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ABSTRACT: Landing spacecraft experience significant impact forces during landing, resulting in large deformation
and failure in the soil surface, which severely affects landing safety and stability. This paper establishes a smoothed
particle hydrodynamics (SPH) model based on the theory of soil elastoplastic constitutive relations to describe the
process of a lander’s footpad impacting lunar regolith vertically. The model can provide engineering indices such as
impact load and penetration depth, and illustrate the large deformation and crater characteristics of the regolith. A
detailed analysis of the response of the footpad and lunar regolith during landing reveals that the process can be
broadly divided into two stages of rapid penetration and oscillatory attenuation. Furthermore, there are significant
similarities in the landing process under different landing velocities and footpad masses. The research investigates the
large deformation and crater characteristics of the lunar regolith bed. The results demonstrate two failure modes in the
regolith. Under the impact of a footpad with a smaller mass, the final failure surface of the regolith exhibits a bowl-
shaped profile with a uniformly open mouth. In contrast, under the impact of a footpad with a larger mass, the final
failure surface of the regolith presents an urn-shaped profile with a large abdomen and a small opening. However, the
impact craters in both scenarios show a bowl-like distribution. In cases of high-velocity impacts, the impact crater
exhibits obvious blocky spalling on its sides. The SPH model developed in this study can be applied to predict the
large deformation and failure response of lunar soil under the impact of rigid structures as well as the impact load and
penetration depth. It effectively predicts the dynamic response of the landing process, which is expected to provide a
reference for engineering design.

KEYWORDS: SPH; footpad; load; lunar regolith; impact crater

1 Introduction
Landing spacecraft encounter substantial impact forces during touchdown, posing a significant threat

to the safety of onboard scientific instruments [1]. As such, ensuring a safe and stable landing is paramount
for the success of lunar exploration mission [2]. During the landing process, the lander’s footpads directly
interact with the lunar regolith. The dynamic behavior of this footpad-regolith interaction, such as impact
load, penetration depth, and soil structure deformation directly influence landing safety and stability.

Researchers both domestically and internationally have conducted experimental, theoretical, and
numerical simulation studies on this issue. In terms of experimental research, Aravind et al. [3] designed a
footpad based on the Apollo 11 lunar module and conducted stability testing experiments. The results indicate
that the newly designed footpad exhibits good stability under steep gradient conditions. Huang et al. [4]
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designed a vertical impact device to study the effects of soil type and density, impact height, and footpad
diameter on impact depth, peak impact force, and peak acceleration, and they also established a model for
the peak impact force of the footpad. Sutoh et al. [5] developed a drop test rig that allows for repeated drop
tests in a vacuum chamber to test the impact of footpad shape, ground conditions, and gravity on landing.
Liu et al. [6] conducted vertical landing impact tests using a self-developed landing impact test system with a
hemispherical footpad. They investigated the influence of landing mass and impact velocity on the efficiency
of mechanical energy dissipation and impact force during landing. In addition, Sutoh et al. [5] developed a
model for the motion characteristics of a footpad in a vacuum based on drag theory, further investigating
the relationship between force and penetration depth. Hou et al. [7] established a theoretical model for the
interaction between a lander and the lunar regolith by dividing the landing impact process into loading and
unloading phases based on actual landing scenarios. During the loading phase, they employed the NASA
(National Aeronautics and Space Administration)-proposed pressure-settlement theory, treating the lunar
regolith as a spring with variable stiffness that changes with depth. The unloading phase was modeled based
on the strong compaction process in geomechanics. Lin et al. [8] developed a two-dimensional theoretical
model for soft landing and investigated the influence of various factors, including initial horizontal velocity,
pitch angle, and lunar slope inclination, on landing dynamics. Wu et al. [9] constructed a theoretical model
of foot pad impact on lunar regolith based on the theory of geomechanics. The results were compared
with discrete element method simulations, showing an error within 15%. Wang et al. [10] developed a
novel three-dimensional soft-landing dynamics model for a legged lander, taking into account the damping
characteristics of each landing leg during motion, the contact characteristics between the footpad and the
ground, and the friction characteristics between structures. They validated the effectiveness of the model
by comparing the results with those obtained from an MSC Adams (MSC. Software: Automatic Dynamic
Analysis of Mechanical Systems) simulation model.

