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Abstract: The impact process of a rigid intruder on granular materials can reveal some fundamental
physical phenomena related to granular materials. Most existing investigations on impact problems of
granular materials are mainly focused on the phenomenological description of the impact process without
comprehensive understanding of energy dispersion of granular materials. In this paper, the discrete element
method (DEM) is adopted to investigate the impact process of granular materials subject to an intruder.
The kinetic and potential energy of the intruder is transferred to granular materials through the contact
surface during impact. The granular material achieves dynamic equilibrium at the macroscopic level. The
results reveal that the momentum transfer is typically radial at the collision point, indicating that the
friction between particles and the intruder is not crucial. The shape and size of intruder significantly affects
the energy transfer and the contact area between intruder and granular material. There is a quantitative
relationship between the proportion of granular material involved in energy dissipation, the dissipation
time and the energy transferred to the granular system, particularly when the granular system is sufficiently

large.

Keywords: dynamic impact; granular material; intruder shape; energy dissipation; discrete element

method
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1. Introduction

Impact and collision are ubiquitous phenomena involved in discrete systems in nature, from
molecular interactions to planetary collisions [1-4]. The impact of a solid intruder can affect both the
surface and internal structure of granular materials on micro-scale [5]. Normally, the impact can form a
bowl-shaped crater on the granular bed and cause the spray of particles outwardly [6,7]. Recently, the
impact phenomena including the crater shape, the impact depth, the dynamic response, the boundary effect
and the filling block effect have been investigated by numerical simulations and physical experiments [8-
11]. The formations of craters of granualr materials on Earth, Mars and other planets have also been
considered under impact [12-14]. The depth and diameter of impact craters can indicate the formation of
volcanoes and meteorite craters. Moreover, the energy transformation and dissipation during the impact
process is also very important to understand the generation of crater in granular materials [15-17]. The

energy dissipation can be better understood by considering collisions between particles at the micro-scale.

According to the different impact velocities, the impact process can be classified into quasi-static
penetration, dynamic impact, high-speed impact and ultra-high-speed impact [18-20]. Dynamic impact is
particularly useful for studying the physical properties of granular media as it more accurately reflects the
collisions that occur in everyday life and production. The wave propagation process is closely linked to
the impact process, and the analysis of energy is crucial [21-23]. In recent years, the impact depth, velocity
variation and other related issues of intruders with specific kinetic energy in granular media have been
extensively studied [6,24]. When dealing with low-speed impact with loose granular filling considers, the
interaction between intruder and granular media is modeled as the sum of a depth-dependent linear friction
force and inertial resistance, which is proportional to square of the velocity v?, and a static friction

resistance that is proportional to the impact depth z [12,25]. Poncelet [26,27] proposed the following

dynamic impact equation: Ma = Mg — h(z)v* — (z) , where M is the intruder mass and ¢ is the

gravitational acceleration; Z is the impact depth,and Z=0 corresponds to the lower edge of the intruder

contacting the upper surface of the granular bed; p(z)is the quasi-static drag coefficient, which can be

determined when short-term fluctuations are neglected. (z) is considered as a constant during dynamic

impact. Consequently, h(z)v’ plays a dominant role in the impact resistance [28] and is typically regarded
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7

as an inertia term that characterize the momentum and energy transfer from the intruder to the granular
media [29,30]. The validity of the above equation has been confirmed in subsequent experimental studies,

demonstrating its ability to describe the dynamic characteristics of the intruder.

According to the physical characteristics of granular media, different numerical models and methods
are used for simulations. The discrete element method (DEM) has unique advantages in simulating
granular media, while continuum-based models are better suited for strong and tough media or large
planetary impacts[17,31-33]. In the study of granular properties, the focus is on the impact of cm-scale
objects on granular media, while the continuum-based model is not suitable for granular media [34].
Therefore, DEM is one of the most effective numerical methods to simulate the dynamic behavior of
granular materials with the loose and discontinuous nature [35]. At present, both two and three dimensional

DEM have been applied to the numerical study of collisions of granular media in various fields [36,37].

In this study, DEM is used to simulate the impact of a solid intruder on a granular material. A non-
linear contact model is adopted to describe the interaction between the spherical particles. Here the
interaction between intruder and spherical particle are interpreted comprehensively. The process is
analyzed in detail from the aspects of energy transfer, the influence of contact area and the energy

dissipation of granular media.

