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ABSTRACT

Direct shear test is known as one of the most generally-performed laboratory tests in
geotechnical engineering area. For granular material, the friction angle can be determined
by obtaining the peak or residual shear strengths under different normal stresses from this
test. However, our understanding of the microstructure and micromechanical behaviors of
granular material under specified stress conditions in the direct shear tests is very limited
because of the design of the direct shear box itself. In this study, a simulation of the direct
shear test in the 3-dimensional discrete element method (3D-DEM) model is conducted to
evaluate its micromechanical behaviors during direct shear simulation. A comparison of
the micromechanical behaviors between 2D and 3D DEM models was also performed to
understand the effect of dimension in the variations of micromechanical behaviors in such
tests. The analysis result shows the substantial advantages of the 3D DEM because
behavior of real soil particles is simulated directly. For example, there is a significant
increase in friction angle of particle assembly (from 26° in 2D model to 45° in 3D model). In
addition, variations in stress path and distribution of contact forces are estimated also.

1. INTRODUCTION

From continuum mechanics point of view, a series of the direct shear tests were
conducted by using finite element (FEM) method as mentioned in the study of Dounias
and Potts (1993) [1]. An elasto-plastic constitutive model was examined. The analysis
results indicated that the behavior of stress variation in both the numerical model and
laboratory test was similar approximately. Beside the advantages of FEM, DEM was also
developed for numerical simulation of the direct shear test under granular materials. The
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micromechanical behaviors of particle assembly in 2-dimensions (2D) model such as the
distribution of contact force, changes in porosity and structural anisotropy were considered
by Zhang and Thornton (2007) [2]. Specifically, several earlier numerical models have
investigated the principle directions of stress and strain (Thornton and Zhang in 2003) [3]
and the distribution of velocity fields (Masson and Martinez in 2001) [4] in the direct shear
test.

Cui and O’Sullivan (2006) [5] have examined the macro- and micro-behavior of granular
material in a direct shear test. In Cui and O’Sullivan’s study, the non-homogeneity of the
stress field was examined, along with the discussion of particle contact forces, particle
displacements and rotation. In this study, the micromechanical behaviors of granular
material in a direct shear test were examined, through the discussion of variations of
stress paths along the predetermined shear plane. Discrete element method under the
three dimensional (3D) condition was employed to simulate the direct shear test for
granular material, particularly for dense material.

Huang et al. (2015) [6] have also conducted similar studies for direct shear simulation
through DEM under the two dimensional (2D) condition. It was shown that the stress paths
in dense granular material are very different from those in loose granular material. The
stress path variations in the dense material are quite uniform and less complicated
compare to the loose material. By contrast, the stress states in the loose material during
direct shear tests are really complex and erratic. The simulations of the direct shear test in
2-dimensional DEM have evidently pointed out the potential to apply DEM for providing an
in-depth understanding of the micromechanical behaviors of granular materials.
Considering that there are some restrictions in the 2D-DEM model because real granular
material should be spheres instead of circular plates. In this study, 3D DEM model of the
direct shear test was employed to evaluate and compare to what observed in 2D DEM
model by Huang el al. 2015.

2. NUMERICAL TESTING PROCEDURE

The three-dimensional discrete element method was used as a numerical tool to simulate
behavior of direct shear test with a particle system of 42670 spheres. The system includes
particles with five different radii, which were 0.23, 0.46, 0.69, 0.92 and 1.15 mm. This
group of particles was already scaled up about 2 times in diameter compared to Huang et
al.’s 2D model (2015) to avoid excessive number of particles in the 3D model. The length,
width and height of the specimen were 60, 60 and 40mm, respectively. The micro-
parameters of particles in the model were also selected to be the same as these published
in Huang et al. (2015). The normal stiffness K, was 3.6x10° N/m, the shear stiffness Ks
was 3.6x10°> N/m and the friction coefficient mwas 0.37.

The simulation of test equipment was shown in Figure 1. The lower part of the model
contained 5 walls that could move horizontally at a constant velocity of 2.5x10™ m/s to the
right during the direct shear test. Five walls were constructed at the upper part of



specimen as stationary boundaries. Especially, the top wall of the upper box could move
freely in the vertical direction such that the applied normal stress could always remain
constant as the specified values (50, 100 and 150kPa) during shearing. This was a very
important requirement when conducting direct shear test. In the numerical modeling, the
applied vertical stresses were monitored throughout the tests and shown in Figure 2. In
addition, two side walls were also added to the direct shear box to avoid particles falling
out of the box during shearing. The simulations were stopped when the total shear
displacement reached approximately 6 mm, which corresponded to 10% of the shear
specimen width (i.e. 60 mm). Preliminary analysis results also showed that under a 6 mm
shear displacement, the peak and residual shear strengths could be reached. Reaction
force between wall 12 and wall 14 (or between wall 8 and wall 10) was examined to
estimate the shear force through the center of specimen during the shearing process
(Figure 3). Shear stress was then calculated by the force differences between the walls
(Equations 1 and 2) and the horizontal cross section area. In this study, the force acting on
other walls was not considered except the top wall because they showed the very small
values in the reaction force compared to the walls mentioned above.

