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Influence of low gravity on the penetration
resistance of lunar regolith
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Jun Chen' >4, Ruilin Li?0< & Shigen Fu'

Lunar surface operations conducted by the United States and the Soviet Union confirmed that
penetration resistance is a key indicator for evaluating the engineering properties of lunar regolith. To
quantitatively assess the influence of reduced gravity on penetration resistance, this study employed a
newly developed Geotechnical Magnetic-gravity Modeling Test (GMMT) system to perform cone
penetration tests under controlled gravitational acceleration levels of 1/6 g, 1 g, and 2 g. The results
indicated that the normalized penetration resistance increased as gravity decreased, and this effect
was amplified at higher relative densities. To investigate the underlying mechanisms, discrete element
method (DEM) simulations were conducted. The findings revealed that, in addition to gravity, in situ
factors such as high relative density and irregular particle morphology also significantly enhanced
penetration resistance by strengthening interparticle contact and friction. These non-gravitational
effects partially offset the expected reduction in resistance under lower gravity, leading to a smaller-
than-anticipated decline. This study provides new insights into the gravity-dependent penetration

behavior of lunar regolith.

Despite rapid advancements in space technology, knowledge of the geo-
mechanical properties of lunar regolith remains limited. This limitation has
contributed to operational challenges in previous missions: the Apollo 15
mission failed to reach the intended depth and encountered difficulty
retrieving core stems'; the Luna 20 mission was halted at a depth of 25 cm’;
and the Change-5 mission experienced unexpectedly high resistance at
around 1 m depth, resulting in a lower-than-expected sample mass’. As
upcoming missions involve more complex tasks, including lunar base
construction’ and in situ resource utilization””, a deeper understanding of
regolith mechanical behavior is essential for mission success'*"*. Cone
Penetration Testing (CPT) is a widely used technique for evaluating sub-
surface mechanical properties'>'. Its effectiveness has been demonstrated
during lunar exploration missions conducted by the United States and the
former Soviet Union'”"®. Accordingly, this method has garnered increasing
attention'’*'. However, most physical CPT tests have been conducted under
Earth’s gravity. Given that Earth’s gravity is approximately six times that of
the Moon, the applicability of these results to lunar conditions remains
uncertain’”. Although several studies have attempted to simulate pene-
tration under different gravitational acceleration levels using the DEM
method, such numerical simulations generally lack validation against cor-
responding physical experiments, leaving their reliability in question™”.
Additionally, some researchers have utilized parabolic flight campaigns to
conduct penetration tests in reduced-gravity environments**”’". However,

the extremely short duration of low-gravity conditions necessitates high-
speed penetration tests, which deviate significantly from the slow penetra-
tion processes expected on the lunar surface, thereby limiting their practical
relevance.

The 1/6 g gravity is a key factor influencing the penetration
resistance of in situ lunar regolith. Recreating this gravity environment
is essential for accurately capturing its penetration characteristics, and
three physical methods can theoretically simulate the low-gravity
conditions for cone penetration tests. Drop tower works by releasing
partial gravitational acceleration to achieve the target gravity envir-
onment. Systems of this kind have been constructed in several coun-
tries, e.g., the United States’”, Germany’*’', China’>”, Japan™, and
India*’. However, due to the height limitations of such towers, the 1/6 g
condition is sustained for only a few seconds, which is insufficient for
standard penetration testing. Reduced-gravity aircraft operates on a
principle similar to that of a drop tower, typically sustaining 1/6 g for
up to 30 s. Representative reduced-gravity aircraft include the Zero-G
aircraft’, Ilyushin 11-76”, and Falcon 20*°. Nevertheless, this duration
remains insufficient for cone penetration testing, and the physiological
demands placed on researchers further limit its widespread use.
Magnetic levitation method (GMMT method) employs uniform and
stable magnetic forces to counteract partial gravity, thereby creating a
desired reduced-gravity environment. In earlier work, Professor
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Fig. 1 | Penetration resistance and normalized penetration resistance curves of
CUMT-1 lunar regolith simulant under three gravities and three relative den-
sities (physical tests). a Penetration resistance curves at the relative density of 40%.
b Penetration resistance curves at the relative density of 58%. ¢ Penetration
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(e) )

resistance curves at the relative density of 76%. d Normalized penetration resistance
curves at the relative density of 40%. e Normalized penetration resistance curves at
the relative density of 58%. f Normalized penetration resistance curves at the relative
density of 76%.

Geim™ demonstrated the feasibility of this approach by levitating a frog
using magnetic fields. This unconventional experiment was later
recognized with the 2000 Ig Nobel Prize in Physics. In 2021, Sanavandi
and Guo"’ proposed a superconducting magnet coil structure, aiming
to generate variable-gravity conditions over a larger spatial region.
However, no physical realization of their specific design has been
reported to date.

