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Introduction: Simulating lunar dust clouds will
be beneficial in addressing dust mitigation efforts by
computationally testing alternative rover wheel and
fender designs, and different operational modes. The
Simulator for Planetary Interactions of Dust and Rego-
lith (SPIDR) is a Discrete Element Method (DEM) tool
that can be used to model dust (< 50 micron [1]) cloud
production. SPIDR simulates the lunar surface envi-
ronment using LIGGGHTS [2], an open source DEM
particle simulation software. Other DEM simulations
of planetary regolith focus on bulk properties that
mimic the geotechnical behavior of regolith when in-
teracting with hardware such as rovers and excavators
[e.g., 3,4]. SPIDR instead is focused on replicating the
trajectories of the finest regolith particles that are
kicked up from planetary surfaces during rover loco-
motion, and therefore requires a different approach to
modeling individual particles. The geotechnical behav-
ior of particles in SPIDR is only relevant in determin-
ing their ‘stickiness’ to each other and objects such as
wheels. Here we describe the SPIDR modelling ap-
proach in more detail, and some of the calibration ef-
forts to determine how cohesive lunar particles are.

The SPIDR Approach: With SPIDR, the particle
masses are more accurately modelled so that they fol-
low the expected trajectories of dust particles on the
Moon. The vast majority of lunar regolith materials
have a particle size <50 um, and the smallest particles
are most susceptible to lofting and forming dust
clouds. Therefore, we will only be modelling particle
sizes in this region (7=1.5-13.3 pm). We analyzed the
average lunar particle size distribution reported in
wt.% fractions [1], and calculated the particle mass of
these fractions when assuming an average grain densi-
ty of 3365 kg m™ [5]. The four particle size bins in this
region represent the four particle sizes we have includ-
ed in the simulation, and they are reported in Table 1.
A difference in particle size of a factor of < 10 is opti-
mal when using LIGGGHTS as the skin depth (the
region in which particle-particle interactions occur) is
of the same magnitude.

Table 1 SPIDR particle size distribution (pre scaling)

Particle size, Particle mass Ratio of total number

¥ (um) (kg), m of particles (%), Roumber
13.3 1.22x10-10 1
7.4 3.33x10-1t 3
3.7 5.80x10-12 26

1.5 7.25x10-13 70

To accommodate the scale of the expected model-
ling setups, we have increased the particle radius size
in SPIDR by a factor of 50. The density of the particles
was scaled accordingly so that the particles still have
the same mass. This will result in a different bulk rego-
lith behavior to those shown in the other DEM models
found in the literature [2,3] as the bulk mass is signifi-
cantly reduced.

Calibrating cohesion and friction: The remaining
particle properties to be defined are the cohesion and
friction values which dictate how the particles move
across each other and other surfaces (such as wheels).
For example, as a wheel moves through the particles,
some particles will adhere to the wheel and other parti-
cles. The cohesion and friction values affect the critical
amount of force needed to separate particles and cause
them to be released into a dust cloud.

The different cohesive mechanisms found in lunar
regolith can be simplified in the DEM to an idealized
term to approximate the cohesive properties and mini-
mize computational effort [6]. We utilized the modi-
fied Simplified Johnson-Kendall-Roberts (SJIKR2)
model in LIGGGHTS that considers a single cohesive
parameter, the Cohesion Energy Density, CED (Jm?).
With the SIKR2 model, bulk material flow behavior is
dependent on the coefficient of particle-on-particle
friction, pp, the coefficient of rolling friction, p,, and
CED. These parameters can be derived experimentally
using a simple calibration ‘lifting cylinder’ slope fail-
ure test [6]. In the lifting cylinder test, a cohesive ma-
terial is poured into a hollow cylinder, and the cylinder
is then raised up such that the only forces acting on the
bulk material column are gravity and those of the ma-
terial itself (Figure 1). The column deformation and
flow behavior can be recorded and compared to simu-
lations performed with SPIDR, which replicates the
experiment. The SPIDR simulations were repeated for
a range of i, 1r, and CED values.

Experimental Results: We performed the lifting
cylinder test on two Apollo bulk regolith samples, a
mare sample (15071) and a highlands sample (61141)
[7]. The test is independent of cylinder size, and there-
fore we opted for a smaller cylinder size (h=25.2 mm,
ID=8.52 mm) than that used in the experiments of [6]
as we had access to a limited sample size of ~2 g for
each of the Apollo regolith samples. The funnel was
lifted with a constant velocity of 8.7£0.2 mm s. Each
experiment was repeated three times and a camera was
used to record the deformation and flow of the granular
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material from the cylinder with a frame rate of 30 fps.
The video footage was analyzed, and column width
was measured as the cylinder base reached the selected
heights, h. The SPIDR simulation results were ana-
lyzed with a Python script which measured the same
column width values as in the analysis of the experi-
mental results. The script then identified the resultant
simulation that exhibited the most similar (lowest er-
ror) column width deformation at each stage of the
experiment. The best-fit parameter values are those
used in the optimized simulation.
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Figure 1. Lifting cylinder test experimental setup.
Results of each lifting cylinder test for each sample
type were highly variable, as the point of column col-
lapse occurred at different h values. It is assumed that
small vibrations during the cylinder lifting process
could have caused early column collapse. Therefore,
we selected the results exhibiting the most cohesion
(least column deformation) to compare our simulations
to. The best-matched SPIDR simulation is shown in
Figure 2 alongside the results of the 15071 experiment.
It can be seen that there is some visible equivalence to
the two sets of results, with initial column stability and
final pile dimensions. However, the stage at which
column deformation occurs is not the same.
Limitations and next steps: The highlands sam-
ples exhibited slightly more cohesive behavior with
later column collapse and higher angles of repose
compared to the mare samples. However, while scan-
ning through the different cohesion and friction varia-
bles with the SPIDR calibration simulations, the same
combination of variables (1,=0.5, u=0.5, and CED=6)
was shown to best match both the highlands and mare
samples. This suggests that the chosen variable range
did not include sufficient resolution to identify the dif-
ferences described. We suggest a second calibration
campaign to identify the optimal variables that repre-
sent the different terrain types. The variables identified
here will be used in SPIDR for generic lunar regolith.
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Figure 2. Lifting cylinder results. Left — optimized

LIGGGHTS simulation, Right — sample 15071.

The lifting cylinder test is supposedly scale-
independent. However, initial testing with the SPIDR
simulations suggest that when simulating larger cylin-
ders, the column deformation behavior changes. We
suggest a lower limit on the geometry-to-particle-size
ratio that would result in different bulk behavior. We
will therefore need to repeat the calibration campaign
with larger cylinder geometries.
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