2. Discrete element method for granular materials

2.1 Contact force between particles

Considering the structural characteristics of granular material and its dynamic response during
collision and impact, the non-linear contact model is applied to account for the interaction between
spherical particles treated as discrete elements. The particle shape has a certain impact on the impact
process [38]. There are many researches on particle shape at present. In order to simplify the simulation,
the spherical discrete element model is used in this paper. The contact force between two discrete elements,
as shown in Fig.1(a) for two elements i and j, can be divided into two parts: the normal contact force F,
and the tangential contact force F, , which can be represented by a spring-damper-slider
phenomenological model as shown in Fig.1(b) and Fig.1(c), where K, and K, are the normal and

tangential stiffnesses respectively; C,, and Cg are the normal and tangential damping coefficients;
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is the inter-granular friction coefficient.

Removed when sliding

(©)
Fig. 1 Contact model between two particles.

The normal overlap between the two elements i and j in contact is x; = R; + R; — d;j, here d;; =

ij
|x; —x;]| is the distance between the centers of the two elements represented by x; and x; respectively;
and R; and R; are their radii. Both normal and tangential contact forces include an elastic force and a

viscous damping force, while the tangential force is limited based on the Coulomb friction modal. The two

forces can be written as [39]:

Fn=(Fne+an)' n;; (1)
Fs = min (Fse+Fsv),,Up|Fn| © Sy 2

where H, is the friction coefficient between the two contacting particles; n;; is the unit normal vector

from the center of sphere i to the center sphere j; and s;; is the tangential vector between two particles.
The Hertzian-Mindlin nonlinear contact model is applied to compute the elastic force between granular
materials. In the normal direction, the forces between the two contacting particles include the Hertzian

elastic force and non-linear viscous force [40], and the two forces can be written as
3/2
Fpe = K, (xrl:)
3 1/2 .
Foy = EAKn(er:) Axr? 3)

where x represents the relative velocity of the two contacting particles; A is the viscous parameter of
the granular material, which is related to the mechanical parameters, such as deformation modulus, viscous
coefficient and Poisson's ratio, and can be determined with the resilience coefficient of granular collision

at a certain velocity. The normal stiffness coefficient between the two contacting particles can be written

4
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as K, = 2E*VR*, where E* = LZ R* =% here E and v are the elastic modulus and the
4 2(1-v?%) Ri+Rj

Poisson's ratio of the granular material, respectively. Based on the Mindlin theory and ignoring the

influence of viscous force, the tangential elastic force can be expressed as [41]
1/2
Fse = Ks(xrl:l)) XE )

where K is the tangential stiffness coefficient between two contacting particles, and can be written as

G E
2(1-v)’ G = 2(1+1)’

K, = 8G*VR*, here G* = G is the shear modulus of granular material. If a particle is

in contact with a rigid boundary, the boundary can be set as a sphere with infinite radius. The work is

realized by the self-developed program, which is based on CUDA C++.

2.2 Setting of granular bed thickness

Since the impact duration is very short when a rigid intruder impacts granular materials, the influence
of the shock wave in the granular bed is limited [10]. To reduce the computational time and cost, a finite
granular bed with non-reflective boundaries on all but the upper surface can be set up to eliminate
boundary effects [42]. Therefore, the propagation distance of the shock wave in the granular bed can be
estimated with the dynamic compaction or wave velocity method, and the depth of the granular bed can

be determined as [43]:

D=rx X (5)

103

where D is the maximum depth of the shock wave generated by the intruder in the granular bed; x isthe
coefficient related to the properties of the granular material with the value in the range of 0.42~0.8, and
Kk = 0.6 istaken here; M is the intruder mass; H is the free-falling height of the intruder, which can be

deduced from the impact velocity.

To prevent the splashed granular material from scattering on the surface of the intruder during the
impact process, a lightweight recessive wall is added above the intruder in the simulation, which has no
effect on the dynamic impact. As shown in Fig. 2, the grey solid part represents the actual intruder, while
the blue transparent part represents the virtual recessive wall, which is used to prevent the granular media

from falling on the top of the intruder. The granular system is generated through a random arrangement of
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spherical particles. Before simulation, the granular media reaches a physical equilibrium state. The

simulation parameters used are listed in Table 1.