The limitations of current reduced-gravity simulation methods have
resulted in most physical penetration tests being performed under Earth’s
gravity, which has hindered in-depth exploration of penetration resistance
behavior under low-gravity conditions. To address this gap, this study
conducted static cone penetration tests under 1/6 g, 1 g, and 2 g conditions
using a self-developed magnetic levitation system* and the magnetic
CUMT-1 lunar regolith simulant®. The results were then compared and
analyzed with those from real lunar regolith and other simulants. Subse-
quently, the discrete element method was employed to quantitatively ana-
lyze the evolution of force chains during penetration, providing insights into
the mesoscopic mechanisms through which gravity affects penetration
resistance.

Results

Physical cone penetration test results under three gravitational
acceleration levels

Physical cone penetration tests of the CUMT-1 lunar regolith simulant were
conducted using the GMMT method at three gravitational acceleration
levels (1/6 g, 1 g, and 2 g) and three relative densities (40%, 58%, and 76%).
The penetration resistance g and normalized penetration resistance Q were
utilized to quantify the penetration characteristics of the CUMT-1 lunar

regolith simulant, with definitions provided as follows:

F
=7 1)
-1
Q= pr= ()
z
Z= 3 (3)

where F is the force exerted on the drill rod, A is the maximum cross-
sectional area of the cone tip in the horizontal direction, ” is the bulk density
of CUMT-1 lunar regolith simulant under a specific relative density
condition, g is the gravitational acceleration under a specific gravitational
field, z is the penetration depth of the cone tip, B is the edge length of the
cone tip, and Z is the normalized penetration depth.

Penetration tests were conducted under three gravitational accelera-
tion levels and three relative density conditions. At least two parallel trials
were performed under each condition to ensure the reproducibility of the
results. When a noticeable discrepancy was observed between the two tests, a
third trial was carried out to further verify data reliability. Figure la-c
presents the results obtained after filling the area between the two parallel
penetration curves. It can be seen that certain fluctuations exist between the
parallel tests under the same conditions, which mainly result from non-
uniformity in the soil fabric during penetration. Despite these fluctuations,
the observed variability does not affect the analysis of the gravity effect. The
penetration resistance increases steadily with increasing gravity under all
three relative density conditions. Furthermore, across all relative density
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conditions, the penetration curves corresponding to different gravitational
acceleration levels overlap during the initial stage. This phenomenon likely
arises from the relatively low gravity-induced vertical stress within a depth of
40 mm, exerting only a limited influence on the overall resistance. At this
stage, penetration resistance is primarily governed by relative density and
exhibits some variability due to limitations in the sample preparation
process.

Furthermore, under the identical relative density conditions, pene-
tration resistance decreases with decreasing gravitational acceleration level,
aligning well with established expectations. However, as relative density
increases, the influence of gravity on penetration resistance becomes pro-
gressively less pronounced. For example, at a relative density of 40%, the
average penetration resistance within a depth of 150 mm under 1/6 g gravity
is ~29.1% lower than that under 1 g gravity. In contrast, the reduction is only
about 8.8% at a relative density of 76%. According to previous lunar
exploration data®, the in situ relative density of lunar regolith increases
rapidly with depth, reaching up to about 92% at ~60 cm. This suggests that
the reduction in resistance caused by the 1/6 g lunar gravity may be sub-
stantially less than previously expected.

The normalized penetration resistance curves are presented in Fig. 1d-
e. It can be observed that the normalized penetration resistance increases at
an accelerating rate as the gravitational acceleration decreases and the
relative density increases. Specifically, when the relative densities are 40%,
58%, and 76%, the average increase in normalized penetration resistance
within a depth of 150 mm caused by a reduction in gravity from 1 gto 1/6 g
is approximately 308.2%, 429.1%, and 439.2%, respectively. Meanwhile, at
fixed gravitational acceleration levels of 1/6 g, 1 g, and 2 g, increasing the
relative density from 40% to 76% results in average increases in normalized
penetration resistance of approximately 1686.1%, 1252.6%, and 1242.4%,
respectively. These results indicate that the normalized penetration resis-
tance is highly sensitive to both gravitational acceleration and relative
density. However, based on the magnitude of the increases, it is evident that
when the normalized penetration depth is less than 20, relative density
exerts a considerably greater influence on normalized penetration resistance
than gravity.

DEM simulation results of cone penetration under gravitational
acceleration levels

Two-dimensional DEM simulations of static cone penetration tests were
conducted under the three gravitational acceleration levels: 1/6 g, 1 g, and
2 g. To account for computational limitations, the numerical model was
simplified by reducing domain size, narrowing particle size distribution, and
simplifying particle morphology. The penetration resistance and normal-
ized penetration resistance curves are presented in Fig. 2.

