Erosion Problem on the Moon: Insights from Erosion Function Tests and
Cohesion Dynamics

Ali T.,! Briaud J.-L.,! Connolly J.,> Allen T.,? Logeishwaran G.,?> Kentros N.,2 Milliken J.,>
and Hung N.?

1Zachry Department of Civil and Environmental Engineering, Texas A&M University, P.O. Box
3136, College Station, TX 77843-3136, USA; Corresponding author e-mail:
rumeeameen@tamu.edu

’Department of Aerospace Engineering, Texas A&M University, P.O. Box 3136, College Station,
TX 77843-3136, USA.

ABSTRACT

Plume-Surface Interaction (PSI) presents significant challenges for lunar missions, as rocket
exhaust causes regolith erosion, mobilizing high-velocity particles that jeopardize landing safety,
hardware integrity, and visibility. This study examines the erosion dynamics of BP-1 lunar
regolith simulant under fluid forces and evaluates potential mitigation strategies. Erosion
Function Apparatus (EFA) tests using water flow showed significant particle movement in
untreated regolith, while treatments to enhance cohesion—such as cyanoacrylate, PLA plastic,
and sintering—eliminated measurable erosion. Compaction provided only limited improvement.
Also, CFD-DEM simulations in STAR-CCM+ were done to study the influence of cohesion on
erosion dynamics and crater formation. The results revealed that increasing cohesion
significantly reduced particle movement, preventing crater formation under high-velocity plume
forces. These findings highlight the importance of cohesion in reducing PSI impacts, particularly
for larger landers with more powerful plumes.

INTRODUCTION

When a spacecraft lands on the Moon or another celestial body using rocket propulsion, the
exhaust gases from the engines interact with the surface, accelerating dust and small particles to
high speeds. This process, known as Plume-Surface Interaction (PSI), can pose serious risks to
the lander, nearby hardware, and orbiting spacecraft (Fontes et al., 2022). The absence of an
atmosphere on the Moon means that even the finest dust particles can travel long distances
unimpeded, with some reaching escape velocity and potentially damaging lunar orbiters
(Metzger & Mantovani, 2021). The surface of the Moon is covered with a layer of
unconsolidated rocky material termed regolith which can be mobilized or lofted by PSI during
spacecraft descent or ascent (Figure 1).
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Figure 1. Plume Surface Interaction (NASA Langley Research Center).

Some risks associated with PSI include: Obscuration of view of a pilot or sensors due to a
dust cloud, debris impacting the vehicle or other lunar surface and orbiting assets, cratering and
erosion/deposition altering the surface under the lander, exhaust plume effects such as unsteady
aerodynamics and localized heating, and dust degrading sensitive surfaces such as radiators,
solar panels, or seals on the vehicle as well as other assets.

As NASA and its partners progress toward establishing a sustained presence on the Moon
through the Artemis program, understanding PSI is critical for ensuring safe and efficient
landings. Figure 2 contrasts the Apollo Lunar Module (LEM) with SpaceX's Starship, a
significantly larger and more powerful lander designed for Artemis missions. Starship’s intense
exhaust plumes are expected to amplify PSI effects, including severe regolith erosion, particle
ejection, and crater formation, posing risks to lander stability and lunar infrastructure.
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Figure 2. Plume Surface Interaction (NASA Langley Research Center).

This research aims to gain some insights into PSI, focusing on the erosion characteristics
of lunar regolith under dynamic fluid forces, and to evaluate potential mitigation techniques for
reducing damage caused by plume-induced erosion. To achieve this, tests were conducted in
EFA (Briaud et al., 2001) on BP-1 (Black Point-1) lunar simulant to observe its behavior under
water erosion. Additionally, CFD-DEM simulations were employed to investigate how cohesion
affects erosion dynamics. By combining these computational and experimental methods, we aim
to provide a more comprehensive understanding of PSI dynamics and explore the specific role of
cohesion in regolith behavior during PSI.

