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Abstract

Realistic yet efficient representation of particle shape is a major challenge for the Discrete Element Method. This paper uses
angle-of-repose and direct-shear test simulations to describe the influence of several shape representation methods, and their
parameters, on the bulk response of granular assemblies. Three rolling resistance models, with varying coefficient of roll-
ing friction, are considered for spherical particles. For non-spherical particles, superquadrics with varying blockiness and
multi-spheres with varying bumpiness are used to model cuboids and cylinders of several aspect ratios. We present extensive
quantitative results showing how the various ways used to represent shape affect the bulk response, allowing comparisons
between different approaches. Simulations of angle-of-repose tests show that all three rolling friction models can model
the avalanching characteristics of cube/cuboid and cylindrical particles. Simulations of direct-shear tests suggest that both
the shear strength and the dilative response of the considered non-spherical particles (but not their porosity) can only be
predicted by the elasto-plastic rolling resistance model. The quantitative nature of the results allows identifying values of the
shape-description parameters that can be used to obtain similar results when using alternative shape representation methods.

Keywords DEM - Multi-sphere - Superquadrics - Rolling resistance model - Direct shear - Angle of repose

1 Introduction

For granular materials, particle shape is an important factor
that can highly influence the contact-level behaviour of sin-
gle particles and, accordingly, affect the bulk-scale response.
Non-spherical shapes lead to geometric interlocking between
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particles, which hinders the motion of the particles and
changes the rheology of the granular assemblies.

Achieving a realistic, yet efficient, representation of par-
ticle shape is currently one of the most important challenges
for the Discrete Element Method (DEM). In DEM, spheres
are usually employed to describe particle shape, due to their
simplicity and low computational cost. Restraining rota-
tions through rolling resistance models has been suggested
to overcome the inherent inability of the spheres to provide
geometric interlocking [14, 37], and thus represent indirectly
the effect of particle shape.

A more realistic, but computationally more expensive,
alternative is to simulate the particle shape either through
rigid clumps of spheres (multi-spheres [12]) or through
explicit descriptions of particle shapes (e.g. using polyhe-
drals, superquadrics or other shapes). While there is exten-
sive literature on particle shape in DEM, we only consider
below several studies that have compared the bulk response
of various shaped particles, namely spheres with rolling
resistance, multispheres, superquadrics, and polyhedrals.

Zhou et al. [36] proposed a methodology to feed DEM
simulations with realistic-shaped particles of natural sand.
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They utilized X-ray micro-computed tomography to scan
the sand particles. The obtained images are then passed
through several image processing techniques, which are
followed by the reconstruction of particle surfaces (based
on spherical harmonic analysis). The real particle shapes
are approximated by clumps of overlapping spheres and fed
into DEM simulations. A set of direct shear tests are then
performed with the generated complex shape particles and
results are compared to spherical assemblies. It is shown
that non-spherical particles, due to increased interlocking,
yield a higher initial void ratio, peak, and residual strength.

Seelen et al. [27] developed a DEM code to simu-
late particles of any convex shape. Their study consists
of assessing positional and orientational ordering of the
generated random granular packings in a cylindrical con-
tainer. It is observed that the solid fraction is highest in the
core of all samples (loose packings of spheres, cuboids,
cylinders, and ellipsoids), while it is gradually decreasing
towards the boundaries (walls). For cuboids and cylinders,
it is shown that the solid fraction smoothly decreases as
the aspect ratio AR increases (for AR > 1), while spheres
provide the lowest solid fraction. In the case of ellipsoids
with aspect ratios higher than one, however, the solid frac-
tion of the samples increases.

Zhao et al. [33] compared the response of spherical
particles with rolling resistance to superquadric shape
particles (i.e. superballs and ellipsoids) in triaxial com-
pression tests. They showed that increasing shape devia-
tion from the sphere affects the shear strength and dilative
response of the granular assembly. Additionally, adjusting
rolling resistance can provide a similar influence as the
shape parameter on the shear strength, however, it greatly
overpredicts the volume change during shearing. They
also suggested that the application of rolling resistance, to
mimic the behaviour of non-spherical particles, is limited
to particle shapes without elongation.

Zhou et al. [34] employed the rolling resistance model
proposed for disks by Iwashita and Oda [14], and com-
pared the results with the response of non-spherical par-
ticles (triangle and square clumps). They reported that
the two approaches present different localisation modes
of particle rotation and shear strain at the peak state. The
sample with disks shows a clear localization band, while
the sample with clump particles exhibits a more uniform
localization pattern. They stated that, although the con-
sideration of rolling resistance for disks affects the mac-
roscopic strength and dilatancy of the samples, it is not
able to reproduce the rotational behaviour as exhibited by
non-spherical particles.

Wensrich and Katterfeld [32] proposed relating the coef-
ficient of rolling friction to a normalized average eccentricity
of contact. They evaluated the proposed solution through
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conducting angle-of-repose tests and compared the results
for spheres with rolling resistance, to simple clumped par-
ticles. It was seen that similar angle of repose with non-
spherical particles can be reached for spheres by considering
approximately half of the estimated rolling friction. They
suggested that the discrepancy can be justified by consid-
ering that the artificial rolling resistance, applied through
the proposed methodology, is always acting in the reverse
direction of rotation, while real interlocking among particles
sometimes can lead to acceleration of the rotation.

Estrada et al. [10] compared the response of discs with
rolling resistance, with regular polygonal particles (in 2D).
The tests were conducted in simple shear conditions, assess-
ing various aspects of the bulk response. They observed that
the rolling friction coefficient can be successfully related
to the number of sides in polygonal particles. They also
reported that there exists a good agreement between the
two types of particle packings in terms of shear strength,
solid fraction, force and fabric anisotropy, and probability
distribution of contact forces.