A comparison between Fig. 1 and Fig. 2 shows that the trends of
penetration resistance and normalized resistance obtained from the DEM
simulations are in good agreement with the experimental results. In both
cases, the penetration resistance decreases with decreasing gravitational

acceleration level, while the normalized penetration resistance increases
sharply as gravity decreases. In the DEM simulations, penetration resistance
initially increases approximately linearly with depth. Then it reaches a
turning point beyond which the growth rate slows—similar to the behavior
observed in physical tests at relative densities of 40% and 58%. Moreover, in
both DEM simulations and physical tests, the penetration resistance curves
corresponding to the three gravitational acceleration levels overlap during
the initial stage. Overall, the DEM results qualitatively reproduce the
penetration resistance behavior observed in the physical experiments. In
terms of the maximum normalized penetration resistance, the DEM
simulation results fall between those obtained for relative densities of 40%
and 58% in the laboratory tests.

Discussion

To interpret the penetration behavior observed in experiments, the inter-
particle contact force is used to quantify the mesoscopic influence of gravity
on penetration resistance. The extrusion force generated by the cone tip is
transmitted through these inter-particle contact forces to the surrounding
particles, as illustrated in Fig. 3. For analytical clarity, the inter-particle
contact forces are first classified as follows.

Inter-particle contact forces can be classified as strong or weak, with
strong forces exceeding the average inter-particle contact force and weak
forces falling below it. During the penetration process, the influence of the
cone tip resistance is spatially limited, and most contact forces outside this
zone are weak, showing only limited correlation with the penetration
resistance. Distinguishing between strong and weak inter-particle contact
forces enables the identification and isolation of the strong contact forces
that are most closely associated with cone tip resistance.

A boundary line is drawn from the upper end of the cone surface along
its normal direction, dividing the model domain into upper and lower
regions, where the inter-particle contact forces are accordingly defined as
upper and lower contact forces. In the absence of gravity, stable force chains
cannot form above this boundary, while particles below it can still develop
force chains through interlocking and frictional interactions.

Taking the 1/6 g gravity condition as an example, Fig. 4 presents the
force chain distributions of the CUMT-1 lunar regolith simulant at three
representative penetration depths. The thickness and color of each force
chain indicate the relative magnitude of the inter-particle contact force.
According to the above classification criteria, all force chains except those
shown in gray represent strong force chains.

Rapid accumulation stage of the force chain skeleton. Figure 4a shows
the distribution of force chains when the cone tip has penetrated to half of its
length. At this stage, the influence of vertical stress from the overlying soil is
relatively weak, and the resistance generated within the CUMT-1 simulant
primarily arises from interlocking and frictional contacts among the
underlying particles. This is evidenced by the concentration of strong force
chains beneath the cone tip, which tend to propagate along the normal
direction of the cone surface. This distribution pattern indicates that even

npj Microgravity | (2026)12:18


www.nature.com/npjmgrav

https://doi.org/10.1038/s41526-026-00562-8

Fig. 3 | Schematic diagram of classification for inter-
particle contact force near the cone tip during
penetration.
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Fig. 4 | Force chain distribution near the cone tip
of CUMT-1 lunar regolith simulant at different
penetration stages (DEM simulations). a Stage I:
Penetration depth = 1.73 mm. b Stage II: Penetra-
tion depth = 3.47 mm. ¢ Stage III: Penetration
depth = 10.40 mm.
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under very low vertical stress, a force chain network capable of resisting
downward penetration can form within the simulant. This also explains why
the penetration resistance curves under different gravity conditions overlap
during the early stage, as shown in Figs. 1a-c and 2a. During this stage, the
contact area between the cone surface and the surrounding particles
increases with penetration depth, leading to a rapid accumulation of sup-
porting points for strong force chains. This is reflected in Fig. 2a as an

approximately linear increase in cone tip resistance, with the highest growth
rate observed throughout the entire penetration process.

Completion stage of force chain skeleton development. Figure 4b
shows the distribution of force chains when the cone tip becomes fully
embedded in the soil. Compared to the initial stage, the transmission dis-
tance of strong force chains increases significantly. The supporting points of
force chains extend from the cone tip to the midsection of the cone surface,
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Fig. 5 | Variation of the number and mean mag-
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while the upper part of the cone is primarily supported by weak contacts. At
this point, the force chain skeleton is nearly fully developed. The rate of
increase in penetration resistance begins to decline after this stage, as shown
in Fig. 2a.

Continuous strengthening stage of the force chain skeleton. Figure 4c
shows the force chain distribution when the cone tip has penetrated to a
depth of 10.4 mm, approximately three times the cone height. At this stage,
the penetration force transmission pattern has stabilized, and further
increases in depth no longer cause significant changes to the primary force
chain skeleton surrounding the cone. Gravity becomes the dominant factor
contributing to the increase in tip resistance. However, its effect does not
occur through the direct formation of strong force chains. Instead, gravity
enhances auxiliary force chains above the boundary line, which in turn
support the strong force chains oriented along the cone’s normal direction,
thereby indirectly increasing the cone tip resistance. As a result, the sensi-
tivity of tip resistance to penetration depth is significantly lower than during
the initial rapid accumulation phase of the force chain skeleton.

