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This paper presents a numerical investigation on the relationship between the angle of repose and gravity by a
three dimensional discrete elementmethod. Taking particle shape, particle size and surface roughness of particle
into account, the forming of granular pile was simulated under four different gravitational conditions: the Moon
gravity,Martian gravity, Earth gravity and super-gravity. The angle of repose atmacro level and the contact forces
between particles of the pile were analyzed. Results show that the contact forces are lognormal distributed with
about 65% smaller than themean, and the ratio of tangential to normal force is uniformly distributed except for a
small peakwhere the friction force is fullymobilized. The probability distribution of contact forces normalized by
particle's weight under all gravity conditions shows to be inmutual coincidence, and the distribution of the ratio
of tangential to normal force is independent of gravity. Although the microstructure of pile varies randomly, the
angle of repose will not be affected by the magnitude of gravity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Surfaces of all Earth-like planets are covered with a layer of regolith
which is composed of loose granular materials derived from meteoritic
impacts and the subsequent production and re-accumulation of fine
particles on the surface [1]. The angle of repose of granular materials
is always of interest to the planetary science community. These mea-
sures are helpful in characterization and investigation of amount of
planetary surface processes including the formation of sand dunes, im-
pact craters, scree slopes, and pyroclastic cones [2,3]. And it is also useful
to investigate the angle of repose for humanity when planning in situ
exploration which interacts with loose surface materials [4].

The angle of repose, as a basic property of granular materials, is the
maximum slope angle where the material is at rest. Above the slope
angle, the material starts to flow; below the angle, the material will
stop moving and becomes stable. It commonly varies from 25° for
smooth spherical particles to 45° for rough angular particles in nature
[5–9]. Due to the various gravity levels on the surfaces of planets, the
forming processes of angle of repose might be different from each
other. Though it has been assumed in planetary morphology that the
angle of repose of granular material is independent of gravity [10,11],
some experiments recorded in literature have contradicting results
varying from opposite effects to no effect at all. For instance, Kleinhans

et al. [12] conducted experiments with lower gravity using parabolic
flights. Theymeasured a number of different granular materials and de-
termined that the angle of repose increased by roughly 5° for approxi-
mately lunar gravity. However, a study by Nakashima et al. [13],
which measured the angle of repose of sands also during parabolic
flights, showed that gravity had almost no effect on the angle of repose.
Another study by Hofmeister et al. [14] whichmeasured the angle of re-
pose using the combination of a drop tower and a centrifuge, showed
that the angle of repose increased when gravity decreased. Recently,
the avalanche slope angles of active sand dunes onMarsweremeasured
by Atwood-Stone andMcEwen [15] in aHighResolution Imaging Exper-
iment using high-resolution images, suggesting that these angles did
not significantly vary with decreasing gravity.

Another approach to investigating this problem is through computa-
tion numerical simulation such as discrete element method (DEM),
which is a powerful numerical method for analyzing microscopic be-
haviors of discontinuous media [16]. This has been done several times,
including fairly recent studies of Ji and Shen [17] and Nakashima et al.
[13], which used two-dimensional DEM to study the effect of gravity.
Both of these studies determined that the angle of repose is basically in-
dependent of themagnitude of gravity, at least within the studied range
of 1/6 and 1 g.

There is still not fully accepted explanation for the contradictions be-
tween research conclusions in the literatures. As Kleinhans et al. [12]
had suggested, getting more microscopic information of granular sys-
tem might contribute to understanding the relationship between the
angle of repose and gravity. However, for thediscontinuous and random
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characters of a system composed of granular materials, it is difficult to
obtain some information experimentally, evenbyphoto-elasticmethod,
at an individual particle level such as force network which are consid-
ered as important factors related to themechanical equilibrium of gran-
ular system [18–21].

In this work, a three-dimensional DEM was used to investigate the
relationship between the angle of repose and gravity. Taking physical
properties of particle into account, the accumulation process of particles
had been simulated under various gravity conditions. After the forma-
tion of the granular pile, both the angle of repose at macro level and
the contact forces between particles of the pile were quantitatively in-
vestigated. Compared with previous studies, this paper provides more
detail information at granular level for a better understanding of the re-
lationship between the angle of repose and gravity.