Numerical simulation has emerged as another critical approach for this issue, gaining increasing
prominence. The coupled interaction between the footpad and lunar regolith involves complex phenomena
such as the interaction between structures and soil, as well as large deformation of the soil structure,
posing significant challenges for numerical simulations. Nevertheless, it remains a vital method for studying
lander impact during landing. Commonly employed methods include rigid body dynamics, finite element
analysis, and discrete element methods. Nohmi et al. [11] utilized the rigid body dynamics software ADAMS
(Automatic Dynamic Analysis of Mechanical Systems) to simulate the landing process, studying the influence
of lander orientation, tilt angle, and friction on landing. Chen et al. [12] simplified the lander design
and constructed a finite element model (FEM) of the landing system to investigate the impact of flexible
deformation on landing impact performance. Huang et al. [13] simplified the lander to an impact cylinder
at a 1/6 scale and developed a 3D finite element model for the footpad impact on lunar regolith. The
Mohr-Coulomb constitutive model was used to describe the mechanical properties of the regolith. The
model simulated the footpad impact process, analyzing the dynamic response of axial force, velocity, and
displacement. Liang et al. [14] introduced a landing impact dynamics analysis method based on nonlinear
finite elements to simulate the landing process. The simulation provided information on load, acceleration,
and energy dissipation of the shock absorber. The ground model employed the Drucker-Prager constitutive
model. Hou et al. [7] established a discrete element model (DEM) for the interaction between the lander
and lunar regolith, exploring the impact of landing velocity, lander mass, and terrain slope on the landing
process. Ji et al. [15] proposed a coupled DEM-FEM-MBD (Multibody Dynamics) algorithm and simulated
the landing process, discussing the effects of lander mass, landing velocity, and landing attitude on landing
safety. The ground was described using a discrete element model.

The Smoothed Particle Hydrodynamics (SPH) method, as a mesh-free method, exhibits unique advan-
tages in handling large deformations, free surfaces, and complex boundary conditions. Therefore, it has been
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widely applied and developed in recent years. Researchers have extensively studied and refined the SPH
model to simulate the motion and failure of materials such as metals, concrete, soil, rubber, and ice, applying
it to impact problems. The SPH method has found widespread application in the study of diverse impact
phenomena, including solid-structure interactions, fluid-structure interactions, explosive impact events and
impact on Granular Materials. Khayyer et al. [16] considered four numerical aspects or shortcomings of
the traditional SPH model and proposed a method to improve the accuracy and stability of the updated
Lagrangian SPH in structural modeling. Lee et al. [17] proposed a novel Arbitrary Lagrangian-Eulerian
SPH framework and evaluated the algorithm’s conservation, stability, and robustness, the results of which
has significant potential for enhancing the resolution of pressure and stress fields in critical plastic zones.
Research on solid-structure impact focuses on the deformation and failure of steel plates, concrete, and
composite materials under projectile and rockfall impact [18,19]. In the study of fluid-structure interaction
problems, Siemann et al. [20] conducted explicit numerical simulations of flexible aircraft ditching using
a coupled SPH-FEM method to study the impact loading of water and the deformation of the aircraft
fuselage. Wang et al. [21] employed the SPH method to simulate the water entry of elastomers, effectively
modeling the impact force, deflection, and stress of the elastomer. Mintu et al. [22] established a full-scale
computational fluid dynamics model of sea spray generated by waves using the SPH method, simulating a
full-scale medium-sized fishing vessel encountering incoming waves at different forward speeds. More details
of fluid-structure interaction with SPH method could be found in two recent reviews [23,24]. For explosive
impact problems [25,26], the main focus of research is on modeling the damage and failure mechanisms
of structures subjected to blast loads. While for granular particle system, in contrast to the aforementioned
research, the study of solid impact on granular materials remains less developed, particularly concerning the
description of granular flow, deformation, and failure under impact loading [27,28]. However, SPH has been
progressively employed in the study of large deformation flow [29–33] and multi-physics coupling [34–37] in
granular soil media, demonstrating strong capabilities in addressing problems involving large deformation
flow in soil media induced by structural motion. Compared to traditional finite element methods, the SPH
model avoids complex mesh distortion issues. In contrast to discrete element methods, SPH models are based
on continuum theory for discretization, enabling better representation of large-scale engineering problems
without dealing with the complex coarsening issues encountered in discrete element models.

Lunar exploration missions and related research have revealed that the lunar surface is covered with
a granular regolith layer. During a lander’s touchdown, the regolith medium undergoes significant defor-
mation, potentially leading to complex motion, including large deformations and even fluid-like behavior.
While current research has achieved notable advancements in describing rigid body motion and structural
deformation, the depiction of large deformation and fluid-like behavior in the regolith remains relatively
preliminary. However, to date, no reports have documented the application of SPH models to the coupled
interaction between lunar regolith and structures. Therefore, this paper attempts to develop an SPH method
based on the elastoplastic constitutive model for soil, to simulate the large deformation and failure response
of lunar regolith under footpad impact, and to study the characteristics of impact load and penetration depth.

2 Numerical Model and Validation

2.1 SPH Model
Smoothed Particle Hydrodynamics (SPH) is a Lagrange meshfree particle method. Its fundamental

principle involves representing the problem domain using a set of arbitrarily distributed particles, which are
not connected. This eliminates the need for a fixed grid, thus avoiding issues such as mesh distortion that
can arise during large deformations.
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The governing equations for soil motion are the conservation of mass and the conservation of
momentum, expressed in Eqs. (1) and (2).