In a previous study [28, 29], we have compared the influ-
ence of multi-sphere bumpiness and superquadric blockiness
on the response of assemblies of cubical particles in several
micro- and macro-scale tests. We have observed that single-
particle behaviour is a direct function of both surface and
edge properties, and that shape complexity only significantly
affects the shear strength, porosity and mode of motion once
the packing is dense.

A comprehensive comparison between spheres, with
restrained rotation, and non-spherical particles is yet miss-
ing, with the above-mentioned studies only partially clari-
fying this issue. We address this by testing various shape
complexity factors under various stress states, namely free
flowing and dense shearing regimes.

We significantly extend our previous work [29], by con-
sidering cylinders in addition to cubes, and varying the par-
ticle aspect ratio. Additionally, the present work not only
discusses the influence of shape complexity factors, but also
specifically focuses on the capability of spheres with roll-
ing friction to simulate characteristics of complex-shaped
particles.

The main novelty of the current study is therefore to com-
pare shape representations across multiple aspects, consider-
ing different rolling friction models and comparing with dif-
ferent particle shapes and aspect ratios, shape-representation
methods, and shape parameters, considering also different
testing scenarios and initial densities.

To do so, we simulate angle-of-repose and direct-shear
tests to assess the macro-scale influence of several shape
complexity factors: rolling friction for spheres (using three
models) and shape representation (multi-sphere or super-
quadric), shape parameter (bumpiness or blockiness), and
aspect ratio for cuboids and cylinders.
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2 Methodology

This section provides information on the material proper-
ties and the testing procedures that have been followed. The
considered particles are spheres with 10 % of polydispersity
and mean radius of 1mm (diameter ranging from 1.9mm
to 2.1mm and following a normal distribution with a mean
diameter of 2mm and a standard deviation of 0.1). Both
cubes and cylinders are simulated with various complexi-
ties at aspect ratios (AR) between 1 and 3. Additionally, non-
spherical particles are monodisperse. The diameter of the
spheres is equal to the edge length of non-spheres at AR = 1.

Cubes/cuboids and cylinders are approximated by two
approaches: superquadric (SQ) particles in LIGGGHTS [21,
26] and multi-sphere (MS) particles in EDEM [9]. Regard-
ing the use of two distinct DEM codes, it should be noted
that the contact detection algorithm and force calculation
methodology are different for multi-sphere and superquad-
ric particles. Furthermore, for modelling spherical particles,
both codes are used to consider various rolling resistance
models, see Sect. 2.3. The considered rolling resistance
models are already implemented in the employed codes and
are widely used in the literature.

The parameters for the considered material are chosen so
that the computational cost is reasonable for non-spherical
particles. Table 1 shows the material properties used in the
simulations. The Hertz model with viscous damping [7] is
used for normal forces, the Mindlin-Deresiewicz [23] model
is used for tangential forces, and no rolling friction model is
used for MS and SQ particles.

Anand et al. [3] used DEM to model the discharge of
bulk granular materials from a quasi-3D, wedge-shaped
hopper. The coefficient of restitution (CoR) was shown to
have negligible influence on the discharge rate. Kasina [19]
considered four different values of CoR (1074, 0.1, 0.6 and
1) and investigated its influence on the bulk internal friction.
It is observed that the predicted shear response is insen-
sitive to CoR, since collisions are absent during shearing.
Accordingly, as suggested by Kasina [19], a low CoR value
of 10~ is considered to enhance the settlement of the parti-
cle assembly (i.e. to accelerate the process of reaching the
steady-state during the filling).

The current study focuses on the impact of various shape
complexity factors (i.e. three rolling friction models, bumpi-
ness, blockiness, and aspect ratio). Polydispersity is only
considered, to avoid crystallization, for spherical particles.
The size distribution is rarely discussed for non-spherical
particles in the literature and is not considered in this study.
This is to limit the number of parameters for non-spherical
particles in the current study. Additionally, the computa-
tional cost increases for polydisperse systems, and this is
more critical for multispheres, where the time-step is

calculated based on diametre of the smallest sub-sphere. For
a 2D set of particles, Nguyen et al. [25] presented a detailed
numerical investigation of the combined effects of size and
shape polydispersity, reporting that triangles and hexagons
spontaneously assemble into crystalline structures. However,
for square particles with mostly side-side contacts, packings
tend to form column-like structures.

2.1 Superquadrics

The equation of the shape of a SQ particle in its local coor-
dinate system is [6]:

n
m y M\ ny

o)
where a, b, ¢ are the half-lengths of the particle along its
principal axes, and n; and n, are parameters that control the
shape. For instance, cubical (¢ = b = ¢ = d/2) and prolate
cuboidal (a = b = d/2,c = AR - a) particles can be modelled
by superquadrics with n; = n, = N > 2, while prolate cylin-
drical particles (a = b =d/2,c = AR - a) can be modelled
by taking n, = N > 2,n, = 2, where N controls particle
blockiness.

Different levels of blockiness (between N = 4 and N = 8,
further denoted as SQ(N4) ,..., SQ(N8)) are used in this
paper to study the blockiness effect. Fig. 1 (top 2 rows)
illustrates particle shapes for SQ(NV4), SQ(N6) and SQ(N8)
(cubes with AR = 1 and cylinders with AR = 1.5).

fGyd) = (E _i=o, 1)

<
c

2.2 Multi-sphere approach

Multi-spheres, which approximate the shape of particles by
overlapping or touching spheres, are used as an approxima-
tion of the real shape irregularities [12, 35]. In the multi-
sphere model, a single particle is represented by a set of
rigidly connected spheres. The sub-spheres are allowed to
vary in size and to overlap forming an approximation of

Table 1 DEM material and simulation properties

Parameter Value
Density (particle) p [kg/m?] 4100
Coefficient of particle-particle friction p 0.56
Coefficient of particle-wall friction py,,,, 0.45
Coefficient of restitution (particle-particle), €, 0.15
Coefficient of restitution (particle-wall), Epn 0.5
Poisson ratio (particles), vy 0.25
Poisson ratio (wall), v,, 0.25
Shear modulus (particles), G,, [Pa] 107
Shear modulus (wall), G,,[Pa] 100
DEM time-step size, At[s] 2x 1076
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any desired shape. The contact force between neighbour-
ing particles is calculated from their element spheres, using
sphere-sphere contact detection. Details of the algorithm and
mechanical calculations can be found in [12].

