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1 INTRODUCTION

The previous studies has conclusively shown that rolling resistance is a significant
parameter influencing the stress-strain and strain localization response of granular materials
when a failure state can be reached in biaxial test with small strain, (2-4%) of axial strain [1,
2]. However, in order to allow for larger deformations, numerical experiments are carried out
for a simple shear test. In these simulations strain localization can be obtained for relatively
high shear strain. The main objective of this paper is to present the results of a comprehensive
study using DEM modeling of the effects of the variation in rolling resistance on the elasticity,
shear strength, dilation and bifurcation response of granular materials subjected to simple shear
loading. A comprehensive parametric study is performed whereby the magnitude of rolling
resistance is varied within its full range of possible values in conjunction with variations in
other model parameters, and more practically to interpret the macroscopic behavior of granular
specimens subjected to different loading conditions from the viewpoint of micromechanics.

To this end, a DEM Model using the Particle Flow Code in two dimensions (PFC2D) is put
forward to study localization phenomenon of granular material in simple shear test. A detailed
analysis of this numerical test in view of microstructure of shear band, as regards the effect of
the rolling resistance parameters on stress-strain, dilation, and other shear band features will be
investigated. This objective of study is to take a close look at the deformation process by

means of micro structural observation which may help to analyze the macro structural of shear
bands.

2 DEM MODELING

The initial state of the DEM sample is performed under two-dimensional simple shear
loading conditions. The simple shear model is rectangular, 0.06 m high and 0.12 m wide, and
consists of an assembly of poly-dispersed disk-like particles (see Fig.1). Three ranges of
particle radii were used: 0.3-0.4 mm, 0.3-0.6 mm and 0.3-0.8 mm. For these particle radii, the
size of the model is deemed large enough to simulate a representative element volume of
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granular material, but not too large to require extensive calculation times. The sample is
contained by four frictionless walls. The top and bottom boundaries are confined by rigid
platens and by the vertical normal stress ;. The left and right lateral walls are confined by
semi-rigid walls and by the minor principal stress g;. The sample is first loaded isotropically
during consolidation, then sheared by rotating the vertical walls at a constant angular velocity
about the mid-points of the two walls, then increased the rotated velocity until the peak and
post peak shear stress have been achieved. Shearing is performed under constant angular
velocity dy/dt of 0.05 m/min and constant vertical normal stress. The vertical walls rotate

towards the right direction under an angular velocity controlled condition.
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Figurel. Set-up of the simple shear DEM model for the simulation of the stress-strain and strain localization
response of granular materials

The velocity of the horizontal walls is controlled automatically by a numerical servo-control
program that maintains that the vertical normal stress component of the stress tensor does not
change from the initial value. To generate the model, a random particle generation procedure
called the “expansion method” [3] is adapted to achieve a desired sample particle size
distribution and porosity. The expansion method employs a constant factor, expressed as a
multiple of the particle radii, which is adjusted and the particle sizes are increased until the
system reaches an equilibrium state after some calculation cycles. Due to the particle radii
expansion, particles greatly overlap and thus strong repulsive forces are developed at the
contacts. Cycling is required to achieve equilibrium between the unbalanced forces and the
forces generated by the isotropic boundary stresses from consolidation.

The model parameters values used in the study are summarized in Table 1. The material
parameters (i.e., density p, normal stiffness K, and friction coefficient p) are similar to those
used by [4] in the DEM simulation of the stress-strain behavior of granular materials. Some of
the parameters were given a range of values to test the sensitivity of model response to changes
in parameter values. The lateral walls were given a stiffness that is 1/ 10™ of the particle-to-
particle contact stiffness in order to simulate a semi-rigid confining membrane. The simple
shear tests were run for range of vertical normal stress with g; varying from 0.1 to 2 MPa. It is
known in the literature that a DEM model with more than 5000 particles provides a
representative element volume for the modeling of the stress-strain response of granular
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materials. In this study, the number of randomly generated particles ranged from 6556 to
16190 (see Table 1).

Table 1: Model parameter values used in the DEM simulations.