BACKGROUND

Plume Surface Interaction (PSI) has been a significant concern for lunar landings since the
Apollo era. NASA identified this issue early on, leading to extensive studies at the Langley
Research Center (LaRC) (Land and Scholl 1969). The phenomenon involves the complex
interaction between rocket exhaust plumes and the lunar surface, which can cause erosion,
visibility issues, and potential damage to spacecraft and instruments.

Initial research into PSI included cold gas experiments in vacuum spheres to predict
erosion during the Apollo Lunar Module's descent (Land and Scholl 1969). Early theoretical
models, such as Roberts' (1966), were found inadequate, prompting researchers to consider
additional mechanisms like momentum transfer and lift force.



Further tests at ambient atmospheric pressure revealed cratering due to bearing capacity
failure and suggested that gas diffusion might also play a role (Alexander, 1966). Scott and Ko
(1968) proposed a new model incorporating gas diffusion, identifying three primary modes of
PSI behavior: viscous erosion, bearing capacity failure, and diffused gas erosion (Romine et al.
1977).

The lunar environment presents unique challenges for PSI studies due to its lack of
atmosphere and surface composition of fine regolith particles. Connolly & Carrier (2023)
describe the lunar regolith as a well-graded silty sand to sandy silt with a median particle size of
70 um. Particle shapes vary from spherical to extremely angular, with irregular surfaces
contributing to soil cohesion. Bulk density increases rapidly with depth, from 1.30 g/cm? at the
surface to 1.52 g/cm? at 10 cm depth and approaches 1.92 g/cm? at greater depths. Shear strength,
composed of cohesion and friction, increases with depth (Figure 3).
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Figure 3: Total lunar soil shear strength as a function of depth (Connolly & Carrier, 2023).

The physics of lunar soil erosion differs significantly from terrestrial processes due to the
vacuum environment and supersonic gas flow. Unlike Earth, where saltation plays a key role in
dust emission, lunar erosion involves unique mechanisms. The soil's unweathered particles and
high dust content, combined with reduced gravity, complicate the study. Researchers have
identified regimes such as viscous erosion, where gas lifts grains, and deep cratering mechanisms
like bearing capacity failure and diffused gas eruptions (Metzger and Vu, 2004; Alexander et al.,
1966). Deep cratering mechanisms were generally absent during lunar landings due to the soil’s
high mechanical strength and low permeability. Additionally, in a vacuum, rocket exhaust is not
focused into a jet, leading to smaller pressure gradients on the surface. However, in the final
moments of the Apollo landings, when the engine nozzle was near the ground, sudden bursts of
soil were occasionally observed, ejecting bulk masses or clods that fragmented as they were
propelled away (Metzger et al., 2011). These occurrences may have resulted from bearing
capacity failure or other deep cratering processes, although they only displaced a shallow layer



of soil, leaving a flat surface beneath the lander. The specific plume and soil conditions
necessary for deep cratering remain unknown, and larger lunar landers may have the potential to

excavate deeper craters.

Apollo mission reports (Gaier, 2005) provide valuable insights into PSI effects during
lunar landings. Visual evidence from the Apollo 15 descent (Figure 4) shows ejected particles
accelerated at shallow angles relative to the lunar surface, highlighting the complex interplay
between the rocket plume and the fine-grained regolith in vacuum conditions (Apollo 15
Landing).

Figure 4: Stills from the Apollo 15 descent video. (left) Before landing regolith accelerated
by the engine plume obscures the surface. (right) After shutting off the descent engine the
regolith clears (Apollo 15 Landing).

These reports also indicate that the lunar regolith consists of a weak, easily disturbed
upper layer and a denser, more resistant lower layer. Apollo 11 and 12 documented shallow boot
prints (3 mm to several cm), easy penetration with tools, and trench collapses, confirming low
cohesion in the topsoil. Apollo 15 and 17 further described variable surface strength, with firmer
soils in some areas and a loose top layer requiring stabilization. Plume-surface interaction (PSI)
during landings caused significant dust displacement, with fine particles entrained and
transported by engine exhaust.