Cubes, as multi-spheres, were modelled using the EDEM
software with equal-radius (d/4) overlapping sub-spheres.
The number of sub-spheres in each edge of the cubes varies
between 2 and 4, resulting in 8, 27 and 64 total sub-spheres
per particle, denoted as MS(8), MS(27) and MS(64) corre-
spondingly (see Fig. 1). We have also considered an exten-
sion in the number of sub-spheres around a single axis to
investigate the effect of the aspect ratio (AR), another shape
complexity parameter. Due to an excessive increase in the
number of sub-spheres, the extension of MS(64) is not con-
sidered (remains with AR = 1). For the angle-of-repose test,
AR is increased up to 3 (for both MS(8) and MS(27) parti-
cles), while for the direct shear test, the particle extension
is considered up to AR = 2 (due to the high computational
time required).

Furthermore, the representation of the cylindrical parti-
cles is addressed through considering overlapping spheres,
which are aligned along a single axis. The particles consist
of 2, 3, 4 and 30 sub-spheres, which leads to variation of
the bumpiness. For MS(2), MS(3) and MS(4), the bumpi-
ness is changed along the circumference of the particles,
while for MS(30) a top and bottom bumpiness are also
added, see Fig. 1. Note that all the non-spherical particles
have equal edge length (2 mm), which is equal to diametre
of the simulated spherical particles.

2.3 Rolling friction models

Spherical particles have no geometrical interlocking, thus
failing for example to capture the formation of stable
angles of repose [1]. Consequently, additional rolling fric-
tion models (RF) are often used to represent the effects of
particle shape. Therefore, when a bulk solid is represented
by perfect spheres, the coefficient of rolling friction u, is
considered as a DEM shape parameter.

Aietal. [1] reviewed the commonly used rolling friction
models proposed in the literature and assessed them in a
series of 2D small-scale tests.

The current study uses three rolling resistance models.
The first model, called here RFgyp, is the Relative Veloc-
ity Dependent (RVD) rolling friction model in EDEM. It
considers equivalent radius R* and unit average rotational
velocity vector @y, of the particles.

The RFgyp model applies to each particle i in contact
with a particle j a torque

Tjwvpy = —HR*1F, | (A % v, /v, ]) @)
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Fig. 1 Non-spherical particles (cubes and cylinders), simulated by
means of superquadric (top 2 rows, with increasing blockiness param-
eter from left to right) and multi-sphere (bottom 2 rows, with increas-
ing bumpiness from left to right) shape representation techniques

where
R* = (R,.Rj)/(Ri +R)), 3)
v, = —%(coi + (oj) X (r; — rj) “)

and #;; is a unit vector pointing from particle i to the point
of contact.

The second model, called here RF, is the default rolling
resistance model in EDEM, which incorporates the radius R,
and unit rotational velocity vector @, of an individual parti-
cle into the torque calculation

Ticr = —uRi|F, |, )

According to the definition by [1], this model is a contact-
independent model (type D).

The third model, called here RFypgp, is the EPSD2 model
in LIGGGHTS [21], which is a modified version of the elas-
tic-plastic spring-dashpot model [14, 16, 17] (type C in [1]).
In this modification, the viscous damping term is switched
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off, since it is only effective during dynamic events [32] and
to reduce the number of unknown parameters (i.e. rolling
viscous damping parameter, which needs to be calibrated
[20]). The torque is therefore computed incrementally using
only the spring term, as

k k
Tr,r+At = Tr,t - kVAer’ (6)
where A@, is the incremental relative rotation angle between
two particles and k, is the rolling stiftness. The magnitude of
the spring term is bounded by:
T, 0l < u.R°F,. )
For determining the k, value, Ai et al. [1] suggested the
approach proposed by Bardet and Huang [5]:

k, =2J,R*F,, ®)

where J,, is a dimensionless parameter varying between 0.25
and 0.5 [32]; they showed however that, when considering
only the spring term, the model is susceptible to oscillations.
To overcome this deficiency, Wensrich and Katterfeld [32],
recommended the use of the following equation, initially
proposed by Iwashita and Oda [14])

k, = k,R*, ©)]

where, k, is the tangential stiffness. Wensrich and Katterfeld
[32] pointed out that the rolling stiffness k, calculated from
Eq. (9) results in a larger value than from Eq. (8). It is shown
that higher k, value leads to mobilization of shear dissipation
in contacts, which further hinders the rotation of particles
(nullifying the need for a damping term).

As suggested by Jiang et al. [16] the relative rotation of
two 3D particles in contact, can be decomposed into two
components: a) about the contact normal direction, which
renders a twisting resistance torque b) on the tangential
contact plane, which leads to rolling resistance moment. It
is shown that both components are influencing the relative
motion of the particles, which results in increased dilation
(in sample volume) at both triaxial and plane-strain com-
pression tests. However, it is shown that once rolling resist-
ance is excluded from contacts, the strength and dilatancy
reduce more (compared to the case where twisting resist-
ance is off), which suggests the importance of rolling resist-
ance. Consequently, in this study, to minimize the number
of varying parameters and to highlight the influence of the
rolling resistance component, the twisting resistance is not
activated.

3 Simulation of angle-of-repose tests
3.1 Test set-up and methodology

Table 1 shows the properties of the simulated particles. Fig-
ure 2 shows the simulation set-up and the dimensions used.
The orifice of the funnel has a diameter of 24mm, which is
almost 12 to 4 times the equivalent particle diameter. This
ensures free flow of all particles.