Dρ
Dt

= −ρ ∂vα

∂xα , (1)

Dvα

Dt
= 1

ρ
∂σ αβ

∂xβ + f α , (2)

where α and β follow the Einstein summation convention. x, y and z represent the Cartesian coordinate
system. ρ is the soil density, v is the velocity, f α denotes the acceleration caused by external forces, and σ αβ

is the total stress tensor.
To better capture the behavior of lunar regolith particles during their interaction, a Drucker-Prager

elastoplastic constitutive model was incorporated into the SPH model. The stress-strain relationship is given
by Eq. (3).

σ̇ αβ = σ αγ ω̇βγ + σ γβ ω̇αγ + 2Gėαβ + Kε̇γγ δαβ − λ̇ [3αψKδαβ + G√
J2

sαβ] , (3)

where ‘⋅’ denotes the time derivative, δαβ is the Kronecker’s delta function, defined as 1 when α = β and 0
otherwise. sαβ represents the deviatoric stress tensor, ε̇γγ is the sum of the three principal strain rates, G is the
shear modulus, and K is the bulk modulus. These parameters are related to Young’s modulus E and Poisson’s
ratio ν as follows:

K = E
3 (1 − 2ν) , (4)

G = E
2 (1 + ν) . (5)

ε̇αβ represents the total strain rate tensor, ω̇αβ is the spin rate tensor, and ėαβ is the deviatoric shear
strain rate tensor, whose expressions are given in Eqs. (6)–(8), respectively.

ε̇αβ = 1
2
( ∂vα

∂xβ + ∂vβ

∂xα ) , (6)

ω̇αβ = 1
2
( ∂vα

∂xβ − ∂vβ

∂xα ) , (7)

ėαβ = ε̇αβ − 1
3

ε̇γγ δαβ . (8)

The rate of change of the plastic multiplier λ̇ is given by:

λ̇ =
3αϕK ε̇γγ + ( G√

J2
) sαβ ε̇αβ

9αφαψK + G
. (9)
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Within the Drucker-Prager constitutive model under a non-associated flow rule, the yield function f
and plastic potential function g are defined by Eqs. (10) and (11), respectively.

f (I1 , J2) =
√

J2 + αφI1 − kc , (10)

g (I1 , J2) =
√

J2 + αψI1 − c, (11)

where I1 and J2 are the first and second stress invariants, αφ and kc are the Drucker-Prager constants, which
are related to the cohesion c and internal friction angle φ from the Mohr-Coulomb failure criterion. αψ is
related to the material’s dilatancy angle ψ.

The values of the constants in the Drucker-Prager constitutive model are given by Eqs. (12)–(14).

αφ = 2sinφ√
3 (3 − sinφ)

, (12)

kc =
6ccosφ√

3 (3 − sinφ)
, (13)

αψ = 2sinψ√
3 (3 − sinψ)

. (14)

The core steps in the discretization of equations using the Smoothed Particle Hydrodynamics (SPH)
method involve kernel approximation and particle approximation. Kernel approximation refers to expressing
field functions in integral form. Particle approximation, on the other hand, involves approximating the
integral of a field function and its derivatives using a weighted sum of the values of state variables possessed
by particles within a local region, known as the support domain.

The governing equations for soil, following SPH discretization, are expressed by Eqs. (15) and (16).

Dρi

Dt
=

N
∑
j=1

m j (vα
i − vα

j )
∂Wi j

∂xα
i

, (15)

Dvα
i

Dt
=

N
∑
j=1

m j
⎛
⎜
⎝

σ αβ
i + σ αβ

j

ρi ρ j
− Π i jδαβ + Fn

i jR
αβ
i j

⎞
⎟
⎠

∂Wi j

∂xβ
i

+ f α , (16)

where i represents the target particle, j denotes particles within its support domain, and Wi j is the smoothing
function, whose expression is given by Eq. (17).

W (q, h) = αD

⎧⎪⎪⎪⎨⎪⎪⎪⎩

q3 − 6q + 6,0 ≤ q ≤ 1
(2 − q)3, 1 ≤ q ≤ 2
0, q ≥ 2

q = r
h

, (17)

where αD assumes the value of 15
62πh3 in three-dimensional space. r represents the distance between two

particles, and h is the smoothing length. Πij represents the artificial viscosity, which serves to reduce
numerical instability caused by shock waves. Its expression is given by Eq. (18).

Πij =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

−αci j μi j

ρi j
vi j ⋅ xi j < 0

0 vi j ⋅ xi j ≥ 0
, (18)
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where μi j =
hi j ⋅ vi j ⋅ ri j

r2
i j + 0.01h2

i j
, ρi j =

ρi + ρ j

2
, ci j =

csi + cs j

2
, hi j =

hi + h j

2
, vi j = vi − v j, ri j = ri − r j,

cs =
√

4G
3ρ

+ K
ρ

, α is a constant, and in this paper α = 0.1.