Model Parameters Values

Sample Dimensions (cm) Height: 6, Width: 12
Particles Sizes (mm) 0.3—-0.4,0.3-0.6,0.3 0.
Number of Particles 16190,9794, 6556
Porosity, n 0.10,0.13,0.16
Particle Density, p ( kg/m®) 2630
Inter-particle Friction Coefficient, p 0.5,0.6,0.7
Contact Normal Stiffness, K,,(N/m) 5x 108,
Ratio of Shear and Normal Stiffnesses, K, /K, 1.0

Wall Stiffness, K, (N/m) 5% 107
Particle Rolling Resistance, o 0.0,0.01,0.1,0.5,1.0
Confining Stress, 6; (MPa) 0.1,0.8,2.0

The rolling resistance parameter o is affected by the particle shape, normal stiffness and
normal force at a point of contact and its value typically ranges from 0 to 1. For a=0, no rolling
resistance (i.e., free rolling) exists at a contact point. Based on a preliminary analysis, particle
rotation is effectively prevented (i.e., no rolling) when a =1. As noted above, a is analogous to
the friction coefficient p and, thus, a value of a =1 is equivalent to prescribing a high rolling
friction angle of 45°. Therefore, parameter a is given values between 0 and 1 in the simulations
presented below. Table 1 lists the specific values of o in conjunction with the other model
parameters used in the simulations.

3 STRAIN TENSOR AND MESH-FREE METHOD

To quantify strain localization and shear banding behavior and calculating shear strain
distribution inside the shear box. A new simple method of strain calculation has been
developed by [5], and used in this study to generate strain field inside a simulated simple shear
box. A modified mesh-free method calculates the displacement gradient directly based on
movements of individual particles. This method accounts for particle rotation and captures
strain localization features at high resolution. For the current problem involving large strain
localization inside the granular medium, the Green-St Venant strain tensor E;; can be
expressed as:

1
Eij = E(ul] + u]'i + uijuji) (1)

Where u;; is the displacement gradient tensor. It is based on the deformation measure related

to the reference configuration. For peak or pre-peak shear deformation involving slight degree
of strain localization, the second-order term in Eq. 1 can be neglected with little error, and the
small tensor e;; is computed by:
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Eij = %(uij + uj;) (2)
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Figure 2 Schematic diagram of the mesh-free method: (a) association of a grid point with a certain particle; (b)
displacement of grid point and its associated particle (Wang et al. 2007)

The mesh-free method used in this study employs a grid-type discretisation over the
reference configuration. The spacing between adjacent grid points used in this study is 0.45
mm in the horizontal direction and 0.45 mm in vertical direction. As a general guide, a grid
spacing of the median particle diameter D5, is sufficient to capture the shear localization at
satisfactory resolution. A diagram of the approach is given in Fig. 2 where a rectangular grid is
superimposed over the volume of particles prior to any deformation and serves as the
continuum reference space. Then each grid point in the reference space is assigned to an
individual particle J that has the property.

Lt (=12 N,)i %) (3)

Where 7; is the radius of particle i, d; is the distance between the grid point and the centroid of
particle i; and N, is the total number of particles within the volume (see Fig. 2a). If the ratio of
the distance between the particle centroid and its associated grid point to the particle radius is
the least among all the particles, then the grid point is considered a point on the rigid or
extended body of the particle. In fact, any point (not necessarily the grid point) inside the
volume can be assigned to a particular particle using Eq. 3. All points that are assigned to a
given single particle are then connected to form a region that belongs to this particle.
Displacement of the grid point is calculated using the principal of rigid body motion of the

particle.
uy B ub td (cos(é?0 + w) + COS(90)> (4
uj‘? - ug sin(6, + w) + sin(6,)

Where uﬁ,uﬁ and uf;,ug are the x and y components of displacement of grid point and

particle centroid respectively; d is the distance between the grid point and the particle centroid,
6, is the initial phase angle of the grid point position relative to the particle centroid; and w is
the accumulated rotation of the particle (see Fig. 2b). The displacement of any point inside the
volume can be uniquely determined using this method; therefore a unique strain tensor is
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obtained at any stage of the simulation. This method also takes into account the particle
rotation; therefore it is able to capture accurately the actual strains that the granular media is
experiencing.

4 RESULTS AND DISCUSSION

4.1 Effects of Rolling Resistance on Elastic Behavior

The stress-strain response of the modeled granular material subjected to simple shear
loading conditions are shown in terms of the shear stress ratio /0, vs. shear strain y,,, curves
in Fig. 3a for different values of the rolling friction coefficient a.. Except for a., all other values
of the model parameters, vertical normal stresses and initial porosities are kept the same and
these values are given in Table 1. It can be seen that the initial slopes of the stress-strain curves
are identical for all values of a. It appears that the Young’s modulus of the modeled granular
material is not affected by the rolling resistance. This observation is in agreement with that of
[6, 7].