Miura et al. [24] observed a decrease in angle of repose
(AoR) with increasing number of particles. Wensrich and
Katterfeld [32] simulated the AoR test using both clumped
particles and spherical particles with rolling friction (7000
particles). Similarly, Chen et al. [8] simulated the AoR test
for super-ellipsoids, with 8000 particles. We use here 6000
particles, to avoid excessive computational time.

The particles are distributed randomly in the cone and
allowed to settle under gravity for 1s simulation time. After
the packing is formed, the orifice is opened, and the dis-
charge commences. The simulation continues until a heap is
formed, and then the angle of repose is estimated using the
algorithm described in [29].

For the spherical assemblies with RFpy, special care
must be taken for the simulation period after formation of
the heap, as particles with RFyy, are susceptible to oscilla-
tion in static packings [1]. In the angle-of-repose test, after
particles are discharged and an initial heap is formed, the
rotational and translational velocities tend to reduce, how-
ever the constantly generated torque prevents static equilib-
rium. Applying the artificial torque to the single particles,
which are at rest, increases the kinetic energy of the system
and this can lead to instability. RF; has a similar mecha-
nism as RFgyp for applying the torque, thus facing the same
problem of ignoring the particle being static or in motion.
Based on our observations and those in [1], this deficiency
is more problematic for higher values of yu, and larger time-
steps. Consequently, a small time-step is assigned (1% of

Dipax = 100mm

Drlu'n = 24’"}7”

H, = 50mm

Fig.2 Angle-of-repose simulation set-up
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the Rayleigh time) for these simulations to minimize the
effect of the instabilities. Furthermore, the angle of repose
(AoR) is measured at several instances (after the initial heap
is formed), to detect any time-dependent changes in the heap
geometry. The error bars in Fig. 3 show that for RFyy, the
difference in AoR is less than 1° for u, < 0.2, while this dif-
ference is less than 2° for RF; (between 1s and 3s of simu-
lation time). For larger values of y, the overall difference
is less than 3° for both models. Thus, to have consistency
between the measured data, all simulations are stopped at
exactly 3s from the opening of the orifice.

3.2 Angle or repose results

Figure 3 shows that the rolling friction models highly affect
the heap formation characteristics of the spherical particles.
For u, <0.05 comparable AoR values are obtained for the
three models, however by increasing p,, RF leads to larger
heap angles compared to those of RFyypy and RFgpgp (at
saturation, the difference is 25%). The difference in AoR
between RFpyp and RFgpgp is relatively small (especially for
#, < 0.2, which is the most frequently used range). The very
high AoR for the packings with RF; can be explained by the
fact that this model applies the torque to every single particle
always in the opposite direction of the rotation (ignoring the
relative rotational velocity of the contacting particles).

Another important objective of this study is to evaluate
the capability of the rolling resistance models in describing
the bulk response of non-spherical particles. Accordingly,
we have considered the simulation of non-spherical particles
using multi-sphere and superquadric approaches for cubes/
cuboids and cylindrical particle shapes (varying bumpiness
and blockiness).

Figure 4 shows the AoR for cube/cuboid shape parti-
cles. For AR = 1, as already reported in [29], increasing

60

50

40

30

AOR [°]

20 +

—a—RF,,

Lf O RFgpsp

10 §

0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

He [']

Fig.3 Angle of repose for spherical particles with different u, values
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blockiness from 4 to 8 contributes to an increase of the AoR
of 7°. The increase of bumpiness from MS(64) to MS(27)
has an insignificant effect, whereas MS(8), with higher inter-
locking, provides a larger AoR value. Additionally, varying
the aspect ratio from 1 to 3 increases the AoR for all MS
and SQ particle types (note that results for MS(64) are only
computed for AR = 1 due to the requirement of high compu-
tational time). The results also suggest that, compared to the
sharp increase for SQ(V4), SQ(N6) and MS(27), the AoR for
particles with the highest bumpiness and blockiness are less
affected by the increase of AR. Another important observa-
tion in Fig. 4 is that increasing AR (specially for AR > 2) the
difference for the measured AoR between different particles
decreases, compared to the difference at AR = 1.

To further investigate the avalanching characteristics
of the non-spherical particles, the AoR test has been also
carried out considering cylindrical particles with different
aspect ratios (Fig. 5). The first set of tests has been con-
ducted considering SQ particles with different blockiness
levels. The results show that increasing the N parameter
from 4 to 6 contributes to formation of heaps with higher
AoR values (at all aspect ratios). However, cylindrical par-
ticles with further blockiness (i.e. N = 8 and N = 10) do not
result in any further significant effect on AoR value (this
holds true for all ranges of AR).

The second set of simulations, for cylindrical particles,
has been done using MS particles with varying number of
sub-spheres. These tests are only conducted at AR = 1.5 with
particles consisting of 2, 3, 4 and 30 sub-spheres, where the
former three types have only bumpiness at the circumfer-
ence, whereas MS(30) has bumpiness both on its edges (top

40 Cubel(}‘ubmd
37}
— 34
=
o
<3|
-=-MS (8)
MS (27)
| # MS (64)
78 ~—5Q (N8)
—6—SQ (N6)
——SQ (N4)
25 L 1 I I 1L
1 15 2 25 3

Aspect ratio [-]

Fig.4 Angle of repose for cube/cuboid particles
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and bottom) and on its circumference, see Fig. 1. Results for
MS particles suggest that increasing the bumpiness at the
circumference (from MS(4) to MS(2)) has little influence
on the AoR. Increased bumpiness at the edges (i.e. MS(30))
is also required to achieve higher AoR angles. Particles like
MS(30) have significantly increased computational cost
(both due to increased number of sub-spheres and the need
for sub-spheres with smaller radii), whereas changing N has
no effect on the computational performance of SQ particles,
see [29]. Consequently, the representation of cylinders with
MS approach is not extended to other aspect ratios.