Fig.2 Impact model

Table 1 Computational parameters in DEM simulations

Intruder Granular material
intruder mass M 2 kg particle radius r 5~8 mm
radius R 20 mm particle bed thickness D 0.2m
initial velocity Vo 4.0 m/s particle number - 203380

2.3 Calculation of energy

At each time step, all energies associated with both the intruder and the particles are calculated with
special focus on the kinetic energy transferred within the system of particles, while the change of the

gravitational energy of granules is negligible.
The kinetic energy of the particles is calculated as follows:
Egranular = Zizh GMivf (£) + 5 LiwF(£)) (6)
The mechanical energy of the intruder is calculated as follows:

1
Eintruder = EMUZ(t) — Mgz (7

3. Analysis of impact energy dispersion of granular material

The impact process involves two processes: the initial impact of the intruder on the granular media,
and the subsequent collision between the particles. During the first stage, the intruder imparts energy to
the granular system, while during the second stage, this energy is dissipated through various interactions

between the particles, until the impact system reaches a state of dynamic equilibrium. However, accurately
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modelling the energy dissipation in real granular systems remains a challenging task, and there is currently
no consensus on the most appropriate contact model to be used in the DEM [44]. In particular, traditional
numerical models of granular materials do not take into account various forms of energy dissipation, such
as contact attrition, local granular breakage, heat energy dissipations or high-frequency wave propagation
[45,46]. The interaction force model only includes energy dissipation through frictional processes. No
additional viscous or inertial damping are introduced to dissipate energy in the simulations [47], while the
assumption is made that the energy transfers and dissipation associated with particles rearrangement are

predominant compared with other energy dissipation mechanisms.

3.1 Shock model validation and process analysis

Upon the impact of the hemispherical intruder onto the granular medium, a dynamic response occurs
in the granular system, as shown in Fig. 3. When subjected to an external impact force, the granular
material around the intruder will obtain some energy and then transfer the energy to the surrounding
granular material, causing the granular media splashes around due to the acquired velocity. Fig. 3 also

demonstrates the velocity distribution of the granular medium and its change over time.

t=0ms t=0.5ms t=1.5ms

t=4ms t=8ms t=25ms

Fig. 3 Dynamic response of granular media in impact process

When the hemispherical intruder collides with the granular material, it experiences a sudden
deceleration due to the strong resistance from the granular particles. Fig. 4 shows the dynamics process

for a hemispherical intruder. As illustrated in Fig. 4(a), the maximum penetration depth zg, is reached
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shortly after the initial impact. Note that the impact depth z is positive and increases as the intruder
penetrates the granular media, with z = 0 at t = 0. The velocity of the intruder is also shown in Fig. 4
(b): the velocity drops rapidly within 10ms and approaches to zero. From the velocity curve, the stopping
time tg,p is determined as the time from the initial contact with the granular media to the time the
velocity first reaches zero. The numerical simulation results obtained by DEM with consistent
computational parameters are compared with experimental data from Clark and Behringer [48], and found
to be in good agreement, demonstrating the reliability of the numerical model. The slight difference may
be due to the smoothing of the test results after filtering, and the fluctuation of the simulation results may

also be caused by the discontinuity of the granular materials.

In Fig. 5(a), the resistance force applied by the granular media exerted on the intruder is shown. Three
peaks appear within 10ms of the impact, gradually decreasing over time. The fluctuation in the resistance
force is due to the intermittent release of energy. Fig. 5 (b) illustrates the energy change of the intruder

during the impact. Within the first 10ms of the impact, the energy of the intruder rapidly releases, reaching

almost zero.
25
4k
DEM resulis
20 @ Expeniment results
— 3k
5 10l $
5r DEM results
=  Experiment results ol
U [ 1 1 1 1 1 ' 1 ' 1 ' 1
1 1 1 1 1 L 1 1 1 1 1
1] 2 4 G 8 0 12 14 16 18 20 0 2 4 5] 8 10 12 14 1% 18 20
e (ms) time (ms)
(@) Time history curves of displacement of the (b) Time history curves of velocity of the
hemispherical intruders during impact hemispherical intruders during impact

Fig. 4 Time history curves of displacement and velocity of the hemispherical intruders during

impact and comparison with experimental results [48].