Advanced numerical frameworks are being developed to simulate gas-solid flows
associated with PSI. For example, a two-way coupled, dusty-gas flow model using combined
direct simulation Monte Carlo (DSMC) and discrete element method (DEM) has been proposed.
This approach allows for modeling of gas-gas collisions probabilistically, deterministic
computation of grain-grain interactions, and calculation of particle trajectories and temperatures.
Additionally, the rarefiedMultiphaseFoam solver, developed by Cao et al. (2022), provides
solutions for rarefied two-phase flow problems, incorporating stochastic collision models and the



multiphase particle-in-cell (MPPIC) method for handling solid-solid interactions. These
advancements in computational modeling are crucial for understanding the complex physics
involved in PSI, which remains a challenge due to the range of flow regimes encountered during
lunar landings.

NASA's Plume-Surface Interaction Project is advancing both modeling and testing
capabilities to better understand how rocket exhaust plumes affect planetary landing sites. This
includes developing predictive modeling and simulation capabilities, as well as conducting
ground tests with supersonic rocket exhaust plumes and regolith simulants.

As lunar exploration intensifies through programs like Artemis, understanding and
mitigating PSI effects will be crucial for ensuring safe and precise landings, protecting lunar
infrastructure, and optimizing landing site selection. Addressing these challenges is fundamental
to the long-term viability of lunar exploration, habitation, and scientific operations (Chambers
2020).

EXPERIMENTAL INVESTIGATION

The Erosion Function Apparatus (EFA), developed by Briaud (2001), is a laboratory device
designed to measure the erosion resistance of soil and soft rock samples. The apparatus operates
by recording the rate at which a piston pushes a sample upward to keep its top flush with the
bottom of a conduit where water flows at a controlled velocity. By performing tests at different
velocities, an erosion function is established point by point, allowing for a detailed assessment of
the material's resistance to erosion.

BP-1 (Black Point 1) lunar regolith simulant was chosen for this study due to its
composition and mechanical properties that closely resemble lunar soil (Figure 5). Derived from
the Black Point basalt flow and silt-sized washing paste from a rock quarry in the San Francisco
Volcanic Field, Arizona, BP-1 is an inexpensive and readily available simulant widely used in
lunar soil research and experiments. It is classified as silty sand (SM) under the Unified Soil
Classification System and consists of angular to subangular particles (Suescun-Florez et al.,
2015). The direct shear test on the simulant showed that the uncompacted regolith had a density
of 1.38 g/cc with a cohesion of 0.361 kPa, while the compacted regolith exhibited a higher
density of 1.88 g/cc and a cohesion of 2.035 kPa.

To enhance the cohesion of BP-1 lunar simulant, various tackifiers were evaluated,
including polyacrylamide, guar, chloride compounds, resins, and polymers. Among these,
polymer-based solutions were identified as the most effective due to their superior structural
integrity, mechanical performance, and mass efficiency, making them suitable for space
applications. The selected materials for further testing included light and medium cyanoacrylate
adhesives, polylactic acid (PLA) plastic and also sintering method was selected.



Figure 5. Black Point 1.

EFA tests were conducted on loose, compacted, and treated regolith samples to assess
erosion resistance. Loose samples were prepared by carefully filling a 76.2 mm diameter Shelby
tube with 152 mm of BP-1 regolith without any compaction. In contrast, compacted samples
were formed by filling the Shelby tube in three equal layers of 50 mm each, with each layer
compacted using 25 blows from a 4.5 kg Proctor hammer. To prevent water leakage during
testing, a filter paper was placed on top of the sample, followed by a stopper, and bentonite was
applied as a sealant. When a treatment was applied to the top layer, the piston was raised to make
contact with the stopper and was secured by rotating it clockwise. The Shelby tube was tightly
fixed in place to ensure that only the soil moved with the piston during erosion testing.