4 Simulation of direct shear test

This section evaluates the response of granular systems in
a shear cell and provides detailed information regarding the
influence of different rolling resistance models on initial
porosity, shear strength and volume change characteristics
of spherical particles. These results are further compared
with the response of MS and SQ particles with various shape
complexities.

The direct shear test (commonly referred as Jenike shear
in bulk solid handling problems) is widely used for meas-
uring flow properties of particulate solids, [13, 30, 36]. In
this test, the granular material is placed in a split cylindrical
box. Then, the material is compressed by applying a con-
stant vertical load o, (10kPa) to the lid section (consolidation
state). Later, the top half of the cylinder (ring) is sheared at
a constant translational velocity (2mm/s), see Fig. 6. The
measured quantity is the force required for this movement

Cylindrical particles

38
34 AT %
o
/% e
EBO’ /ﬁ;/ /_I"
& ,,g' e -+ SQ (N4)
< 2(‘ L ,é‘ /, // Coa SQ (Nﬁ)
L B ~o SQ (N8)
g-- ’ -& SQ (N10)
+»’§ v MS (4)
27 o * MS (3)
o Y o0 MS(2)
* MS (30)
- 1 15 2 2:5 3

Aspect ratio [-]

Fig.5 Angle of repose for cylindrical particles

that can be converted to average shear stress 7. The velocity
of the lid in LIGGGHTS is controlled by a standard PID
controller [2] that compares the current acting force with the
predefined target value (in the vertical direction). In EDEM,
the position and velocity of the lid are controlled by means
of a body-force model written in the API interface of EDEM
software.

The DEM time-step was chosen as At = 2 x 107%s (5% of
Rayleigh time) in all simulations.

Two types of packing were generated to assess the
dependence of the results on the density state of the initial
packing. In the dense packing, the particle-particle sliding
friction u, and rolling friction y, coefficients were set to zero
at the filling stage (thus all simulations were carried out
based on a single initial packing). Next, before applying o,
U, is changed back to 0.56 and y, is systematically increased
for individual packing (¢, =0.01, 0.1, 0.2, 0.3, 0.5, 0.8 and
1). For these packings, the system is allowed to rest for 0.5 s
of simulation time, prior to consolidation. Accordingly, this
set of simulations are referred to as equivalent dense initial
packing (EDIP), or simply as dense packings.

The sample preparation is carried out by air pluviation.
Particles are discharged from a funnel from a certain height
to achieve the desired void ratio in the system. To have iden-
tical density all over the sample, the factory which generates
the particles moves upward with a constant speed. It must
be noted that the friction coefficient equals zero for non-
spherical particles during the filling.

A second type of packing was established, with y, = 0.56
at all stages of the test. Furthermore, y, is applied to the
granular assemblies both during filling and shearing (approx-
imating the inclusion of particle shape during the packing).
This is done to clarify the importance of the shape parameter
(i.e. rolling resistance) in imposing the arrangement of the
particles and further evaluate the shearing response of the
looser packings (depending on the incorporated value of y,).

For all simulations, material properties were kept identi-
cal and packings of equivalent bulk volume were generated
for all types of particles (for detailed information regard-
ing the packing density of MS and SQ cubes refer to [29]).
Furthermore, Soltanbeigi et al. [29] reported that the shape
factor is more influential (on bulk response) in densely
packed assemblies, accordingly the cylindrical and cube/
cuboid particles are only simulated in the dense state (i.e. by
having zero sliding friction during the filling stage). In the
following section (4.1), the effect of including an artificial
particle shape parameter on the packing density is evalu-
ated. Successively, the shearing response of the particles is
assessed in Sect. 4.3.
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Fig. 6 Jenike shear tester filled
with superquadric particles
(dimensions are in millimetres) 11

4.1 Initial porosity

It is known that applying any type of rolling resistance
model affects particle arrangement, and thus the porosity
of the granular packing (this is an inherent feature since all
models reduce the movement of single particles). Accord-
ingly, the initial porosity (¢;,;,) of the samples was measured
before consolidation, by dividing the total volume of the
voids over the volume of the shear tester, as an indication
of how densely the particles are packed in the system. As
mentioned before, the packings are prepared in dense and
loose states (by turning on or off y and u,).

There are many studies in the literature for determin-
ing the packing characteristics of spherical particles with
various properties. For the spherical particles (using DEM),
Jerier et al. [15] varied the particle radius (ratio of the larg-
est radius to the smallest one is changed between 2 and 7)
and determined a solid fraction within 0.58 to 0.75 (cor-
responding to 0.25 < ¢,,;; < 0.42). Aste [4] reported that
pouring mono-sized spheres into a container, typically a
solid fraction between 0.61 and 0.62 (¢,,;,, = 0.38 and 0.39)
is obtained (depending on the geometry of the container,
speed and height of filling). It is mentioned that slightly
denser packings (i.e. solid fraction of 0.63) can be obtained
by gently tapping the container. Additionally, it is reported
that to achieve the random close packing limit (i.e. solid
fraction of 0.64), the sample must be simultaneously tapped
and compressed.

Figure 7 shows porosity for different values of the rolling
friction coefficient, for each of the three models. The slid-
ing friction is only changed once, from O to 0.56 and then
it is kept constant. For dense packings, ¢,,;, is shown as a
single point in Fig. 7 (4, = u, = 0), which has the lowest
value as ¢;,;, = 0.377 (this is in line with results from [4]).
Additionally, it is observed that enabling the sliding fric-
tion (i.e. p; = 0.56) affects the ¢,,;, (loosens the packing to
®inie = 0.4). Moreover, considering higher u, values, further
increases the porosity in the granular system (compared to
the case with no rolling resistance, the maximum difference
is about 20 %). For RFpyp, ¢;,;, increases linearly, while its

init
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values are smaller than for the other two models (for the full
range of u,.). Additionally, for y, < 0.2 the RFgpgp, model
provides the highest ¢,,;, values (i.e. looser packings). For
U, > 0.2, results of RF; and RFpgp are almost comparable
(i.e. both models have similar influence on packing, despite
their different rotation retardation mechanisms).