Based on the above analysis of the penetration process under 1/6 g
gravity, the evolution of a single penetration resistance curve can be inter-
preted from a microscale perspective. Nevertheless, this factor alone is
insufficient to explain the increasing trend of normalized penetration
resistance under reduced gravity. As discussed earlier, gravity enhances the
cone tip resistance primarily by strengthening auxiliary force chains above
the cone tip, which indirectly support the main load-bearing force chains
along the cone. Therefore, the subsequent analysis focuses on the strong
force chains above the cone tip. Two parameters were selected to char-
acterize the state of these force chains: the number of strong inter-particle
contacts above the cone tip, and the average magnitude of these strong inter-
particle contact forces. The variations of these two parameters with pene-
tration depth under the three gravitational acceleration conditions are
summarized in Fig. 5.

At the initial stage of penetration, the number of strong contacts and
the average strong contact force in the upper region of the cone tip show
significant overlap across the three gravity conditions. This can be attributed
to the rapid accumulation of supporting points for strong force chains along
the cone surface at this stage, during which the influence of gravity is
relatively minor, as shown in Fig. 4a. To ensure a valid comparison, the
stable penetration interval below 5 mm depth was selected for analysis. As
shown in Fig. 5a, b, both the number of strong contacts and the mean strong
contact force in the upper cone region decrease with lower gravity, which
aligns with expectations. However, the magnitude of reduction in these two
metrics is considerably smaller than the reduction in gravitational loading.
Specifically, when gravity decreases from 2 g to 1/6 g (a 91.67% reduction),
the number of strong contacts and the average strong contact force decrease
by only ~14.36% and 17.87%, respectively.

The formation of strong force chains above the cone tip is influenced by
both vertical stress and the interlocking and frictional structures between
particles. At the same penetration depth under 1/6 g and 2 g conditions,
although the vertical stress in the latter is twelve times that in the former, the

quantity and strength of inter-particle interlocking and frictional structures
remain largely comparable. As a result, the penetration resistance under 1/
6 g is far less than one-twelfth of that under 2 g, resulting in a substantially
higher normalized penetration resistance in the lower gravitational accel-
eration level. This finding also explains the observed reduction in the gravity
sensitivity of normalized penetration resistance under high relative den-
sities, as shown in Fig. la—c. Specifically, the number and strength of
interlocking and frictional structures above the cone tip increase with
increasing relative density, thereby diminishing the relative contribution of
gravity to the formation of strong force chains in this region.

By combining GMMT and DEM methods, this study revealed how
gravity influences the penetration resistance of CUMT-1 lunar regolith
simulant under 1/6 g, 1g, and 2 g conditions. The results indicate that
penetration resistance is primarily governed by two factors: gravitational
stress and the interlocking and frictional interactions among particles above
the cone tip. These two factors jointly determine the number and strength of
strong contacts in the upper region of the cone, which in turn indirectly
affect the cone tip resistance. The interlocking and frictional structures are
influenced by particle morphology (e.g., roughness, angularity, and aspect
ratio) and relative density. Given that in situ lunar regolith exhibits complex
particle morphologies and high relative density, it can be inferred that the
contribution of interlocking and frictional structures to penetration resis-
tance is likely greater than that in conventional terrestrial soils. Conse-
quently, the sensitivity of cone tip resistance to gravity is expected to be
relatively low.

This study suggests that under practical conditions where the
equipment weight on the Moon is reduced to one-sixth of that on Earth,
the decrease in penetration resistance is likely to be slight. This means
that insufficient self-weight support force may become a major obstacle
to penetration or drilling operations. Given that the CUMT-1 simulant
exhibits irregular particle shapes and high single-particle strength, the
penetration resistance data under 1/6 g can be regarded as approximately
representative of real lunar regolith. At a relative density of 76%, pene-
trating a 150 mm layer of CUMT-1 simulant requires a resistance of
~11 MPa, corresponding to a force of about 553 N. This indicates that a
lunar rover would need a mass of at least ~342 kg on the Moon to directly
penetrate a 150 mm layer of lunar regolith. However, considering that the
lunar rover may become unstable if its support points are misaligned, and
the possible presence of heterogeneous layers during penetration, the
actual required mass would need to be considerably higher. This also
helps explain why the Lunokhod 1 and 2 missions conducted nearly 1000
cone penetration tests, each reaching only about 4.4 cm depth, without
further penetration.

