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Using a Soft-Sphere DEM code we simulate the re-
shaping and disruption of a self-gravitating 3D granular
aggregate by increasing its spin rate. During the process,
we monitor the evolution of the internal stresses in the
aggregate to find its yield stress using the Von Mises and
Maximum Stress yield criteria. In the simulations we ei-
ther increase the number of particles or their density to
increase the total mass of the aggregate and find an in-
crement in the yield stress. In addition, once a reshaping
spin rate (density dependent) has been reached, its fur-
ther increase causes further reshape (ultimately fission)
and a decrease in the spin rate itself.

Introduction

Given the current understanding that asteroids can be in
fact rubble-piles held together by gravitational and co-
hesive forces, it is necessary to understand their internal
mechanics if we are to understand how they have evolved
to show the variety of sizes, shapes and configurations
that we can attest today. One of the possible reasons
for these varied features could be the rotation and subse-
quent fission of the primary asteroid. The research pre-
sented here will deal, not with the reasons for increased
rotation, but with the results, i.e., the re-shaping process
and the internal stress that the primary undergoes as a
result and before fission occurs.

Simulation Details

In our studies we simulate the particles forming the aster-
oid by means of a Soft-Sphere Discrete Element Method
code [1, 2]. Contact forces are calculated through a linear
spring-dashpot potential [3]. The overlap of the particles
provide the measure of the restoring force of the modeled
spring; the dashpot provides a velocity-dependent dissi-
pation. Frictional forces are calculated as the minimum
between a tangential spring, located at the contact point
of two particles, and dynamic friction.

To calculate gravitational forces [4], we divide the
available space using a regular-static 3D grid and keep
track of the absolute position of the particles in the grid.
The mass of the particles in each cell is assigned to a
virtual particle in its centre. The distance between the
centres of these cells are calculated and kept in memory.
This is then used to calculate the force between two mass
points plus a first order correction term that accounts for
the granularity and inhomogeneity of the system.

The density of the particles is 3200 kg/m3 and their
sizes are randomly distributed between 8 and 9m. They

are contained in a cubic box, 600 m per side, with pe-
riodic boundary conditions. The particles are positioned
in as many horizontal layers as needed, forming a hexag-
onal closed packed lattice at the centre of the box and
covering its entire cross-sectional area. To start the sim-
ulation, friction is turned off and the particles are given a
random speed between -2.5 and 2.5 mm/s in each coor-
dinate direction. When the kinetic energy of the system
has reached a near steady value, the simulation is started
and friction is turned back on. The angular velocity is
increased by 9× 10−5 rad/s every 30000s up until when
the total simulation time is 300000s. The stress field in
the aggregate is monitored every 500s, and in much more
detail during the first 500s after each increase.

Average Stress Tensor due to Contact Forces

In the simulations, the formed asteroid is divided in reg-
ular cubes of 25m in size and the average stress tensor of
the particles inside the cube is calculated as:

σ̄ =
1
V

∑
c∈KV

~f ⊗~l (1)

where V is the volume in which the calculation is taking
place, KV is the set of contacts between the particles in
the volume V , ~f is the reaction force due to a contact
and ~l is the relative position of one particle with respect
to the other (branch vector). The contribution of contacts
between particles in different volumes has a weight of 0.5
for the sum in either volume [5]. The principal stresses
of the stress tensor of the particles in each volume are
then calculated. These values define the stress state of
the particles inside each individual volume and will later
be used to calculate the value of the yield stress. By con-
vention they will be noted: σ1 ≥ σ2 ≥ σ3.

The exact value of the static part of the stress ten-
sor, calculated as a force per unit area in the faces of the
volumes, showed numerical agreement with this averag-
ing process. As the system is not in static equilibrium,
in general, the stress tensor is asymmetric and its eigen-
values could be complex. If this happened they were not
calculated and left out of the analysis.

Yield Criteria

In order to find the yield stress (σy) of an aggregate we
have used two definitions. 1. The Maximum Principal
Stress Theory: Yield takes place when the largest princi-
pal stress exceeds the uniaxial tensile yield strength.

σ1 ≤ σy (2)
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2. Distortion Energy Theory: The total strain energy
can be separated into two components: the volumetric
(hydrostatic) strain energy and the shape (distortion or
shear) strain energy. Yield takes place when the distor-
tion component exceeds that at the yield point for a sim-
ple tensile test. This is generally known as the Von Mises
yield criterion and is expressed as:√

1

2
[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2] ≤ σy (3)

Results and Observations

In order to observe whether or not the yield is dependent
on the mass/volumen of the aggregate, we carried out our
simulations with 2000, 3000, 4000 and 8000 particles
with a density of 3200 kg/m3. The calculated σy for
these systems are tabulated in table 1.

Table 1: Average σy for aggregates with different number of
particles and constant density (values given in Pa).

Criterium 2000ptc 3000ptc 4000ptc 8000ptc
MS(Pa) 3.4 4 4.7 7.7
VM(Pa) 1.8 2.4 2.8 4.7

These values of σy show a monotonic increase with
the mass of the aggregate as expected. In addition, re-
shaping was found to occur at a spin rate near or smaller
than 5.4 × 10−4 rad/s. This value is in good agree-
ment with the predicted value of 4× 10−4 rad/s (ωcrit =
0.53

√
4πGρ/3) [6].

Next, we keep a constant number of particles (3000)
and change their density to 3900 and 4600 kg/m3. The
calculated σy for these systems are tabulated in table 2.
Here also, the increased mass of the aggregate showed

Table 2: Average σy for aggregates with different density and
constant number of particles (values given in Pa).

Criterium 3200kg/m3 3900kg/m3 4600kg/m3

MS(Pa) 4 6.4 8.4
VM(Pa) 2.4 3.6 5

an increase in the value of the σy . The spin rate at which
reshaping started also changed with the change in mass,
from near to 5.4× 10−4 rad/s to 6.3× 10−4. In all cases
here studied, after a reshaping spin rate was reached, its
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Figure 1: Spin-rate for aggregates formed by 3000 parti-
cles and densities of 3200(blue), 3900(red) and 4600 kg/m3

(green). The dashed lines represent the nominal spin rate (hor-
izontal) and the instants when it was increased (vertical).

continued increase would only cause further reshaping
(finally fission) with the consequent decrease in spin rate
due to the increased inertia. Figure 1 shows the evolution
of the spin-rate for equal-size aggregates with different
densities.

Conclusions

In this paper we present the preliminary results of the
simulation of self-gravitating granular aggregates that
undergo a reshaping and fission process due to the in-
crease in angular velocity. It is observable that σy always
increases with the mass of the aggregate. However, the
angular velocity for reshaping depends on its bulk den-
sity. The maximum stress is mostly found near centre
of the aggregate. In addition, after a reshaping spin rate
has been reached, its further increase only causes more
reshaping and decrease in the spin rate itself.
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