2. Numerical model and simulation conditions

Modeling of granular flows with DEM involves following the trajec-
tories, velocities, positions of all the particles and predicting the interac-
tions between particles by solving Newton's equation of motion for
each of them. In this study, the tree-dimensional DEMwith the soft con-
tact approach, which is suitable for simulating a dense particle system,
will be adopted to simulate the forming process of granular piles. De-
tailed principles of the DEM which were described in previous articles
[22,23] will not be presented here. Simulations in this study were per-
formed using EDEM, the engineering simulation platform developed
by DEM-Solutions Company, and then particle-scale data such as con-
tact forces would be collected and reprocessed using Distribution
Fitting Toolbox provided by MATLAB. However, several key factors of
modeling need to be illuminated below, such as contact force model,
representation of particle shape, time step, particle generation and
input parameters.

Spherical element was used to represent the spherical particle. As
shown in Fig. 1, the total force acting on each particle with radius R in-
cludes gravity mg, contact force F in normal and tangential directions
(Fn and Ft), accounting for the particle–particle and particle–boundary
interactions. To achieve computational accuracy without increasing
too amounts of calculation, the simplified Hertz–Mindlin model
(Hertz–Mindlin no-slip model), which could make a good representa-
tion of the particle behavior, velocity, and contact force during collisions
[24–26], was employed to figuring the contact force due to the plastic
and elastic deformation in this paper. It should be noted that, for non-
cohesive granular particles are found in many contexts and dry flows
may have occurred on Earth, Mars and some other terrestrial planets
[1,12], the viscous forces such as liquid force were not considered
here. Then the translational and rotational motions of particle i in the
system can be described by the Newton's equation of motion:
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where ri, θi,mi and Ii are the position vector, angular displacement,mass
and moment of inertia of particle i, respectively; ŵi is the unit angular

velocity of particle i (ŵi ¼ θ� iθ� i�� ��); and μr, ij is the rolling friction coefficient

between particles i and j. Using the Hertz–Mindlin no-slip model [24],
the normal and tangential contact forces between particles i and j, Fn,ij
and Ft,ij, can be described respectively as:
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where the equivalent properties (radius R⁎, mass m⁎, Young's modulus
E⁎ and shear modulus G⁎) in terms of the properties of the particle i

and j are, respectively, R� ¼ RiR j

RiþR j
, m� ¼ mim j
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, E� ¼ EiE j
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and G� ¼ GiG j

1−ξ jð ÞGiþ 1−ξið ÞG j
; ξi and ξj are respectively the Poisson's ratio

of particles i and j; β is the transform coefficient defined as β ¼
lnei j

ln2ei jþπ2ð Þ0:5; eij represents the restitution coefficient between particles i

and j. vn,ijrel and vt,ijrel stand for, respectively, the normal and tangential rel-
ative velocities between particles i and jwhen a collision occurs (where:

n ¼ ri−r j

ri−r jj j, vn,ij
rel = (ṙi − ṙj) ⋅ n, and vrelt;i j ¼ r
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�
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Then δn,ij and δt,ij signify, respectively, the normal and tangential relative
displacements between particle i and particle j and can be obtained
through the integration of vn,ijrel and vt,ijrel during the collision. Note that
the tangential force is bounded by μs,ijFn,ij following the Coulomb law
of friction where μs,ij is the sliding friction coefficient between particles
i and j. Then the force network of the pile can be obtained by linking
the contact points and the center of particle, as shown in Fig. 1, where
each stick represents one connection between two particles with its
thickness proportional to the magnitude of a contact force.

Besides, a kind of non-spherical particle was employed here: the
paired particle. As shown in Fig. 2, the multi-element method [23,27]
was used to present the shape of paired particle. It was composed of
two identically sized spherical elements overlapping each other. In the
multi-element method, contact detection between particles is sphere-
based and any other procedures for sphere–sphere contact are fully
available. Then the calculation of contact forces between paired parti-
cles can be conducted with a standard discrete element algorithm for
spherical particle.

In a DEM simulation, the principle commonly used to determine a
time step is that the time step for calculating incremental forces and dis-
placements of particlesmust be less than Rayleigh critical time step△tr,
and the△tr can be shown as:

Δtr ¼ π
R

0:163ξþ 0:877

ffiffiffiffi
ρ
G

r" #
min

ð5Þ

where ρ, ξ, and G are respectively the density, Poisson's ratio and shear
modulus of particles in the system. As O'Sullivan et al. [29] and Chung
et al. [30] had reported, the reasonable time step for the simulation of
dense particles' movement is varied between 20% and 80% of Rayleigh
critical time step. In this study, considering both of the computation
time and computation accuracy, the value of 50% of △tr was chosen to
simulate the forming of the granular piles.

The granular piles under variable gravity conditions were produced
by themethod of a point-source [13,28], which coincides with themostFig. 1. Sketch of the spherical particle in DEM model.
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