From an engineering perspective, achieving deeper penetration can be
facilitated by three strategies: reducing the drill bit diameter while main-
taining sufficient strength; employing an alternative drilling approach, such
as a mole-type (self-penetrating) system, rather than direct penetration; and
enhancing the lunar rover’s traction or anchoring capability to increase the
effective support force.
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Fig. 6 | Introduction of the magnetic CUMT-1 lunar regolith simulant.

a Development process of CUMT-1 lunar regolith simulant. b Force state of a
CUMT-1 lunar regolith simulant particle in the magnetic field. ¢ Particle size
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distributions of CUMT-1 lunar regolith simulant and lunar surface regolith.
d Particle morphology distributions of CUMT-1 lunar regolith simulant and lunar
surface regolith.

Methods

CUMT-1 lunar regolith simulant

The main procedures for preparing the CUMT-1 lunar regolith simulant, as
illustrated in Fig. 6a, are as follows. Volcanic ash and Fe;O, magnetic
powder were first mixed at a mass ratio of 3:2 using an automatic mixer, after
which the mixture was blended with NH,HCO; powder at a mass ratio of
4:1. The resulting blend was then compacted under 11 MPa for 90 min using
a high-pressure consolidator to form cylindrical specimens, which were
carefully demolded to avoid cracking. These compacted specimens were
subsequently sintered in a high-temperature tube furnace to produce lunar
bedrock simulants, with nitrogen gas continuously supplied during sinter-
ing to prevent oxidation of the magnetic powder. The sintered bedrock was
crushed using a pneumatic hammer with an impulse of approximately
30 kg-m/s and an operating air pressure of 0.5-0.7 MPa to generate granular
regolith particles. Finally, the particles were sieved using a vibrating screen,
classified by size, oven-dried, and sealed for later use.

The resulting CUMT-1 simulant particles exhibit morphological fea-
tures such as surface roughness, angularity, and aspect ratio that closely
resemble those of real lunar regolith, as shown in Fig. 6b. The particle size
distribution used in this study was based on the average shallow lunar soil
gradation summarized by Carrier etal.", as shown in Fig. 6. The force state
of the CUMT-1 lunar regolith simulant in the magnetic levitation apparatus
is depicted in Fig. 6d.

Magnetic levitation system

The cone penetration tests were conducted using the GMMT method"'. This
approach is implemented based on a magnetic levitation system, whose core
components include five sets of uniform magnetic field coils and eight sets of
Helmboltz coils, with all coils wound using copper wire, as illustrated in Fig.
7a. The coil assemblies are fixed within a 316 L stainless steel frame and
integrated into a sealed cubic chamber, as shown in Fig. 7b. The center of the
cube provides a working volume of 95 mm diameter and 160 mm height.
During penetration tests at different gravitational acceleration levels, a
uniform magnetic field is generated by controlling the current in the

uniform field coils, ensuring the CUMT-1 simulant reaches a saturated
magnetization state. Subsequently, a magnetic field gradient is induced by
controlling the current in the gradient coils, generating an upward magnetic
force for the CUMT-1 lunar regolith simulant that counteracts 5/6 of Earth’s
gravity.

Significant Joule heating occurs due to the electrical resistance of the
copper coils. To manage this heat, thermally conductive silicone oil, chosen
for its chemical stability, is circulated through the system. The silicone oil
absorbs heat from the coils and is subsequently cooled using a 10 kW chiller.
Above the magnetic coil assembly, a servo-driven loading device is mounted
to drive the cone tip into the soil at controlled speeds ranging from 0.01 mm/s
to 10 mm/s. A servo-driven loading device is mounted above the coil
assembly to drive the cone tip into the soil. A force sensor with 800 N
capacity is installed at the junction between the cone tip and the servo
loading rod to measure penetration resistance. Data from the sensor is
recorded using a dataTaker DT800 data acquisition system, as presented in
Fig. 7c.

Accuracy evaluation of 1/6 g gravity simulation
The evaluation process consists of two parts: determining the specific
saturation magnetization and assessing the accuracy of the 1/6 g gravity
simulation. To measure the specific saturation magnetization of the CUMT-
1 lunar regolith simulant, its force state under a magnetic field was first
analyzed.

The combined force of magnetic and gravitational forces is called
magnetically simulated gravity. Accordingly, the magnetically simulated
gravity acting on the CUMT-1 lunar regolith simulant can be expressed as:

oH
" =mg + yomss— 4)

0z

where G ™ represents the resultant force of gravity and magnetic force, m is
the mass of the CUMT-1 lunar regolith simulant, g is the gravitational
acceleration, p ¢ is the vacuum magnetic permeability, 9  is the specific
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magnetization under a given magnetic field condition, and dH /dz is the
magnetic field gradient intensity. Accordingly, the specific saturation
magnetization can be expressed as:

G" — mg
o, =% 5)
T pym%E

The specific saturation magnetization can be calculated according to
Eq. (5). Specifically, a 100 g sample was placed in a copper cylinder sealed
with a plastic lid. The cylinder was connected to a force gauge using a cotton
thread and suspended within the effective test zone, as shown in Fig. 8a-c. A
gradient magnetic field of 110 kA/m was first applied, followed by a gradual
increase in the uniform magnetic field while monitoring the force gauge.
When the readings of the force gauge no longer changed appreciably
between successive measurements, the material was considered to have
reached magnetic saturation. Based on this procedure, the specific satura-
tion magnetization curve of the CUMT-1 lunar regolith simulant was
shown in Fig. 8d, with a maximum value of 29.12 A-m’/kg.