Fn
i jR

αβ
i j represents the artificial stress term, where Fi j =

Wi j
W (Δx , h) , index n = W (0, h)

W (Δx , h) , and here

n = 2.25; Rαβ
i j = Rαβ

i + Rαβ
j ,where Rαβ

i and Rαβ
j represent the components of the artificial stress tensor at

particles i and j. The above artificial viscosity and artificial stress term are used to ensure stability which is
already used in the large deformation of granular system problems [38,39]. However, it might still suffer the
problem of stress calculation due to the extreme condition, a recent propose of the Riemann stabilization
term and TIC (Tensile Instability Control) scheme might be helpful to mitigate this effect [16].

To compute Rαβ
i , we should first transform the stress tensor σi , as defined by Eq. (19).

σi
′

= diag (σi
′x , σi

′ y , σi
′z) = T−1

i ⋅ σi ⋅ Ti , (19)

where Ti is the orthogonal transformation matrix, and the artificial stress tensor term can be expressed as
shown in Eq. (20).

R′αi =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

−ε
σ ′αi
ρ2

i
σ ′αi > 0

0 σ ′αi ≤ 0
, Ri = Ti ⋅ R′αi ⋅ T−1

i , (20)

where ε = 0.3 in this study.
The discrete form of the constitutive equation is given by Eq. (21).

Dσ αβ
i

Dt
= σ αγ

i ω̇βγ + σ γβ
i ω̇αγ

i + 2Gėαβ
i + Kεγγ

i δαβ
i − λ̇ i [3αψKδαβ + G√

J2
sαβ

i ] . (21)

The expression for λ̇ i is defined by Eq. (22).

λ̇ i =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

3αϕKε̇γγ
i + ( G√

J2
) sαβ

i ε̇αβ
i

9αϕαψK + G
f (I1 , J2) = 0

0 f (I1 , J2) < 0.

, (22)

The expressions for the total strain rate tensor ε̇αβ and the spin rate tensor ω̇αβ are defined by Eqs. (23)
and (24).

ε̇αβ = 1
2

⎡⎢⎢⎢⎢⎣

N
∑
j=1

mj

ρj
(vα

j − vα
i )

∂Wij

∂xβ
i

+
N
∑
j=1

mj

ρj
(vβ

j − vβ
i )

∂Wij

∂xα
i

⎤⎥⎥⎥⎥⎦
, (23)

ω̇αβ = 1
2

⎡⎢⎢⎢⎢⎣

N
∑
j=1

mj

ρj
(vα

j − vα
i )

∂Wij

∂xβ
i

−
N
∑
j=1

mj

ρj
(vβ

j − vβ
i )

∂Wij

∂xα
i

⎤⎥⎥⎥⎥⎦
. (24)
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In the SPH model, rigid bodies are also represented by particles with physical properties. The force
acting on a specific particle of a rigid body is calculated by weighting the contributions from all fluid particles
within its support domain. The force per unit mass fk acting on a rigid body particle k is given by Eq. (25).

fk = ∑
aεW Ps

fka , (25)

where fka represents the force per unit mass exerted by soil particle a on rigid body particle k, and WPs
represents the support domain. According to Newton’s third law can get the equation:

mk fka = −ma fak , (26)

The motion of a rigid body can be described using the fundamental equations of rigid body dynamics:

M dV
dt

= ∑
k∈BPs

mk fk , (27)

I dΩ
dt

= ∑
k∈BPs

mk (rk − R0) × fk , (28)

where M represents the mass of the rigid body, I represents the moment of inertia, V represents the velocity,
Ω represents the rotational velocity, R0 is the center of mass, and BPs denotes all rigid body particles. The
velocity of a rigid body particle can be expressed as:

vk = V + Ω × (rk − R0) . (29)

The SPH model, based on the elastoplastic constitutive law of soil, has been successfully applied to
various problems, including large-scale landslides [39], and landslide surge waves [40]. This paper aims to
extend this model to study the interaction between lunar regolith and the landing process. But it is a large
displacement and small deformation model, which may suffer problems of variational inconsistency as in
finite deformation in structural problems [41,42]. In SPH community of soil deformation problem, it should
be paid more attention in future.

2.2 Model Validation
In this section, we simulated a similar case where a rigid body impacts a granular bed, and compared the

results with experimental and discrete element method simulations [43]. Fig. 1 shows a schematic diagram of
the model for a hemispherical rigid body impacting granular material. The hemispherical rigid body impacts
the granular bed with an initial velocity. The radius of the hemisphere is 20 mm, its mass is 2 kg, and its initial
velocity is 4 m/s. The granular bed has dimensions of 0.4 m × 0.4 m × 0.2 m. The computational parameters
are listed in Table 1. The simulation results are compared with DEM simulations and experimental results,
as shown in Fig. 2. The results demonstrate that the model can effectively simulate the dynamic behavior of
a rigid body impacting a granular bed.