Overall, all three models are seen to be effective in gov-
erning the particle motion and thus influence the particle
arrangement. Additionally, it is clear from the comparison
of Figs. 7 and 8 that spheres always reveal larger porosities
compared to non-spherical particles. Ma et al. [22] simu-
lated a monosize pack of spheres and varied rolling friction
between 0 and 0.2. It is shown that the initial porosity is
increased as rolling friction approximates the particle shape
effect and enhances inter-particle interlocking.

Values of ¢,,;, for particles with various shapes are also
computed, and summarized in Fig. 8 (results of cubes
with AR = 1 have already been discussed in [29]). For
SQ cuboids, it is seen that increasing aspect ratio leads
to slightly increased ¢,,;, for SQ(N6) and SQ(N8) with
AR = 1.25, while SQ(N4) is independent of the AR value,
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Fig. 7 Initial porosity of the packings with spherical particles in the
presence of rolling friction (loose packings)
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see Fig. 8a. For MS particles, the sharpest increase in ¢;,;, is
seen for the MS(8) particle. However, MS(27) shows almost
a constant value for ¢,,;, (a slight increase for ¢,,;, is seen
while moving from AR = 1to AR = 1.25). Note that, similar
to Sect. 3, MS(64) is not simulated for AR > 1.

Furthermore, the results for cylindrical particles are plot-
ted in Fig. 8b. A cylindrical particle with N = 2 would rep-
resent a sphere if AR = 1, while ellipsoids are formed for
AR > 1. It is clearly seen that the initial porosity is affected
once the spheres are converted to ellipsoids. In general, it
can be suggested that cylinders, at any level of shape com-
plexity, have lower porosity than spheres. The difference in
porosity for spheres (with y, = 0 and y, = 0.56) in Figs. 7
and 8b can be justified by the fact that the spheres generated
by the superquadric approach are mono-sized (thus have
larger ¢;,;,). Moreover, for SQ(N4), SQ(N6) and SQ(N8) the
aspect ratio parameter is not affecting the packing porosity
(at AR > 1.5, identical ¢,,;, values are obtained for all N val-
ues). Information regarding particle number and porosity is
summarized in Table 2.

Finally, the packing characteristics of spherical particles
(in the presence/absence of rolling resistance models), are
compared to those of cuboids and cylinders through assess-
ing Figs. 7 and 8. It can be pointed out that except for MS(8),
which has an extra porosity between adjacent sub-spheres,
all cubes/cuboids and cylinders (in dense state) have lower
porosities than spheres.

4.2 Volume change during shearing

It is also useful to monitor the vertical displacement of
the lid, during the shearing of the granular assemblies, to
determine the mode of volume change (i.e. contractive or
dilative).

For the dense packings, as observed in Fig. 9, for all
three rolling friction models contraction of the assemblies
is insignificant and dilation is the dominant mode of volume
change. The packings with RFyy, experience similar lid dis-
placement and are thus almost independent of the y, value
(at the shearing stage).

For a certain range of rolling friction coefficients (i.e.
0.01 < p, < 0.3) the packings with RF; follow a similar
trend compared to RFyy . However, for u, > 0.3, the verti-
cal displacement D; decreases slightly (i.e. the system starts
to dilate to a lesser extent). It is already seen in Sect. 3 that
RF; can provide comparable AoR to those of non-spherical
particles by assigning u, < 0.18. Accordingly, it can be sug-
gested that in the case of RF, the value of 4, has to be less
than 0.2, to get reasonable results.

For RF; with y, > 0.3 sliding starts to happen among
most of contacts, and accordingly the packing experiences
less dilation. A high value of y, or y, nullifies the respective
degree of freedom, and therefore contributes to occurrence
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Fig.8 Initial porosity of the packings with a cube/cuboid b cylindri-
cal particles

of alternative mode of relative motion. A similar observation
is reported by Estrada et al. [11], in which they simulated
shearing of a polydisperse system under simple shear con-
ditions and systematically varied sliding and rolling fric-
tion coefficients. Their results suggested that when sliding
friction is high enough, while y, is constant, the dominant
mode of motion is contact rolling (the reverse case is also
valid, where sliding occurs for major portion of the mobi-
lized contacts).

For packings with RFppgp, it can be seen that increas-
ing rolling resistance has a more significant impact on the
increase of the lid’s vertical movement (i.e. D;, in this case,
can be 2 times larger than that of for RFyyp, and RF()).

For relatively loose packings (with enabled y, and g,
for both filling and shearing), RFyy, shows a contractive
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Fig.9 Vertical displacement of the lid during shearing for dense »

packings a RFpyp b RF; ¢ RFgpgp

behaviour (i.e. the samples follow the characteristics of a
loose assembly) for almost all applied y,, see Fig. 10a. It is
only the packing with a very small value of rolling friction
coefficient (i.e. u, = 0.01) that undergoes a volume reduction

