process is identified from the volumetric strain calculation in
each layer and discussed in detail. The 3D discrete element
models are then conducted to evaluate themotion of the gran-
ular elements in the out-of-plane direction which cannot be
obtained in 2D simulations. Based on the numerical simula-
tion results, the following conclusions can be drawn:

1. Three distinct zones, zones A, B, and C are identified
based on the observed changes in volumetric strain before
vibration. From the observation of volumetric strain
behavior in zones B and C, strain localization before
vibration only occurs in zone C, while material in zone B
is shearing at pre-critical state. During vibration,material
in zone C is being densified with a significant volumetric
contraction, and strain localization has been relieved due
to particle rearrangement. After vibration, zone C returns
to the critical state, and zoneBmoves closer to the critical
state. Material in zone A undergoes very little shearing
during the entire shearing process.

2. During vibration, several characteristics of the shear
stress, volumetric strain, coordination number, and
porosity of the particles in the upper shear box decrease,
these are the behaviors of the material fluidization.

3. Fluidization at residual strength state leads to densifi-
cation of the material in the shear zone. The residual
strength drops to nearly zero during vibration in both the
numerical model and laboratory tests. Densification of
the material at the shear zone leads to strengthening of
the material which increases the shearing resistance after
vibration.

4. Due to the particles motion and the easier rearrangement
in the out-of-plane direction, the shear stress obtained in
3D simulations are smoother in comparison to the 2D
simulations results and the vertical displacement of 3D
model decreases with the increase of the thickness of the
3D model.
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Appendix: Servomechanism for computing
and controlling the wall-based stress state

Throughout the loading process, the top normal stress is kept
constant by adjusting the top loading wall velocity using
a numerical servomechanism. The servomechanism imple-
ments the following algorithm [20]. The equation for wall
velocity u̇w is calculated in Eq. A1:

u̇w � G
(
σmeasured − σ required

)
� G�σ (A1)

where the superscriptw represents wall, σmeasured is the con-
tact pressure of the wall which is measured during shearing,
σ required is the required contact pressure that we set, G is a
calculated parameter that is estimated from Eqs. A2–A6.

The maximum increment in wall force arising from the
wall movement in one time step is calculated from Eq. A2:

�Fw � kcnNcu̇
w�t

kcn � kbnk
w
n

kbn + kw
n

(A2)

where Nc is the number of contacts on thewall, kcn is the aver-
age combined normal stiffness of the two contacting entities
(ball-to-wall), kbn and kw

n are the normal stiffness of the ball
and thewall, respectively, the superscript symbolb represents
balls, �t is the DEM simulation time step. Therefore, the
change in the average wall stress is calculated from Eq. A3:

�σw � kcnNcu̇w�t

A
(A3)

where A is the wall area. For stability, the absolute value of
the change in wall stress must be less than the absolute value
of the difference between themeasured and required stresses.
In practice, a relaxation factor α is used such that the stability
requirement becomes that:

∣∣�σw
∣∣ < α|�σ | (A4)

Substituting Eqs. A1 and A3 into Eq. A4 yields:

kcnNcu̇w�t

A
< α|�σ | (A5)
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The “gain” parameter G is determined using Eq. A6:

G � αA

kcnNc�t
(A6)

Here, α is the relaxation factor which is equal to 0.5, A is the
area of the top plane, in the 2D numerical model, A is the
area of the top loading plane, which is equal to the length of
the top loading plane multiplies by the width of the box. In
current study, A �60 mm×60 mm.
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