The gravitational acceleration on the moon is approximately 1/6 that of on the earth. Zhang et al. [44]
compared the test results of a 1/6 scale model under earth’s gravity with those of a prototype under simulated
lunar gravity, and found significant similarities. Therefore, in this study, the footpad model is simplified to 1/6
scale and the gravitational environment is set to earth’s gravity. And The footpad is simplified to an impact
cylinder consisting of a footpad and a counterweight [13]. The simplified model is referred to as the footpad
hereinafter, and its simplified schematic is shown in Fig. 3, where the simplified footpad diameter is 8.3 cm.
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Figure 1: Impact model for validation (Blue: granular bed; Red: Rigid hemisphere)

Table 1: Parameters for simulated lunar regolith from [43]

Density Internal friction angle Poisson’s ratio Elastic modulus Cohesion
1280 kg/m3 40○ 0.38 2.5 GPa 700 Pa

Figure 2: Comparison of simulation results with experimental and DEM results (a) Time history of penetration depth;
(b) Time history of velocity

Figure 3: Simplified model
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Due to the difficulty in obtaining large quantities of lunar regolith, simulated lunar regolith with
similar composition and properties is commonly used in research [45]. In this study, TJ-1 simulated lunar
regolith [46] was chosen, which is made from red volcanic ash in Jingyu County, Jilin Province. This material
has low production costs and exhibits a high degree of similarity to real lunar regolith. In the following text,
it will be referred to as lunar regolith. Researchers have already conducted laboratory tests on the relevant
parameters of TJ-1 [13] as listed in Table 2.

Table 2: Parameters for simulated lunar regolith [13]

Density Internal friction angle Poisson’s ratio Elastic modulus Cohesion
1202 kg/m3 40○ 0.33 3 MPa 700 Pa

The footpad is treated as a rigid body, and a 3D SPH model is established to simulate the impact of the
footpad onto the simulated lunar regolith, as illustrated in Fig. 4. The particle spacing dp is set to 0.002 m.
Initially, the footpad is located 10 mm above the surface of the regolith, which then descends with a given
initial velocity and interacts with the regolith below.

Figure 4: 3D model of footpad impacting simulated lunar regolith (Blue: simulated lunar regolith, Red: footpad)

To mitigate the influence of boundary effects on the simulation, a convergence analysis was conducted
on the dependence of sample size and initial particle spacing dp. Keeping the pad’s mass and initial velocity
constant, the time history of the pad penetration depth into the lunar regolith for different soil sizes are
shown in Fig. 5a. As observed in the figure, the penetration depth time history curves are nearly identical
when the soil size is 0.6 m × 0.6 m × 0.35 m and 0.7 m × 0.7 m × 0.35 m, indicating that boundary effects are
essentially eliminated for this granular bed size. Maintaining the soil size at 0.6 m × 0.6 m × 0.35 m, the time
history curves of the pad penetration depth into the lunar regolith for different initial particle spacings are
shown in Fig. 5b. The figure shows that the penetration depth time history curves are nearly identical when
the initial particle spacing is 0.002 and 0.001 m. Therefore, in subsequent simulations, the initial particle
spacing is set to 0.002 m, and the soil size is set to 0.6 m × 0.6 m × 0.35 m, resulting in a total of 29,061,881
SPH particles used in the simulation.

The physical time for a typical single simulation case is 0.15 s, and the entire simulation time is
approximately 4 h using an RTX A6000 with 48 GB of global memory and 84 multiprocessors with a clock
rate of 1.80 GHz.
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Figure 5: Time histories of penetration depth (a) Various soil dimensions; (b) Various dps

To validate the feasibility of the SPH model, the simulated results are compared with those from a
theoretical model. In the theoretical model, the landing impact process is divided into two stages: loading and
unloading [7]. The loading stage starts from the initial interaction and ends when the footpad velocity first
drops to zero. The unloading stage follows. During the loading stage, the Bekker bearing capacity model [47]
is adopted, treating the lunar regolith as a spring with varying stiffness. The effects of plasticity and viscosity
of the lunar regolith are ignored. During the unloading stage, the influence of gravity is neglected.

The landing processes under different working conditions were simulated, and the maximum axial
force acting on the footpad and the maximum penetration depth into the lunar regolith were selected as
comparison parameters. To minimize landing risks, landers are designed to decelerate during their descent,
achieving a soft landing at a lower velocity. Therefore, relevant experiments and simulations typically employ
smaller landing velocities for research purposes, generally ranging from 1 to 6 m/s. Currently, published
landers masses fall between 600 and 1700 kg, so their masses are often scaled down to 1 to 8 kg for
experimental and simulations [7,13]. Therefore, the following test conditions were established, as shown
in Table 3. The comparison results are presented in Fig. 6. It can be observed from these figures that the errors
between the simulation results and the empirical model are within 15%, indicating that the SPH model can
effectively calculate such problems.