Table 2 Number of particles in the direct shear test

Particle AR Number of par- Initial porosity
ticles
Cuboids
SQ(N4) 1 6163 0314
1.25 5871 0.317
1.5 4889 0.318
2 3672 0.318
SQ(N6) 1 6848 0.291
1.25 5371 0.305
1.5 4446 0.31
2 3325 0.31
SQ(N8) 1 6576 0.291
1.25 5145 0.306
1.5 4224 0.316
2 3188 0.312
MS(8) 1 7463 0.5
1.5 4671 0.53
2 3317 0.555
MS(27) 1 6975 0.357
1.5 4401 0.37
2 3718 0.374
MS(64) 1 6920 0.34
Cylinders
SQWV2) 1 9705 0.416
1.25 8445 0.365
1.5 7160 0.354
2 5297 0.363
SQ(N4) 1 8181 0.355
1.25 6561 0.354
1.5 5471 0.363
2 4039 0.318
SQ(N6) 1 7732 0.348
1.25 6149 0.352
1.5 5107 0.354
2 3767 0.364
SQ(N8) 1 7548 0.346
1.25 5984 0.352
1.5 4957 0.356
2 3654 0.367
MS(2) 1.5 8948 0.338
MS(@3) 1.5 8861 0.327
MS(4) 1.5 8801 0.328
MS(30) 1.5 7698 0.373
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Fig. 10 Vertical displacement of the lid during the shearing for loose »
packings a RFpyp b RF; ¢ RFgpgp

for the first part of shearing and then starts to present a vol-
ume expansion (i.e. behaves approximately similar to a
medium dense sample). Consequently, it can be said that
although RFgy, contributes to the formation of looser pack-
ings, it is unable to provide particles with dilative behaviour
during the shearing process once y, > 0.01.

Moreover, it can be seen that RF; is approximately fol-
lowing RFgyp, (except for higher volume expansion when
0.01 < p, £0.1). Meanwhile, packings with RFgpgp provide
a different response compared to those of RFgyp, and RFq;
regardless of the initial porosity, all the samples (except
u, = 0.01) present a half-half contractive/dilative behaviour
(i.e. until the half of the total shearing distance, samples are
compressed and once a threshold for ¢ is reached, dilation
is initiated), which represents characteristics of a medium-
dense sample.

4.3 Shear strength under direct shear

The curves of shear stress as a function of shear displace-
ment (D), for spherical particles, are shown in Figs. 11
and 12. It can be seen that for dense packings, RFgyp has
the following characteristics: a) there is a slight increase
in maximum shear strength once rolling resistance is con-
sidered, but it saturates at g, = 0.1 (overall, the maximum
shear strength is increased by 15% compared to u, = 0); b)
for the initial stiffness and the residual strength, the effect
of rolling resistance is indeed insignificant.

Additionally, for u, < 0.3, packings with RF; have a
similar shearing response to that of u,. = 0. However, for
larger values of yu, a lower shear strength is observed. As
mentioned earlier, for RF; with g, > 0.3 sliding starts to
happen among most of contacts, and accordingly the pack-
ing experiences a strength loss.

Results for RFgpgp, are markedly different to those for
RFq; and RFgyp; increase of p, results in significantly
higher shear strength for the dense samples and its effect
saturates in the range u, = 0.5...0.8. Additionally, the
largest peak shear strength is almost two times the maxi-
mum shear strength for RF; and RFgyp,. For dense pack-
ings, therefore, only RFgpgp, has a significant influence
on the shear strength of the granular assembly, which
increases with increasing rolling friction value.

Figure 7 shows that rolling resistance contributes to
the formation of loose packings. However, it is not clear
whether applying rolling resistance for loose packings can
influence the shearing response of the granular assemblies.
Accordingly, the shearing response of the relatively loose
packings is summarized in Fig. 12.
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Fig. 11 Shear stress—displacement curves considering various values »

of u,, for dense packings a RFyyp b RF; € RFgpgp

For both RFgyp and RF, increasing u, decreases
to a large extent both the initial stiffness and the maxi-
mum shear stress for the packings; nonetheless, the shear
strength at critical state is approximately comparable. This
reduction in shear strength can be partially related to lower
packing density, however, it seems that these two models
fail to calculate appropriate opposing torque once particles
are compressed. This hypothesis arises from the depend-
ence of the torque calculation on the normal force magni-
tude; here, due to the presence of higher normal forces in a
shear cell, the calculated torque is over-predicted for these
models, which forces the particle to mobilize by sliding.

Some kinks are observed for RF; and RFgyp, models,
at intermediate shear displacement in Fig. 12. This can be
justified by the fact that the volume contraction, happening
during the shearing in loose samples, can slightly contrib-
ute to an increase in shear strength. A similar behaviour is
seen in results provided by Wang and Gutierrez [31], and
similarly reported by Jo et al. [18].

For packings with RFppgp it is clear that, despite the
initially loose packings, the shear strength is increased by
increasing the rolling friction coefficient (up to y, = 0.5).
This response is completely different from the observa-
tions for RFgyp and RF;, which makes RFgpgpy the only
appropriate rolling resistance model for obtaining rea-
sonable direct shear results (for both loose and dense
packings).

A more detailed comparison is provided in Fig. 13 for
the maximum friction angle of all the spherical pack-
ings. For dense packing, results from the three models are
shown, however, the loose packings are only presented for
RFgpsp (since both RF; and RFgy fail to influence the
shearing response reasonably). It is seen that only RFypgp,
with both loose and dense packing, increases its shear
strength with yu, variation.

Results provided in Sects. 4.1, 4.2 and 4.3 give an over-
all understanding regarding the applicability of the three
rolling resistance models to simulate packing, shearing
and dilative behaviour of non-spherical particles. It is
observed that all three models can affect the density of
packing. However, it must be noted that RF; and RFyyp
models are not suitable for simulation of the dense shear-
ing regimes (i.e. direct shear test). This can be justified
by the fact that calculated torque in RF; and RFgyy is
a direct function of normal contact force, and no limita-
tion is applied to gauge a maximum torque value. Since
in direct shear test, an external vertical force is acting
through the lid, a higher normal contact force, and thus
a high torque value is foreseen. A high value of y, can-
cels the rotational degree of freedom. Therefore, for both
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Fig. 12 Shear stress—displacement curves considering various values

of u,, for loose packings a RFgyp b RF; ¢ RFgpqp
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Fig. 13 Summary of the peak friction angle for various packing den-
sities (for RFgyp, RF¢; and RFgpgp)

rolling resistance models sliding starts to happen among
most contacts and accordingly the packing experiences a
non-physical change in strength and dilation (this is not
in agreement with mechanical expectations from shape
factor). Conversely, RFgpgp can be applied for estimating
shear strength and dilative response of the non-spherical
granular assembly.