To further evaluate the accuracy of the magnetic-gravity field simu-
lation, the uniform magnetic field intensity was maintained at 32 A-m*/kg to
ensure that the CUMT-1 lunar regolith simulant was fully magnetized. The
gradient magnetic field was then gradually increased, and the resultant force
of gravity and magnetic forces acting on the CUMT-1 simulant under
different gradient field conditions was recorded to assess the deviation
between the theoretical magnetic-gravity field and the measured values. For
clarity in illustrating the accuracy of the magnetic-gravity field simulation,
both sides of Eq. (4) were divided by myg, yielding the following expression.

g = 8m _ 1 4 Ho%0H
g g 0z

©)

where S ™ is defined as the magnetic-gravity field similarity constant, with
values greater than, equal to, and less than 1 indicating that the material is
under hypergravity, normal gravity, and microgravity conditions,
respectively.

According to Eq. (6), the magnetic-gravity field similarity constant is
linearly related to the gradient magnetic field intensity, which is propor-
tional to the current in the gradient magnet. Therefore, in practical eva-
luations, the linearity between the magnetic-gravity field similarity constant
and the current can be directly observed to assess the accuracy of the
magnetic-gravity field simulation. The relationship between the magnetic-
gravity field similarity constant and the current is shown in Fig. 8e. The R®
value of 0.9998 indicates a strong linear correlation, confirming the high
accuracy of the magnetic-gravity field simulation.

Analysis of interparticle attraction induced by magnetic forces
Under the influence of a magnetic field, the CUMT-1 lunar regolith
simulant particles experience not only an upward magnetic force that
counteracts gravity, but also a distance-dependent interparticle attraction.
From a geotechnical perspective, this magnetic attraction can be interpreted
as an apparent cohesion. Therefore, when analyzing the experimental
results, it is crucial to first assess the potential impact of this additional
attractive force on the mechanical strength of the simulant.

For analytical purposes, the particles are assumed to be spherical and
uniformly arranged within an infinitely long domain of width 2 L, as illu-
strated in Fig. 9a. The particle assembly is characterized by a porosity #,
particle radius d, and interparticle spacing b.

A red rectangular representative element is selected from Fig. 9a for
analysis. The element is assumed to have a thickness of b (note that only the
projection plane is shown in the schematic), a length of 2 L, and contains N
particles. The porosity # of the representative element can be calculated as
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Fig. 9 | Calculation model of interparticle attrac-
tion induced by magnetic forces. a Schematic dia-
gram of interparticle attraction induced by magnetic
forces. b Variation of single particle energy storage
with porosity.
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follows:

_ Vporous  Vtotal — Vsolid
~ Vtotal Vtotal

@)

where Vi, Vporous and Vioia represent the total volume of the red
representative element, the pore volume, and the particle volume, respec-
tively. By rearranging Eq. (7) and incorporating the geometric relationships
of the particles within the model, the following expression is obtained:

_ Vsolid and®

= = 8
Vtotal  3p° ®

1—n

After further simplification, the relationship between the interparticle
spacing and the particle radius can be expressed as:

47T 1/3
b= d(m) )

When being magnetized in a magnetic field H, the magnetic attraction
between particles is denoted as F™ . Given that the magnetic force is inversely
proportional to the fourth power of the interparticle distance®, only the
interaction with the nearest neighboring particles is considered.

Assuming that the particle assembly deforms under magnetic forces,
resulting in a change in porosity from # to n + An, a corresponding change
in stored energy AW, and a total displacement of the assembly Au, the
following relationship can be established:

AW = F"Au = 2N - 6W (10)

where W represents the stored energy per particle. The total displacement
Au can be expressed as:

1/3 1/3
Au=onab =N (a2 _ 24N (4m\"_ An
dn 3(1—n) 3 \3 (1—n)*?

(11)

Figure 9b presents the magnetization curve of the representative ele-
ment, along with the variation in the curve resulting from changes in por-
osity. It can be observed that the change in energy stored by a single particle,
induced by the porosity variation, corresponds to the shaded area between
the two magnetization curves. Therefore, the energy stored per particle can
be expressed as:

oW = V/AHdM (12)

where V denotes the volume of a single particle.