F+R,=R, (@
F+R,=R (2

In which,

F is horizontal force at the shearing interface
R1, is reaction force on wall no. 12

R14 is reaction force on wall no. 14

R1o is reaction force on wall no. 10

Rsg is reaction force on wall no. 8 (see Figure 3 for wall locations)
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Fig. 1 Dimensions of direct shear box in the numerical model (mm) including the front view
and the top view
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Fig. 2 Measurement of normal stress (s,) at the top wall during the simulation process

Fig. 3 lllustration of the walls in three-dimensional model (lower box side walls: no. 7, 8, 9,
and 10; lower box bottom wall: no. 6; upper box side walls: no. 11, 12, 13 and 14)



3. DISCUSSION IN SIMULATED TEST RESULTS

In this study, the particles were generated in the empty space of the direct shear box.
Afterwards, the normal stress was applied to the top of specimen at given values. The
shearing process was started with the lower part of the direct shear moving to the right
side. The test was terminated once the shear displacement of 6 mm was achieved.
Behavior of shear stress-shear displacement was plotted in Figure 4. The peak shear
stresses of the specimens corresponding to the normal stresses of 50, 100 and 150kPa
were 48.1, 101.6 and 152.1 kPa, respectively. The shear stress in the 3D model at any
shear displacement was always twice larger than that in the 2D model reported in Huang
et al. (2015). After estimating the shear stress-shear displacement relationship, friction
angle could be estimated, as shown in Figure 5. The analysis results in 2D and 3D models
clearly indicated a considerable increase in the friction angle from 26° to 47°. It was
obvious that the shear strength of particle assembly would be underestimated comparing
to 3D model if we simulated it in 2D model. This may be attributed to the effects of particle
interaction in the 3D model. The shape of soil particles should be simulated as
approximate spheres in 3D model instead of circular plates in 2D model. In 2D model,
each particle could not move and rotate in the out-of-plane direction. However, they could
move and rotate in any direction along the shear plane even in the out-of-plane direction in
3D model.
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Fig. 4 Behavior of shear stress-displacement under various normal stresses
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Fig. 5 Analysis results in friction angle between 2D and 3D model

=
SN
|

=
N
1

Lo
o
I

o
oo
1

o
(3]
1

=50 kPa
= =100kPa
150 kPa

The vertical displacement (mm)
o
~

o
N
1

O-O T T T T T
00 10 20 30 40 50 60

The horizontal displacement (mm)

Fig. 6 Dilation behavior of dense material under different normal stresses

The distribution of contact forces in Figure 6 confirmed that the forces were transmitted in
lateral direction (y-direction, or out-of-plane direction) due to particle interaction in a 3D
model. Each contact force was represented by a line that was drawn between the centers
of particles in which the line thickness represented the magnitude of the normal contact
force with a positive proportion. Behavior of dense materials was indicated in Figure 7 and



Table 1. Volume of particle assembly was increased due to the dilation of the center part
of the specimen when the simulation was stopped.

Table 1 Measurement of porosity

Porosity (before the test) Porosity (after the test)
Location
50kPa 100kPa 150kPa 50kPa 100kPa 150kPa
4 0.339 0.336 0.335 0.396 0.395 0.397
5 0.334 0.332 0.332 0.422 0.411 0.408
6 0.333 0.332 0.332 0.404 0.400 0.393

Fig. 7 Force transmission in lateral direction (y-direction, x is the shearing direction):

(a) before shearing, (b) after shearing

4. MICROMECHANICAL BEHAVIORS OF GRANULAR MATERIAL ALONG THE
SHEAR PLANE




The non-uniformity of stresses within the specimen in the direct shear test was one of the
shortcomings that needed be evaluated. For example, the analysis results from laboratory
tests were almost impossible to be associated with the definitions in the failure criterion as
mentioned by Shibuya et al. (1997) [7]. In this study, three measurement spheres were
constructed along the middle of the shear plane (see Figure 1) to provide a good insight
into the micromechanical behavior of granular materials during the simulated process. The
measurement spheres could be placed at any location of the direct shear specimen, in
order to record the variations of stresses, strains and porosities. Four typical stress paths
(Huang et al. 2015) were shown in Figure 8 to express the variations of stress states
during shearing, including: (1) axial compression — the minor principle stress does not
change while the major principle stress goes up; (2) lateral compression — the minor
principle stress goes up while the major principle stress does not change; (3) axial
extension — the minor principle stress does not change while the major principle stress
reduces; (4) axial extension — the minor principle stress reduces while the major principle
stress does not change. Figure 9 showed the variations in stress paths at different
locations along the predetermined shear plane. Overall, three stress curves showed a
trend of axial compression throughout most of the shearing process. However, each curve
indicated an obvious difference in the stress state fluctuation from the beginning to the end
of the direct shear simulation. For instance, the stress state at location 5 exhibited a
complicated variation of the stress path (from axial extension, to axial compression, and
then later compression) until the peak shear stress of the simulated assembly was
obtained. At the beginning of the shear stage, there was a slight difference in stress at
different places along the shear plane. This was attributed to the influence of porosity in
specimen (see Table 1). In this model, the particle ratio of the largest radius to the smallest
was five, so a very small change in porosity might lead to the large changes in the stress
state at various locations also.
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Fig. 8 Variation in stress paths in the center of failure plane under normal stress of 150kPa