Non-spherical particles Similar to Sect. 3, the effect
of aspect ratio on cuboids and cylindrical particles (with
various surface and edge properties) is investigated within
the shear cell, see Fig. 14. The peak friction angle (®,) of
the packings, which is obtained through dividing the maxi-
mum value of normal and shear stresses, is plotted with
respect to AR. For SQ cuboids, (I)p increases sharply for
SQ(N4) up to AR = 1.5, whereas for SQ(N6) and SQ(N8)
the change in @, is smaller and limited by AR = 1.25,
see Fig. 14a. However, MS cuboids show less depend-
ency on the AR value (only MS(27) shows an increase for
AR = 1.25).

On the other hand, cylindrical particle with N = 2 and
AR =1 (i.e. spheres) have the lowest ®,, which is sig-
nificantly increased at AR = 1.25 (i.e. converting to ellip-
soid), see Fig. 14b. For AR > 1.25 results for SQ(N2) and
SQ(N4) overlap. Other cylindrical particles with sharper
edges only show a small change in @, for AR = 1.25 (no
changes are seen for AR > 1.25).

5 Discussion
In this section results from angle-of-repose and direct-shear

tests are compared for spherical and non-spherical parti-
cles. Considering AoR results for cuboidal and cylindrical
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Fig. 14 Dependence of peak friction angle on aspect ratio for a cube/
cuboids b cylinders

particles with various AR and comparing them with those
of spherical particles (accompanied by three rolling resist-
ance models), the following can be pointed out: a) RFgyp
and RFppgp can provide a similar AoR to that of AR =1
for cubes with 0.2 < y, < 0.4 and for cylinders with
0.1 < u, < 0.2 (see Fig. 15), b) for AR > 1, to compensate
a similar AoR (for both cuboid and cylinders), spherical
particles with RFgyp and RFgpgp need to have a maximum
value of u, = pu, = 0.56 (it is usually suggested that rolling
resistance coefficient must be smaller/equal to sliding fric-
tion coefficient) c) for RFy, it can be seen that assigning
0.08 < y, < 0.18 can provide AoR values comparable to all
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range of AR (for both cubes and cylinders). Consequently,
it is clarified in this section that for the angle-of-repose
test, the incorporation of rolling resistance models can well
mimic the avalanching response of non-spherical particles.
Furthermore, the shear strength for cubes/cuboids and
cylinders is compared with spherical particles. As already
discussed, only RFgpgp, provides an approximately mono-
tonic increase for the peak friction angle of spherical assem-
blies (i.e. with increase of y,). Accordingly, the peak friction
angle of the spherical packings with RFgpqp, is summarized
in Fig. 16. Results in Fig. 16 suggest that dense packings
with RFgpgp, can be calibrated (by varying u,) to obtain @,
values similar to that obtained for non-spherical particles.

6 Conclusions

The current work compares the avalanching, packing, shear-
ing and dilative response for spherical particles (in presence
of three different rolling resistance models) with common
non-spherical particles with aspect ratios of one and higher
(cylinders and cubes/cuboids). The non-spherical shapes
are simulated by multi-sphere (MS) and superquadric (SQ)
shape representation methods, each of which has unique
shape complexity properties (MS particles have an inher-
ent surface pseudo-bumpiness, whereas SQ approach can
well-produce sharp edges). Accordingly, the ability of the
artificial shape representation techniques (i.e. rolling resist-
ance models) to simulate a wide range of shape complexity
parameters is evaluated.

For the AoR test, results suggest that tuning the roll-
ing friction parameter y,, as a shape parameter for spheres
(considering all three models), can lead to the desired heap
characteristics (which is comparable to the results of non-
spherical particles with various bumpiness, blockiness and
aspect ratios).

For the direct shear test, it is seen that including rolling
resistance can provide a wide range of initial porosities ¢;,;;.
However, it is seen that spherical packings provide always a
higher ¢,,;, than cubes and cylinders.

Additionally, the capability of the considered rolling
resistance models in providing dilative response, as it hap-
pens for non-spherical particles during shearing, is evalu-
ated. Results suggest that RFgyy and RF; are addressing
this phenomenon only for dense packing. However, RFgpgp
is well capable of providing dilation for the granular assem-
blies almost for the entire range of packing densities (which
is in agreement with results reported in [29], where it is
shown that even loose samples of non-spherical particles
tend to dilate).

For the shear strength, once y, is varied for packings with
various ¢;,;,, only RFgpgp, provides @, that is well match-
ing with those obtained for cubical/cuboidal and cylindrical
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Fig. 16 Graphical description of equivalent y, for obtaining similar
peak friction angle to cuboid and cylinder particles

shape particles. The issue associated with RF -y and RF,
in case of dilative response and shear strength, has been
explored further. It is proposed that since the calculated
torque is dependent on normal force magnitude, which is
high in case of shear test, the calculated torque is over-pre-
dicted. Restricting rotational freedom of the spheres results
in pure sliding of particles (this deficiency is less prominent
for dense packings, where due to dense arrangement of par-
ticles sliding is happening the least).

In summary, the results for RFgpgp suggested that it is
possible to calibrate the rolling friction g, to obtain the
desired individual macro-scale response of non-spher-
ical particles (e.g. angle of repose and shear strength).

Meanwhile, results clearly showed the defects of both RF;
for RFgyp models in a dense shearing regime.

A future study should consider the influence of polydis-
persity on bulk response of non-spherical particles, as well
as consider a loose initial packing with different rolling
friction only during the shearing (similar to that applied
to dense packings).
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