According to the principles of magnetic material magnetization, the
effective magnetic field H gracting within a magnetic material is given by the
difference between the externally applied magnetic field and the demag-
netizing field generated within the particle:

Hg =H — x™nM (13)
where ™ is the demagnetization factor, which depends solely on the particle
geometry.

Therefore, the change in magnetic field intensity experienced by a
single particle due to the variation in porosity can be expressed as:

AH = Any™nM (14)

Substituting the above expression into Eq. (12) yields:

2
SW=V / Any™MdM = §d3AnXmM2 (15)
Substituting the above expression into Eq. (10) yields:
-m  Amd’ AnNY™M?
gm _ 4md"AnNy"M” (16)
3 Au
Further substituting the above expression into Eq. (11) yields:
F"= (6m)2d*(1 — n)*>x" M? (17)

During all the experiments, CUMT-1 particles were in a saturated
magnetic state. Therefore, interparticle attraction induced by magnetic
forces in the above equation can be expressed in terms of the specific
saturation magnetization as follows:

Pm: (6n2)1/3xmp2d2(1 _ n)4/3(95)2 (18)
where p denotes the bulk density of the particle assembly, and 9 represents
the specific saturation magnetization of the CUMT-1 lunar regolith

simulant. Accordingly, the interparticle attraction induced by magnetic
forces ¢y, can be expressed as:

Pm

tm = —5 = (61)'x"p*(1 — m)*/*(9,)? (19)

QU

By further considering the relationship between the bulk density of the
particle assembly and porosity as p = (1 — n)p,, Eq. (19) can be ultimately
expressed in the following form:

Fm
., =—

"= (20)

— (6T[2)1/3XM(1 _ n)10/3(Ps95)2

where p; denotes the specific gravity of the CUMT-1 lunar regolith simulant.

For the given CUMT-1 lunar regolith simulant, the demagnetization
factor, specific gravity, and specific saturation magnetization are constants.
Consequently, the interparticle attraction induced by magnetic forces
depends solely on porosity, and the corresponding relationship is illustrated
in Fig. 10a.

Except for the assumption of spherical particle geometry, all other
parameters used in the calculations were obtained from experimental
measurements: the demagnetization factor was taken as 1/3, the specific
gravity as 3.44, and the specific saturation magnetization as 29.12 A-m?/kg.
It can be seen that the magnetically induced apparent cohesion of the
CUMT-1 lunar regolith simulant decreases with increasing porosity. The
maximum relative density for CUMT-1 simulant in this study reached 76%,
corresponding to a peak additional cohesion of less than 2 kPa.

To further quantify the effect of magnetically induced apparent
cohesion, triaxial tests were performed on CUMT-1 lunar regolith simulant
at a relative density of 74% under varying magnetic fields, with a low con-
fining pressure of 10 kPa. The triaxial test was chosen because it is a well-
established method in geotechnical engineering for evaluating the
mechanical strength of granular materials. The internal friction angle
obtained from triaxial tests can be directly used to predict static penetration
resistance. For instance, Uzielli et al.*® demonstrated a strong correlation
between the internal friction angle and penetration resistance data. Hence,
the triaxial test provides a reliable and quantitative basis for assessing the
sensitivity of the CUMT-1 simulant’s mechanical response to magnetically
induced apparent cohesion.

The results are shown in Fig. 10b. It can be observed that the stress-
strain behavior under the magnetic field is close to that in a non-magnetic
(Earth-like) environment. Moreover, the fluctuations observed in the stress-
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Fig. 10 | Estimated range of magnetically induced
apparent cohesion in CUMT-1 lunar regolith
simulant and its effect on macroscopic strength.
a Relationship between porosity and magnetically
induced cohesion. b Triaxial stress-strain behaviors
under varying magnetic fields.
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strain curves across different magnetic conditions are of the same order of
magnitude as those observed in parallel tests conducted under the same
magnetic field. Therefore, it can be concluded that the magnetically induced
apparent cohesion has a negligible effect on the strength of the CUMT-1
lunar regolith simulant.

Physical cone penetration test method

To replicate the absolute dryness of lunar regolith in laboratory conditions,
the CUMT-1 lunar regolith simulant was oven-dried at 105 °C for 8-12h
before each test, as shown in Fig. 7c. After drying, the simulant was sealed in
plastic film and stored until it cooled to room temperature for subsequent
use. Regarding the model dimensions, the cone penetration rod had a
diameter of 6 mm, a cone angle of 60°, and a base diameter of 8 mm. The
model container was 250 mm in depth, with an internal diameter of 81 mm.
In terms of penetration velocity, a rate of 0.55 mm/s was employed, corre-
sponding to approximately 1.83% of the typical speed used in parabolic-
flight experiments®”. This low-speed setting more closely reflects the
working conditions of cone penetration on the Moon. Nevertheless,
0.55 mm/s is the maximum speed in the current setup due to copper magnet
thermal limits and may still not fully satisfy quasi-static conditions. Thus,
dynamic effects cannot be ruled out entirely, and the results should therefore
be interpreted with caution.