Figure 3b shows the volumetric strain &, vs. shear strain y,, response of the modeled
granular material as a function of a corresponding to the shear stress-strain response curves
(see Fig. 3a). The volumetric strain increment is defined as de, = de, + de,, where de,, is the
corresponding increment in the vertical dimension of the sample, which there is no change in
the horizontal dimension &,. Like the T/a,, vs. Yy, curves, the initial portions of the &, vs. ¥y,
and T/0,, Vs. Yy curves are very similar and are unaffected by the rolling friction coefficient.
This indicates that the elastic Poisson’s ratio v of the modeled granular material is independent
of a.
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Figure 3 Effects of the rolling friction coefficient o on the (a) shear stress-strain and (b) volumetric strain
response of granular materials under simple shear loading condition.

4.2 Effects of Rolling Resistance on Shear Strength and Dilatancy

In contrast to the initial state of shear stress ratio and dilatancy curves, it was found that the
particle rolling resistance coefficients a played an important role in the movement of these
curves of the granular specimens after bifurcation points (Figs. 3 and 4). From Fig. 3a, it can
be clearly observed that an increase in the rolling friction coefficient a results in higher peak
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strength. The peak shear stress ratio is increased from 0.4 to 0.57 when a is increased from 0 to
1. The increase in peak shear stress ratio with increasing o indicates that rolling resistance
increases the overall frictional resistance of the granular material. The peak shear stress ratio
also occurs at higher shear strains for high values of o compared to the stress-strain response at
low values of a. In addition, strain softening curves show a small amount of softening in post-
peak shear stress for all values ofa. It worth noting that high value of o is, small amount of
softening can be increased. Figure 4a shows that the residual states are similar for granular
specimens subjected to different confining stresses and the same values of o, whereas Figure
4b shows that granular specimens subjected to higher confining stress have lower volumetric
dilation in volumetric strain curves.

As observed in Fig. 3b, as the shear strain is increased, the simulated materials with free
rotation or with rolling resistance undergo lower volumetric contraction and start to dilate at an
earlier stage with & =1% compared to the materials shearing under biaxial loading condition

[1]. The dilative volumetric strain increases as the rolling resistance is increased. The increased
dilative volumetric changes for the models with high a-values is attributed to the fact that the
increased moment between particles caused by the rolling resistance results in the particles
being pushed from each other during shearing. On the other hand, in the models with low
rolling resistance, the particles are free to jostle around and accommodate each other resulting
in smaller dilation. Tordesillas [8] presented similar results indicating that dilatancy increases
with increasing rolling resistance.
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Figure 4 Effects of the vertical normal stress g; on peak secant friction (a) shear stress-strain and (b) volumetric
strain response of granular materials under simple shear loading condition.

Figure 5 summarizes the effects of the rolling friction coefficient a on the peak secant friction
angle @ , which is defined as:

sin(@s) = (2-2) (5)

O'1+0'3 max

For a friction coefficient of u=0.6, the secant friction angle @, continuously increases from
about 24° for a=0 to about 35° for a=1 (see Fig. 5a). The most significant increase in the
secant friction angle occurs for a<0.15, and for 0>0.15 the change in the friction angle is very
small. The variation of the @, as function of a is similar for three values of p: 0.5, 0.6 and 0.7.
In general, for the same a-value, the peak secant friction angle increases with an increase in the
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friction coefficient p. Figure 5b shows the combined effects of a and the vertical normal stress
g, on the secant friction angle @.
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Figure 5 Effects of the rolling friction coefficient o on peak secant friction angle (a) as function of friction
coefficient p and (b) vertical normal stresso; .

Similar to Fig. 5a, the secant friction angle @; changes dramatically for a<0.15, and very little
change occurs when 0>0.15 for all o, -values. As expected, for the same value of a, the secant
friction angle @ decreases with increasing confining stress o;.