Three treatment methods were investigated to enhance the erosion resistance of BP-1
regolith. The first method involved the application of cyanoacrylate (CA) to the regolith samples
(Figure 6a). The second method utilized PLA plastic layering, in which a 0.5 mm PLA sheet was
placed over the regolith surface (Figure 6b). The third method involved sintering, where regolith
mixed with a NaCl-based binder was heated under an argon atmosphere at temperatures of
1100°C and 1200°C (Figure 6c¢). Each of these treatment techniques was assessed for its
potential to improve regolith cohesion and reduce erosion under simulated lunar conditions.

Figure 6. a) Treatment with CA, b) Treatment with PLA, and c) Sintered Sample.



CFD-DEM SIMULATIONS

The study utilized Simcenter STAR-CCM+’s integrated CFD-DEM capabilities to
analyze granular erosion under high-speed gas jets, employing its Linear Cohesion model based
on the Johnson-Kendall-Roberts (JKR) contact theory (Johnson et al.,1971). The JKR model

extends Hertzian contact mechanics by incorporating surface energy effects, where the cohesive
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E1, vi and Ez, v2 as their Youngs’s modulus and Poisson’s ratio respectively and Fj is the
external force applied.

The CFD-DEM simulations replicate plume-surface interaction (PSI) during a lander’s
descent, where exhaust impinges on a granular surface, causing erosion and particle
mobilization. The computational domain, a 600 mm % 600 mm x 600 mm cubic volume,
represents lunar soil, with a 50 mm diameter nozzle at the top center injecting high-speed gas
(500 m/s). The simulation setup was inspired by Apollo observations, where a fluffy top layer
was observed, and thus, an initial top layer of 100 mm was incorporated to reflect this

characteristic.

where E* = (

In the first scenario, the domain was divided into two layers: a 100 mm top layer and a
500 mm bottom layer (Figure 7), each assigned different cohesion values. Initially, both layers
had 0 kPa cohesion, representing loosely packed regolith and leading to widespread erosion. To
analyze cohesion effects, the top layer was set to 2 kPa, based on values from the literature,
while the bottom layer varied between 20 kPa, 40 kPa, 60 kPa, and 80 kPa in different test cases.
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Figure 7. Simulation Setup for First Scenario.
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The 10 mm particle diameter and reduced Young’s modulus were selected to optimize
computational efficiency while preserving key erosion dynamics. The densities for the two layers
and friction coefficients were based on the Connolly & Carrier (2019) data. The value of gravity
was taken as 1.62 m/s. The parameters used for simulation are detailed in Table 1.

Table 1: Properties of the Particles.

Parameter Value
Particle Diameter 10 mm
Density (Top Layer, kg/m?) 1500
Density (Bottom Layer, kg/m®) 1800
Modulus of Elasticity (Pa) 1x10°
Poisson Ratio 0.3
Friction Coefficient 1.036
Normal Restitution Coefficient 0.5
Tangential Restitution Coefficient 0.5
Coefficient of Rolling Resistance 0.001

In the second phase of the study, the focus shifts to understanding how the depth of the
cohesive layers affects erosion patterns, velocity contours, and other key PSI-induced
phenomena. In this phase, the cohesion values of the top and bottom layers remain fixed at 2 kPa
and 60 kPa, respectively, but their relative thicknesses are systematically varied. The simulations
begin with a top layer depth of 50 mm and a bottom layer depth of 550 mm. This is followed by
configurations where the top layer is increased to 100 mm (bottom layer: 500 mm), then 150 mm
(bottom layer: 450 mm), and finally 200 mm (bottom layer: 400 mm).

RESULTS AND DISCUSSION

The results from the EFA are plotted as erosion rate versus flow velocity (Figure 8a) and erosion
rate versus shear stress (Figure 8b). Shear stress is calculated using the Moody chart, which
relates friction factor, water density, and flow velocity to shear stress. The formula for shear

stress 1S T = % fpv?, where 1 is shear stress, p is water density (1,000 kg/m?), v is flow velocity,

and fis the friction factor obtained from the Moody chart. EFA testing demonstrated differences
in erosion resistance among the various samples.