Table 3: Physical parameters for the numerical examples

Test group Landing velocity (m/s) Footpad mass (kg)
1 2.0 1.5
2 4.0 1.5
3 6.0 1.5
4 8.0 1.5
5 2.0 3.0
6 2.0 4.5
7 2.0 6.0
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Figure 6: Comparison of simulation results with theoretical [7] calculation results (a) Maximum axial force; (b)
Maximum penetration depth

It is important to note that in all the cases considered in this study, after calculation, the maximum
order of inertia number is 10−3. The inertial effects of the particulate medium are therefore negligible [48,49],
making the selection of the DP criterion for quasi-static conditions appropriate for this study.

3 Results and Discussion

Landing velocity and footpad mass are significant factors influencing the interaction between the
footpad and lunar regolith. The following analysis examines the impact of these factors, as well as the response
of the footpad and lunar regolith during the interaction.

3.1 Impact of Landing Velocity on the Landing Process

The stress development in lunar regolith exhibits similar patterns under different conditions. Fig. 7
shows the stress distribution under the working conditions of v = 4 m/s and m = 1.5 kg. The results show
that the stress concentrates primarily at the bottom of the footpad. Upon initial contact, the stress value is
relatively high. Subsequently, the stress gradually decreases, and the affected area gradually expands. Finally,
the stress dissipates, the affected area decreases, and disappears to only self-weight finally.

In the SPH method, the computational domain is discretized into a number of particles. Therefore, the
axial force acting on the footpad can be calculated by first obtaining the force Fi exerted on each footpad
particle i by the soil particles within its support domain, as shown in Eq. (30), based on Eq. (21). Then,
the axial force acting on the footpad is obtained by summing these forces, as shown in Eq. (31), where BPs
represents the footpad particles.

Fi = mi ∑
dvi

dt
, (30)

F = ∑
i∈BPs

Fi . (31)
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Figure 7: Stress distribution at different times

The initial lowest point of the footpad is Z0, and Z is the lowest point of the footpad during its movement.
The penetration depth of the footpad can be calculated as:

H = Z0 − Z . (32)

Fig. 8 shows the time histories of axial force and penetration depth for different landing velocities,
respectively. The dynamic response curves of the footpad are similar for different landing velocities, but the
peak axial force and maximum penetration depth differ.

As shown in Fig. 8a, the interaction process can be divided into two stages as rapid penetration and
oscillatory decay. During the rapid penetration stage (0–0.01 s), the axial force experienced by the footpad
increases rapidly, reaching a peak value before quickly decreasing. Furthermore, the higher the landing
velocity, the greater the rate of change of the axial force during this stage. Simultaneously, the regolith is
compacted and yields, causing subsidence, allowing the footpad to rapidly penetrate into the lunar regolith.
After 0.01 s, the oscillatory decay stage begins. During this stage, the area of the regolith affected by the
subsidence expands, and the lunar regolith is further compacted. Therefore, the axial force acting on the
footpad experiences a renewed peak. Before the velocity drops to zero, the footpad further squeezes the
plastic failure zone below at a slower speed, resulting in a renewed increase in axial force, and then the
elastic energy of the plastic zone is released, causing a rapid decrease in axial force. During this process, the
penetration velocity of the footpad into the lunar regolith significantly decreases until the penetration depth
reaches a peak value. Subsequently, due to the partial recovery of regolith deformation, the footpad rebounds
slightly and then stabilize.
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Fig. 8b shows that the footpad’s penetration velocity into the lunar regolith decreases significantly after
the rapid penetration stage. This is because the footpad loses a significant amount of kinetic energy during the
rapid penetration stage, exceeding 60% of its initial kinetic energy. Table 4 shows the relationship between
peak axial force and maximum penetration depth and landing velocity. Both peak axial force and maximum
penetration depth increase with increasing landing velocity.

Figure 8: Axial force and penetration depth time histories for different landing velocities (a) Axial force time histories;
(b) Penetration depth time histories

Table 4: Effect of landing velocity on peak axial force and maximum penetration depth

Landing velocity (m/s) Peak axial force (N) Maximum penetration depth (mm)
2.0 248.4 18.4
4.0 462.2 44.7
6.0 842.6 70.6
8.0 940.8 93.6

3.2 Impact of Footpad Mass on the Landing Process

Fig. 9 shows the time histories of axial force and penetration depth for different footpad masses, respec-
tively. The dynamic response curves of the footpad are similar for different masses, but the peak axial force,
maximum penetration depth, and impact time differ significantly. As the footpad mass increases, the peak
axial force and maximum penetration depth also increase, and the interaction time lengthens accordingly.