Figure 6 shows the effects of rolling friction coefficient o on the peak dilation angle ¢, which
is defined as:

Sln((p) — (d£1+d53) _ (dey/de) max (6)

dsl_d£3 max (dgv/dgl)max_z

In general, the dilation angle ¢ increases for @ < 0.15 then decreases afterwards. For
instance, for the friction coefficient of u = 0.6, the dilation angle ¢ increases from its lowest
value of about 12.5° for « = 0.0 to a maximum of about 20° for &« = 0.15, then decreases to
15° for ¢ = 1.0. The same variation of ¢ with respect toa, is observed for different values of
(Fig. 6a), and for different values of a; (Fig. 6b). For the same a-value, the dilation angle

increases with increasing p (Fig. 3.6a) and decreases with increasing confining stress o, (Fig.
6b).
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Figure 6 Effects of the rolling friction coefficient o on peak dilation angle (a) as function of friction coefficient p
and (b) vertical normal stress g,

4.3 Effect of Rolling Resistance on Shear Band Orientation

To further quantify the effects of rolling resistance on shear band formation, the orientations
of the shear bands were directly measured from the models. Only the cases with distinctly
observable shear bands were included in the analysis. It was observed that the shear bands
were not always completely straight along its length, but sometimes tend to bend towards the
corners of the four edges of the samples. Thus, the shear bands were measured along the
straight line portions of the shear bands in the middle of sample. The orientations of the shear
band plane 6,,, from the models were measured from the horizontal axis, and these are shown
against o in Fig. 7. The measured shear band inclinations are compared with three theoretical
shear band orientations. These are the Mohr-Coulomb orientation 8, and Roscoe orientation
Or [9] which is, respectively, the upper and lower bound values of the orientation of the shear
band plane measured from the horizontal axis (Eqgs. 3 and 4). The third orientation is the
Arthur-Vardoulakis orientation 64, from [10, 11] which corresponds to the average inclination
between the Mohr-Coulomb and Roscoe orientations (Eq. 5). Figure .7 shows the variation of
the measured shear band orientation 6,, from the models against the rolling friction
coefficienta. It is observed that 8, first increases with increasing value of a. The measured
shear band inclination angle for free rotation is about 8,, = 559, then it reaches its highest
value at about 8,, = 589 at a=0.1 and decreases thereafter to 8,, = 57° for a=1.0.
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Figure 7 Effects of the rolling friction coefficient o on shear band orientation

Figure 7 also shows the Mohr-Coulomb, Roscoe and Arthur-Vardoulakis shear band
orientations from Eqs. 4 and 5 using the measured peak friction angle @ and dilation angle ¢
from the models. The measured shear band orientations are located between the Arthur-
Vardoulakis and Mohr-Coulomb orientation predictions. The Mohr-Coulomb orientation over
predicts while the Arthur-Vardoulakis orientation under predicts the measured shear band
inclinations. Similar variation of shear band orientation as function of o, were observed for
different particle sizes and values of the friction coefficient p and confining stress o5.

4.5 Micromechanical Observations

One of interesting features that arise from micromechanics analysis is the formation of force
chains which are considered the primary load carrying mechanism of granular materials [10],
where the contact force between them is rather stronger than the other force outside particle
chains. Force chains are quasilinear arrangements of groups of particles by which almost all
the shear loads are transmitted. Their average orientations are more or less sub-parallel to the
major principal stress, and they form solid column-like structures in order to resist the shear
stress and insure stability of granular materials. When a granular assembly is loaded and
sheared, force chains form, rotate and collapse as the shearing progresses. Force chains
develop anisotropically during shearing due the fact that not all particles are selected to form
force chains. As the shearing proceeds beyond peak shear stress, the major force chains
reorganize until they can no longer provide the best possible set of stress pathways for force
transmission.

The reconfiguration of force chain networks for granular assembly subjected to simple
shear loading is associated with the rotation of principal stress. The direction of force chain is
consistent with the rotated stresses. Before shear loading, the network of force chains is dense
and evenly distributed with no preferred directions throughout the volume of the granular
materials (see Fig. 8a). Once the granular assembly is loaded, all pathways can be developed
into strong and weak force chains as they formed to transmit the shearing loading. The key
feature of simple shear condition during shearing is associated with the principal stress
rotation. Therefore, the microstructure of force chains undergoes sub parallel with the rotated
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principal stresses (see Fig. 8b). Once the peak shear stress is reached, the density of the number
of force chains is reduced inside the shear band, and there are fewer particle-to-particle
contacts available within the shear band to transmit the loads.

(a) £=0.0% (b) ,=12% (c) &1=50%
Figure 8 Development of force chains at different levels of axial strain (0=0.2).