Uncompacted regolith exhibited high erodibility, whereas compacted regolith showed
improved resistance. Sintered samples demonstrated complete resistance to erosion, even at the



maximum tested velocity of EFA (6.5 m/s). Both cyanoacrylate-treated and PLA-reinforced
regolith samples also remained erosion-resistant up to 6.5 m/s.

Erosion resistance trends were plotted against Briaud’s erosion charts (Briaud et al., 2017),
confirming that compacted and treated regolith outperformed untreated loose regolith. While the
compacted samples showed slight improvements, all treated samples exhibited near-complete
erosion resistance.
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Figure 8. a) Erosion Rate vs Flow Velocity b) Erosion Rate vs Shear Stress.

The CFD-DEM simulation results demonstrate distinct particle behaviors under different
cohesion and layer thickness conditions. Figure 9 and 10 shows the particle velocity and velocity
contours for different setup of the first scenario. It was observed that where cohesion values varied
between layers, zero cohesion caused extensive particle scattering in both layers, with velocity
contours penetrating fully to the bottom and forming a deep hole (Figure 10a). As cohesion
increased to 60 kPa in the bottom layer, velocity contours ceased penetrating the second layer
(Figure 10d), limiting particle dispersion primarily to the top layer. Intermediate cohesion values
(0-60 kPa) showed a progressive reduction in penetration depth (Figure 10b and 10c), highlighting
cohesion's role in resisting particle displacement.
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Figure 9. Particle Velocity for Scenario 1.

icle Velocity: Magnitude (mis) Je Velocity: Magnitude (mis)
2.

particl ity m
6.92¢-05 37 675

-10 -



Velocity: Magnitude (m!s) Velocity: Magnitude (mis) Jocity: Mag
1 21 Velochyzhoon

N 0 L
Solution Time 0.65 (s) -\ - Solution Time 0.65 (s) [N B Soiution Time 0.65 (s) N mm@  Solution Time 0.6 (s) -

Velocity: Magmmde (mis)
509

Figure 10. Velocity Contours for Scenario 1.

In the second scenario, with fixed cohesion values (top: 2 kPa, bottom: 60 kPa) and varying
layer thicknesses, velocity contours reached to the bottom of the top layer consistently (Figure 11
and Figure 12). However, the high-cohesion (60 kPa) bottom layer remained largely undisturbed,
even as its thickness decreased from 550 mm to 400 mm.
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Figure 11. Particle Velocity for Scenario 2

v u U

tice Velocity: Magnitude (ms)
7.6

itu
Solution Time 0.65 (s) -

Velocity: M g nitude (mis) - Velocity: Magmmde(m s) Velocity: Mag” aemls) Velocity: M agoi nitude (m!)
255 500 0 23

Solution Time 0.65 (s) - B S, 00 Time 0.6 (s) - W Solution Time 0.65 () _ - Solution Time 0.65 (s) NN -

Figure 12. Particle Velocity for Scenario 2
CONCLUSION

In conclusion, this study effectively integrated experimental and computational methods
to assess and enhance the erosion resistance of lunar regolith simulant. The Erosion Function
Apparatus (EFA) tests demonstrated that while uncompacted regolith is highly erodible,
compaction significantly improves its resistance. Notably, treatments such as sintering,
cyanoacrylate application, and PLA reinforcement proved highly effective in preventing erosion,
even at high flow velocities. Complementing these findings, CFD-DEM simulations revealed
that increasing cohesion within regolith layers diminishes particle scattering and limits the

-11-



penetration of velocity contours, thereby reducing erosion. Furthermore, simulations with
varying layer thicknesses highlighted that a high-cohesion bottom layer effectively resists
disturbance, irrespective of the thickness of the loosely bound top layer. This allowed to match
the observation made during the Apollo 11 landing. These results collectively underscore the
potential of cohesion-enhancing techniques to stabilize lunar regolith, which is crucial for future
lunar surface operations and infrastructure development.
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