Initially, the axial force and penetration depth experienced by footpads with different initial masses
are approximately equal. This is because the footpads have the same initial velocity, resulting in similar
displacements. Consequently, the lunar regolith undergoes similar compression and deformation, leading
to similar axial forces acting on the footpads. Subsequently, due to the different masses of the footpads,
their axial accelerations differ when subjected to the same axial force. This ultimately leads to variations in
the dynamic response across different scenarios. Table 5 shows the relationship between peak axial force,
maximum penetration depth, and footpad mass.
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Figure 9: Axial force and penetration depth time histories for different footpad masses (a) Axial force time histories;
(b) Penetration depth time histories

Table 5: Effect of footpad mass on peak axial force and maximum penetration depth

Footpad mass (kg) Peak axial force (N) Maximum penetration depth (mm)
1.5 248.4 18.4
3.0 424.5 37.0
4.5 521.3 54.0
6.0 687.0 69.0

3.3 Lunar Regolith Response and Crater Characteristics
During the interaction between the footpad and the lunar regolith, significant deformation occurs in the

regolith, ultimately leading to the formation of an impact crater. The formation process and characteristics of
this impact crater are crucial responses to the interaction between the footpad and the regolith, and constitute
a significant concern for engineering design.

As shown in Fig. 10, two modes of failures were found for the failure surface for all the numerical cases,
which is termed as bowl-shaped failure mode and urn-shape mode. Here a typical value of 10% accumulated
plastic strain contour surface is chosen to characterize the localization in the large deformation process.
Therefore, two scenarios were selected for analysis: a landing velocity of 4 m/s with a footpad mass of 1.5 kg
and a landing velocity of 2 m/s with a footpad mass of 6 kg. These scenarios were chosen to investigate the
regolith’s response during landing. Based on the axial force response during landing, six characteristic time
points were selected. These time points are illustrated in Figs. 11 and 12.

Fig. 13 shows the distribution of accumulated plastic strain in the lunar regolith at characteristic
moments during landing with a velocity of 4 m/s and a footpad mass of 1.5 kg. To better visualize the large
deformation failure process and characteristics of the regolith bed, we consistently select an accumulated
plastic strain of 10% as the failure surface of the soil structure for all times, as indicated by the black contour
lines in Fig. 13. As shown in Fig. 13a,b, during the rapid penetration stage, the accumulated plastic strain at
the edge of the footpad is relatively large. Initially, the regolith does not exhibit significant plastic failure. The
downward motion of the footpad compresses the regolith, causing the axial force to increase rapidly. As the
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footpad continues to move downward, the regolith at the footpad’s edge undergoes significant shear failure,
resulting in decreased soil resistance and a reduction in axial force. However, a completely continuous failure
surface is not yet formed.

Figure 10: The final failure surface of the regolith for difference mass and impact speed

Figure 11: Axial force time history for 4 m/s, 1.5 kg condition

Upon entering the oscillatory decay stage, as the footpad continues downward, it compresses the
surrounding regolith, expanding the affected area. The plastic failure zone grows, as depicted in Fig. 13c,
leading to increased regolith resistance and a small peak in axial force. The distribution of the failure surface at
this time exhibits an elliptical shape with sharp corners. After reaching a certain thickness, the plastic failure
zone maintains a relatively stable thickness, as illustrated in Fig. 13d. This thickness no longer increases,
and the regolith surrounding the plastic failure zone becomes more compact under pressure as the footpad
continues to move downward. Subsequently, the regolith below the plastic failure zone becomes compacted,
leading to a smaller displacement in the area beneath the plastic zone compared to the area above it. The
downward motion of the footpad causes compression of the plastic failure zone, as shown in Fig. 13e, resulting
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in another increase in axial force. Finally, the elastic energy stored in the plastic zone is released, causing the
axial force to decrease rapidly and stabilize. The distribution of the plastic strain remains constant, and the
final failure surface resembles a uniformly open bowl shape, which is termed as bowl-shaped failure mode.

Figure 12: Axial force time history for 2 m/s, 6 kg condition

Figure 13: Distribution of accumulated plastic strain for case with 4 m/s of impact speed and 1.5 kg for mass

Fig. 14 displays the distribution of accumulated plastic strain in the lunar regolith at characteristic
moments during landing with a velocity of 2 m/s and a footpad mass of 6 kg. The black lines in the figure
represent the 10% accumulated plastic strain contour lines. As shown in Fig. 14a, plastic failure occurs in the
lunar regolith shortly after the footpad interacts with it. As the footpad moves downward, the plastic failure
zone expands, and the axial force increases accordingly. A complete plastic failure zone is formed during the
rapid penetration stage. After further development, the plastic failure zone reaches a relatively stable state,
and its thickness no longer increases, as illustrated in Fig. 14b.