As the number of particle contacts is decreased, the shear loading may exceed the frictional
resistance between particles causing the force chain to collapse, limitation of force chain
collapsing leads localization of strain (see Fig. 8c). As the shearing proceeds beyond peak
shear stress, shearing process leads to the exhaustion of the strength of the material. As a
result, the load carrying capacity of granular materials is reduced and strain softening occurs
[12]. Due to the deviation of the force chain directions from the major principal stress
direction, high rotational moments and stress gradients were produced within the shear band.
Instability and strain localization occurred due to the changes in configuration of the force
chains and the presence of rotational moments and stress gradients. In the case of a=0,
particles rotated widely over the granular assembly at all stages of deformation. In comparison,
in the case of rolling resistance, the particles showed only very small rotations before the shear
band was formed.

Once deformations have localized, particle rotation occurred extensively within the shear
band while no significant rotations were observed for the particles outside the shear band. As a
result, the shear band formation was accompanied by gradients in the magnitude of particle
rotations. Particle rotation within the shear band in the presence of rolling resistance was
associated with the formation of non-uniform void distribution within the shear band.
Paradoxically, large voids were created at the same time that the shear band width decreased as
a is increased. The occurrence of areas of large voids where particles have high rolling
resistance was attributed to the fact that particles, in the presence of rotational moments, tended
to push each other apart. This caused the granular assembly to expand and increase the porosity
locally. In comparison, particles were free to move and accommodate each other, resulting in
more uniform void distribution.

4.6 Strain Localization inside the Shear Band

The development of strain localization can be better evaluated by the shear strain contours
show in Fig. 9. The shear strain e;; value is calculated using the proposed strain calculation
method (Eq. 2), using the mesh-free method. A series of micro bands emerge in a sequential
way to form the final shear band. Results show that the shearing condition inside the granular
specimen during initial conditions is assumed to be uniform. Hence, there is not any sign of
strain localization existence (Fig. 9a). As shearing proceeds, some shear distortion has
occurred at pre failure y,,,=0.13, indicating the plastic shear band extends over the length at the
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middle plane propagating straight in the horizontal direction. Meanwhile, nonlinear stress-
strain behavior marks the effective start of plastic regime and the onset of shear band would
become. The shear band in this stage cannot be seen clearly in Fig. 9b due to the resolution of
the plot. A fairly small and uniform strain field can be found inside granular assembly as a
plastic flow confined between two semi-rigid plates moving in opposition directions. After
peak state, the shear band expands and becomes expansive and coherent with post peak strain
softening immediately after failure y,,=0.16. The peak of the mound is located approximately
at the middle of the shear box, with a width of about 18 median particle diameters thick (Fig.
9c¢). During the processes of strain localization, not only the shear strain increases but also the
volumetric strain is locally increased due to localized dilatancy. At steady state yy,=0.38, a
distinct shear band is observed which becomes continuous, cumulative and thicker, dividing
the shear box into two halves. However, the contour plot clearly shows that the strain
localization is fully developed (Fig. 9d). The thickness of the strain localization zone was
almost 10-20 times the median particle diameter D5, on the average and increase generally
with increasing of shear strain. The increase in dilation is attributed to the increase of the
interface between particles and the subsequent increase in the shear band thickness.

(@ y,=00 ®  y,=013 © 7. =016 @ Ce

Figure 9 Shear band formations inside dense sample corresponding simple shear loading.
5 CONCLUSIONS

This work presents an extensive investigation of the effects of rolling resistance on macro
behavior of granular specimens subjected to simple shear loading conditions using DEM
modeling. The Modified DEM implemented a rolling resistance model in PFC. The results
concluded that the Young’s modulus £ and Poisson’s ratio v were relatively unaffected by the
rolling friction coefficienta. The peak secant friction and dilation angles increased with
increasing value of the rolling friction coefficienta. Once deformations have localized, particle
rotation occurred extensively within the shear band while no significant rotations were
observed for the particles outside the shear band. Particle rotation within the shear band in the
presence of rolling resistance was associated with the formation of non-uniform void
distribution within the shear band. The shear strain contours developed using the mesh-free
method, indicating that strain localization does not exist during initial conditions. As shearing
proceeds, the shear band thickness expanded and became thicker and generally increased with
increasing shear strain. This observation is attributed to the increase in local softening and
dilation inside shear localization zone.
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