5. VARIATIONS IN ORIENTATION OF MAJOR PRINCIPLE PLANE



This study was conducted to explore the propagation of stresses within the direct shear
specimen under the numerical simulation, particularly for contact forces (hence the
stresses could also be discussed). For ease of visualization, the distribution of the contact
forces at the middle of the specimen was plotted in Figure 10 to indicate the force
transmission through the system of particle assembly at the end of direct shear simulation.
It was clear that the distribution of normal contact force at the top and bottom was non-
uniformed. This trend was almost similar to that as observed by Thornton and Zhang
(2003), Huang et al. (2015) in 2D model and Cui and O’Sullivan (2006) in 3D model. Most
of contact forces were concentrated on the lower-left and upper-right of model because
the lower part of the shear box was moved from the left to the right. To explain the
variations of major principal stress plane, orientations of major principle stress plane at
various locations along the shear plane under the 150kPa normal stress was plotted in
Figure 11 as a function of global shear strain of 10 percent. Initially, the orientations of the
major principle planes at three different locations were approximately similar and
horizontal, indicating that the applied normal stress was the major principal stress within
the direct shear specimen. In the other word, angle between the applied normal stress and
the major principle stress plane might be 90 degrees. Taking a look at the figure, three of
the major principal stress planes started as horizontal planes, and as the shearing initiated,
the major plane started to rotate. Finally, the major plane stopped rotating with angles from
45° to 60° until the test was terminated.

Fig. 10 Distribution of contact forces in the middle of specimen under the normal stress of
50 kPa
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Fig. 11 Fluctuation in orientation of major principle stress plane under the normal stress of
150kPa

6. CONCLUSION

The 3-dimensional DEM was employed to investigate the micromechanical behavior of
granular materials in direct shear tests. Three normal stresses corresponding to 50, 100
and 150kPa were applied to the particle assembly in the direct shear box to explore the
variations of stress states and microstructures during the direct shear simulation. Based on
the comparison results between 3D (this study) and 2D models (Huang et al., 2015), the
following conclusions can be made:

The aforementioned analysis results in the direct shear test simulation showed that the
resisting shear stress of dense materials increased until the peak shear stress was
obtained. After the DEM model showed a reduction of the peak shear stress, the
shearing stress gradually reduced and reached to an ultimate (or residual) shear
strength as the shear displacement increased. Behavior of dilation was also observed
in this model. These results indicated the similar trends compared to what observed in
laboratory tests.

In this study, the micromechanical properties that were applied to particle assembly
were chosen as the ones used in the 2D model (Huang et al.,, 2015). There was a
significant increase in the friction angle under 3D condition compared to 2D model



(from 26 up to 45 degree in 3D model). The main reason was attributed to the
interaction of particles in model, especially in the out-of-plane direction. The shape of
particles should be 3D in order to simulate behavior of real soil directly. The numerical
model showed an obvious evidence of non-uniformity of stress under various normal
stresses. Most of contact forces were distributed between the lower-left and upper-right
wall of the direct shear box because the shearing was performed with the lower part of
the box moving to the right during the shear time.

The stress state of the direct shear specimen under 3D simulation condition indicated
that complicated variations at the 3 different locations (along the predetermined shear
plane) were similar to results in the 2D model. However, the axial compression stress
path was still the dominating direction observed from the beginning to the end of the
test. Location 5 at the middle of the shear plane showed the highest peak shear stress
compared to location 4 and location 6.

Initially, orientations of the major principle stresses were horizontal approximately
under various normal stresses because most of contact forces concentrated on vertical
direction due to applying normal stress. Once the shearing process was started, the
major principle plane commenced to rotate clockwise (due to the shearing direction)
from -5 to 64 degree, particularly in 150kPa normal stress case (see Figure 11). At the
beginning stage, there was a small value of shear stress because of the particles
interaction in model (friction between patrticles). In this study, the fluctuation in rotation
angle from 45° to 60° was quite similar to what observed by Huang et al. 2015 (45° to
55 although there was a slight disparity in value.
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