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Abstract
A discrete simulation of angular grains is used to model two-
dimensional impact events. Findings qualitatively compare
to experimental work, and analysis of packing fraction and
strain distributions reveal limited downwards granular dis-
ruption despite increasing projectile velocity.

Introduction
Low-velocity, oblique impacts between mad-made craft and
extraterrestrial granular terrains are inevitable in space ex-
ploration. Building an understanding of what dynamics are
involved in these impacts and to what degree they influence
behavior may help inform lander design, ultimately improving
mission outcomes.

Wright et al. has recently conducted experimental studies
of oblique impacts of a marble into sand [1] and other media
[2]. Thuillet et al. have studied, with discrete simulations,
impacts inspired by the landing of MASCOT on Ryugu [3, 4].

This work aims to continue the simulation study of such
impacts, but to do so with a non-conventional grain geometry.
Findings are compared to similar experimental literature and
then post-processing procedures go beyond to evaluate sub-
surface granular dynamics spurred by the impact.

Methods
Finite elements software Abaqus is used to discretely model
a bed of triangular grains impacted by a disk-like projectile.
The selection of the triangular grain represents the simplest
angular geometry to test, as a single element can represent
each grain. Earth-like gravity is applied to the system to sup-
port model stability and enable comparison to experimental
works. The initial configuration of the model is shown in
Figure 1.

Figure 1: Initial configuration for impact tests with labelled
angle convention.

Impact tests are conducted by applying a one-millisecond
impulse to the centroid of the disk, accelerating it to the de-
sired impact angle and velocity. The dimensionless Froude

number is also computed for each impact in terms of projec-
tile velocity v, radius r, and gravitational acceleration g by
the expression v/

√
gr.

Results

Impact behaviors
Qualitative comparisons are drawn between these simulated
impacts and similar experimental work. Across a battery of
simulated impacts ranging from 1 m/s to 7 m/s and 20◦ to
70◦, each of the three types of literature-noted impact behav-
ior are observed: ricochet, roll-out, and full-stop [1].

By denoting each impact behavior as a specific marker and
plotting against corresponding impact angle and velocity, im-
pact behavior maps are developed. Figure 2 illustrates impact
behaviors recorded for the configuration shown in Figure 1.

Figure 2: Impact behavior plot generated from configuration
in in Figure 1.

Consideration of this impact behavior plot against those
produced by Wright et al. [1] show similar qualities; ricochet
type behavior (red points) is concentrated in the lower right
side of the plot at higher impact velocity and shallower angles,
full-stop behavior (black points) is focused at the top left for
steeper impacts at lower velocity, and roll-out behavior (blue
points) exists as a transition zone in between the two.

Packing fraction
The positional data for all grains in the simulation is used
with a technique called Set Voronoi tessellation [5] to deter-
mine a packing fraction for each grain. The metric allows
visualization of how grains reconfigure relative to each other
during impact. Dividing the area of the grain (Agrain) by
the area of its spatial cell (Acell) yields it packing fraction:
ϕlocal = Agrain/Acell.

For optimal visualization, the difference in packing fraction
for each grain before and after the impact is computed. This
change in packing fraction can be represented as a colored
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point in a density plot, revealing the breadth of shifted grains
(see Figure 3).

Figure 3: The change in packing fraction density plot for a
5m/s impact at 60◦.

Plots such as Figure 3 are created for impact angles of 30◦

and 60◦ and velocities from 2 m/s to 10 m/s. As velocity
increases, the breadth of grain disruption is shown to grow,
though disruption is observed predominantly in the lateral
directions and does not seem to spread significantly deeper.

Strain distribution
Strain distributions also visualize how grains reconfigure dur-
ing impact. Displacement data is used to compute Eulerian
strain components for each grain and, ultimately, the von
Mises distortion as a single value measurement. A binary
contour plot is generated for the von Mises distortions to il-
lustrate the region of disrupted grains. An example is shown
in Figure 4.

Figure 4: The von Mises distortion contour plot for a 5m/s
impact at 60◦.

This region of disrupted material is denoted the ’skin zone’.
For each strain contour evaluated (same subset as for pack-
ing fraction), the mean skin depth (MSD) is computed. For
another metric, the transient crater depth (TCD) - the maxi-
mum crater depth observed during impact - is also measured
in the model. The measurements of MSD and TCD are plot-
ted against impact velocity for both 30◦ and 60◦ simulations
in Figure 5.

A fairly continuous growth in MSD and TCD is observed
for the 30◦ impacts. However, the 60◦ data seems to show
a falling off in MSD measurements beyond 8 m/s, while the
TCD measurement continues to increase. This suggests that a

Figure 5: Plots of mean skin depth (MSD) and transient
crater depth (TCD) data for 30◦ and 60◦ impacts between
2 m/s and 10 m/s.

new dissipative mode may come to dominate at higher veloc-
ities that directs the majority of dissipation laterally within
the bed instead of vertically.

Conclusion
In conclusion, a discrete model of unconventional triangular
grains subjected to surface impacts presents the same three
classes of impact behavior noted in the literature.

Packing fraction distribution is observed at a high resolu-
tion, showing how the triangular grains reconfigure relative
to their neighbors during an impact.

Finally, strain distributions show how depth of the strained
region corresponds with transient depth of the crater and how
these metric trend with increasing velocity of the impactor.
The strain findings most clearly demonstrate the possibility
that the energy dissipation modes shift above a certain veloc-
ity leading to more lateral disruption of grains.
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