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Abstract

2. Numerical model

In the last decades, in-situ and remote observations of
asteroids have brought evidence to support the idea
that celestial bodies up to a few hundreds meters in
size may be piles of loosely consolidated material, namely “rubble piles” [6]. A popular method to study
these bodies is through numerical N-body simulations
of gravitational aggregation. We discuss here the reshaping dynamics of rubble pile aggregates and how
these change depending on initial conditions given to
particles. We show the main features of the numerical
code used, including its capability of handling contacts and collisions between a large number of nonspherical particles. A comparative study between spherical and angular bodies is shown for the scenario
under study.

The code has a modular structure and implements
several numerical methods of gravity and contact/collision interactions, to cover a wide range of
dynamical scenarios and applications. To solve for
N-body gravitational interactions, the code features a
GPU-parallel octree implementation [4]. This allows
for a significant reduction of computational time compared to direct N 2 integration. The code implements
the Barnes-Hut algorithm [3], which groups particles
using a hierarchical and recursive cubical subdivision
of the domain. The GPU/CUDA implementation of
the Barnes-Hut is inspired by the work of Burtscher
and Pingali [5].

1. Introduction
N-body gravitational simulations have been widely
used in the past to reproduce the dynamics of rubble
piles under several scenarios, such as gravitational aggregation [12, 13, 15, 17, 1], disruption after a collision [11, 10, 9], rotational breakup [19, 14, 2], reshaping [18], impacts [16]. All these studies consider
classical N-body problem, with collision interactions
between spherical particles. Experimental results on
terrestrial applications of granular dynamics show substantially different dynamical behavior when granular
media is made of spheres or angular bodies. One reason for that is because spheres can move and roll freely
on each other and are not subject to any mechanism to
hinder their motion as in the case of geometrical interlocking between angular bodies. In our study, we
use a N-body code capable of handling the interaction
between non-spherical angular bodies [7].

Contact and collisions are implemented based on
Chrono::Engine library [8]. As mentioned, the N particles are treated as three-dimensional rigid bodies of
arbitrary shape. Each body possesses rotational degrees of freedom, a tensor of inertia and a mesh to be
used for collision detection. As for the case of gravity,
contact are solved in parallel by proper subdivision
of the domain, but this time through a CPU/OpenMP
thread-parallelized structure. Once at contact, bodies
exchange forces through collisions and surface interactions. A first family of forces are those related to
surface properties of the material. These include dissipative forces due to friction and adhesive forces. Both
can be enforced during the simulations and set to a desired value by tuning simulation parameters. A second
family of forces are those related to the collisional process itself, which relate to the amount of momentum
exchanged between the bodies at contact. For our simulations, we use a soft contact model. This allows
to consider the visco-elastic behavior of the material
at contact. From the numerical point of view, contacts
are modeled using a spring-dashpot model at each contact point. The parameters of the spring-dashpot can
be set to mimic the behavior and constitutive laws of a
given material.
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Figure 1: Sequence from a spin-up simulation

3. Simulations
We performed a wide range of reshaping simulations,
under many degrees of freedom. The simulations are
initiated by providing a set of initial conditions to an
aggregate of bodies, which acts as a rubble pile asteroid. Initial conditions of particles include relative
position and velocity of their center of mass, their angular position and spin rate. The simulations are then
run until the system reaches an equilibrium condition.
Simulations are run with two main goals. First, we run
a comparative analysis to identify the role of particle
shape in the formation of the aggregate. The properties
and dynamical transient of aggregates with spheres are
compared to those with angular bodies. Second, a parametric analysis is run to identify key parameters and
quantify their effect in the formation and evolution of
the aggregate. Figure 1 shows an example of the dynamical evolution of the initial aggregate after a spin-up.

4. Conclusion
The results highlight relevant differences in the properties of the aggregate when using spheres or angular
bodies. Spheres appear to be poorly suited and not
accurate to reproducing rubble pile reshaping scenarios. Angular bodies appear to be necessary to keep an
adequate level of accuracy and realism in the simulation results.
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