Comput Model Eng Sci. 2025;142(2) 2061

Figure 14: Distribution of accumulated plastic strain for case with 2 m/s for impact speed and 6 kg for mass

Upon entering the oscillatory decay stage, because of the regolith below the plastic failure zone is
compacted. When subjected to stress, the displacement of the regolith beneath the plastic failure zone is
smaller than that above it. Therefore, the footpad’s movement compresses the plastic failure zone, as shown
in Fig. 14c. At this point, the axial force remains relatively stable, and the failure surface resembles a uniformly
open bowl shape. Finally, the accumulated elastic energy stored in the plastic zone is released, causing
the axial force to decrease rapidly and then fluctuate around the magnitude of the footpad’s weight. The
surface failure zone no longer increases in size, but the internal failure zone continues to expand, as shown
in Fig. 14d–f. Ultimately, the failure surface exhibits a characteristic urn shape with a larger abdomen and a
smaller opening, which is termed as urn-shaped failure mode.

The size and shape of the impact crater formed by a lander during touchdown contain a wealth of
information. The morphology of the crater is closely related to the strength, density, and particle size
distribution of the lunar regolith, and also reflects the landing performance of the lander. Moreover, the
condition of the crater is crucial for ensuring the safety and stability of the landing. Huang et al. [13]
experimentally demonstrated that impact craters formed by footpad impacts under various conditions
exhibit similar morphologies. Our simulation finds similar bowl-shaped impact craters as in experiment of
Huang. Fig. 15 shows the final morphology of the impact craters formed at different landing velocities. The
craters exhibit similar shapes at different velocities, featuring a flat bottom with a raised surface. The impact
crater depth and width increase with increasing landing velocity, with a greater impact on depth. As the
velocity increases, the crater walls become steeper.
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Figure 15: Crater morphology at different landing velocities

At higher velocities, the impact craters become unstable, there is regolith detaching from the crater walls
and falling into the crater, as illustrated in Fig. 16. This phenomenon intensifies with increasing velocity. At 4
m/s, only a small number of particles detach, while at 6 m/s, larger regolith blocks fall. At 8 m/s, a significant
number of particles and regolith blocks detach from the crater walls. This phenomenon poses a threat to the
landing safety and stability of the lander, as well as to subsequent exploration activities. Further analysis of
its impact is warranted in future research.

Figure 16: Crater wall morphology at different landing velocities

The effect of footpad mass on the impact crater is shown in Fig. 17. As the footpad mass increases,
the impact crater depth noticeably increases, but the crater width does not always increase proportionally.
When the footpad mass is greater than 3 kg, the crater width does not change significantly with increasing
mass. Moreover, variations in mass do not affect the stability of the impact crater. The final morphologies
of impact craters formed at different landing velocities and footpad masses are similar. The craters exhibit a
bowl-shaped distribution.



Comput Model Eng Sci. 2025;142(2) 2063

Figure 17: Crater morphology at different footpad masses

4 Conclusions
This paper established a 3D SPH model to simulate the interaction between a landing footpad and

simulated lunar regolith. The effects of landing velocity and mass on the landing process are investigated,
and the dynamic responses of both the footpad and the regolith during the interaction are analyzed. The
following conclusions are drawn:

1) A 3D SPH model of the interaction between a landing footpad and lunar regolith has been developed
by extending a former SPH model of large deformation of granular system, which can predict engineering
indicators such as axial force and penetration depth. Compared to typical empirical models, this model can
additionally capture the large-scale deformation and failure of the regolith bed, as well as the crater response.

2) The interaction between the footpad and the lunar regolith can be broadly divided into two stages:
rapid penetration and oscillatory decay. Despite variations in landing velocity and footpad mass, the landing
process exhibits similarities. The maximum penetration depth and peak axial force exhibit a positive
correlation with both landing velocity and footpad mass.

3) Under the impact of a lighter footpad, the lunar regolith bed exhibits a bowl-shaped failure mode
with a uniformly open mouth for the failure surface. With a heavier footpad, the regolith bed suffers an urn-
shaped failure mode, characterized by a larger abdomen and a smaller opening for the failure surface. In
both cases, the resulting impact craters display a bowl-shaped distribution. At higher velocities, significant
blocky spallation is observed on the sides of the craters.

However, this study only analyzes the interaction between a single footpad and the lunar regolith,
neglecting the synergistic effect of multiple footpads and the impact of the lander’s attitude changes on the
regolith during a real landing. Therefore, the results of this study have a certain gap with the actual landing
process and cannot fully reflect the interaction mechanism between the footpad and the lunar regolith in a
real scenario. Future research will further consider the interaction of multiple footpads and the influence of
lander attitude changes on the lunar regolith, to simulate the lunar landing process more accurately. As for
the SPH model, deformation of the structure and its coupling with the lunar bed granular system also needs
to be studied.
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