Cone penetration resistance is sensitive to the degree of compaction in
the simulant, and sample uniformity plays a critical role in ensuring the
reliability of test results. The commonly used layered under-compaction
method proved inadequate for achieving uniform density in CUMT-1,
especially at high compaction conditions, where density always increases
significantly with depth. After extensive trial and error, a vibration-based
compaction method was adopted. This approach yielded samples with
relatively uniform density across depths. The equipment used for this
method is shown in Fig. 7c. For samples with specified mass and target
relative density, the required compaction height was first calculated, and the
corresponding position was marked on the epoxy resin mold. The simulant
was then carefully funneled into the mold using a long-neck funnel, and the
surface was gently leveled and compressed with a mold cap. The entire mold
was subsequently pressed against a vibratory sieve shaker, and high-
frequency vibration was applied until the compacted sample surface reached
the predetermined mark, indicating the target compaction had been
achieved.

DEM simulation method

The DEM method has been widely applied to the cone penetration studies of
lunar regolith in recent years” ™. This method abstracts the mechanical
behavior of real-world materials into a set of simplified mathematical
models, enabling the investigation of the microscale mechanical responses
of numerical particles governed by these models. Consequently, the accu-
racy and reliability of DEM simulations are critically dependent on the
rationality of the model parameters. However, due to current computational
limitations, DEM simulations cannot fully replicate the detailed conditions

Table 1 | Input parameters of the DEM cone penetration tests

Parameters Value Parameters Value

Damping ratio, { 0.7 Particle density, p (kg/m°) 3.44 x10°

Void ratio, e 0.06 Particle normal stiffness, k, 7.5 x107
(N/m)

Wall frictional 0 Particle shear stiffness, ks 5.0 x107

coefficient, uy, (N/m)

Particle frictional 0.76 Particle-wall normal stiffness, 1.5 x10'

coefficient, y, K, (N/m)

Particle size, d (mm) 0.17 Particle-wall shear stiffness, 1.0 x10™
ks (N/m)

of physical experiments™". As a result, simplifications are often required in
multiple aspects, including spatial dimensions, sample size, particle mor-
phology, particle size distribution, and contact models.

Under these asymmetrical mapping conditions between numerical
and physical experiments, it is typically necessary to iteratively calibrate
model parameters to reproduce the mechanical behaviors observed in
laboratory tests. However, this calibration process is largely empirical and
faces three major challenges: microscopic parameters may be tuned to
physically unrealistic values that deviate from actual material behavior; the
calibrated parameters often lack generalizability and can become invalid
with even minor changes in experimental conditions; and substantial dis-
crepancies exist among parameter sets recommended by different
researchers for lunar regolith simulants, making it difficult to determine
which combination is most appropriate.

At the current stage, it is unrealistic to pursue a universally applicable
set of mesoscopic parameters for the CUMT-1 lunar regolith simulant.
Therefore, instead of spending significant effort on calibrating micro-
mechanical parameters, this study directly adopted the mesoscopic para-
meters recommended by Jiang et al.** for the TJ-1 simulant to represent the
CUMT-1 simulant, as presented in Table 1. The reason for adopting this
approach is that the shear strength obtained using this group of parameters
is relatively close to that observed in physical experiments on the CUMT-1
lunar regolith simulant. This consistency may be attributed to the similarity
in particle morphology between the CUMT-1 and TJ-1 simulants. It should
be noted that the DEM simulations are intended to investigate the quali-
tative effects of gravity on penetration resistance and to explore the
underlying mesoscale mechanisms, rather than to achieve exact numerical
agreement with physical experiments. To correspond with the physical
experiments, numerical simulations were conducted under three gravita-
tional conditions: 1/6 g, 1 g, and 2 g.

For other model parameters, the particle shape of the CUMT-1 lunar
soil simulant was represented by a clump composed of three overlapping
spheres, with an aspect ratio of 0.72 and angularity of 0.06, as shown in Fig.
11b. The particle diameter was uniformly set to 0.17 mm, and the loading
velocity was fixed at 5.5 mm/s. The dimensions of the model container were
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41 x 30 mm, with both the probe rod and cone having a diameter of 4 mm.
Owing to the geometric symmetry of the cone penetration test model, only
half of the model was simulated to reduce computational cost. Regarding
sample preparation, a layered sample preparation method was adopted. To
enhance interlocking between particles at different layers, a sawtooth wall
was used instead of a smooth wall. The sample preparation procedure is
illustrated in Fig. 11.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

All the relevant data relating to this study are available upon reasonable
request to the co-authors. In addition, the Magnetic Levitation System used
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Experimental use of the system is permitted following participation in the
required training and approval procedures. All the relevant codes relating to
this study are available upon reasonable request to the co-authors.
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