176

177
178

179

180

181

182

183

184

185

186

187

188

[ 18
- 1L L L]
sL |
14+
I N :
ab |l 22t
"'Z‘. | EJ]B i *e
_:::':; ’ | | L ; B ..c
i Il £ sl
21 | | ' £ 8
| II | . 5 4} c....
1 I ) = ..
| | s s | 1 2t *e
. L
0 ..l |".. L un ._- - - o} RLLTTTT TP TP TP
1 1 1 1 1 1 1 1 1 2 I 1 1 1 1 1 1 1 1 1 1
o 2 4 6 8 10 12 14 16 18 20 0o 2 4 6 B 10 12 14 16 1B 20
me'ms time (ms)
(a) Resistance (b) Total kinetic energy of intruder

Fig. 5 Time history curves of resistance, total kinetic energy of the hemispherical intruder during impact

3.2 Energy transfer between the intruder and the particles

The kinetic energy of the intruder is transferred to the granular media by momentum transfer. The
collision between the intruder and the granular media is decomposed into radial and tangential directions
along within the granular media. However, the friction coefficient between the intruder and the granular
media does not affect the velocity of the intruder during impact, as shown in Fig. 6. This demonstrates that
the friction between the intruder and the granular media is unimportant in the momentum transfer process.
The tangential momentum between granular materials and the intruder is generated by friction, which
leads to the conclusion that the tangential momentum transfer can be neglected. That is, the collision
between the intruder and the granular media occurs only in the radial direction. Therefore, the interaction

between the intruders and granular materials is established, as shown in Fig. 7.

4 oo LT |
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7 °3§§
Baon.
1 EB&&“nnu
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oL, . , Tegseizhen
4] 5 10 15 20
me (ms)

Fig.6 The influence of friction coefficient between intruder and granular media on impact process



189

190 Fig. 7 Diagram of interaction between a particle and the intruder

191 The resistance experienced by an intruder during impact is proportional to the square of its velocity,
192 and the proportionality coefficient depends on the dynamic response of the intruder [18]. The momentum

193  transfer and collision time during the collision can be expressed as

mgM
mg+M

194 Ap=(1+e)

vcosa 8)

195 At = 2= 9)

vcosa

196  where e is the coefficient of restitution between granular materials and the intruder, m, is the mass of a
197  single particle, v is the impact velocity, « is the angle between the normal direction and the velocity at
198  the collision point, and r is the radius of the particle. The average collision force can be expressed as

199 [28]:

Ap _ (1+e)v*cos?a mgM
At 2r mg+M

200 f=

(10)

201 As M >» myg,so %zmg. The number of particles in contact with the intruder surface can be estimated
g
202 as N =kdS/r?, where k represents the contact coefficient and dS denotes the contact area.

203  Accordingly, the total force exerted on the intruder during impact can be expressed as:

2 2
204 F=[fN=[Loresey, ds (11)

205  Therefore, the total Kinetic energy transferred from the intruder to the particles can be written as:

206 E, = F2r = [2rfN = [ LXcose,, g (12)

10
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The intruder's kinetic energy overall change during impact is shown in Fig. 8. Because the intruder
with a larger radius is more likely to contact with the granular media, the efficiency of kinetic energy
transfer is improved. Fig. 8(a) shows that the energy of the intruder decreases more rapidly in the initial
stage, indicating that a higher impact velocity is beneficial to the energy transfer, which is confirmed in
Fig. 8(b). However, the transfer efficiency between the intruder and the granular material approaches

almost zero as the velocity reaches a certain value.
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(a) Total kinetic energy of intruder with different size as a

(b) Total kinetic energy of intruder with different velocity
function of time

as a function of time
Fig.8 Total kinetic energy of intruder with different size and velocity as a function of time
The dynamic resistance of the intruder is related to the velocity and size of the intruder. As the
probability of collision between the granular media and the intruder remains constant, the contact area of

the intruder in the hemisphere can be defined as:

Shemisphere = §27Rz (13)
where z = z(R,v,,t), & isthe contact coefficient. So the contact area of the hemispherical intruder can

be expressed as:

Shemisphere = E27Rz(R, vy, t) (14)

When the impact velocity and radii are changed, the impact depth and contact area change with time
as shown in Fig. 9. The contact area is determined by both the impact depth and the size of the intruder.
Compared Fig. 9 (a) with Fig. 9 (c), it is found that a larger intruder radius results in a deeper impact depth
but a smaller total contact area, highlighting the dominant role of intruder size over impact depth.

Compared Fig. 9 (b) with Fig. 9 (d), it is found that changes in impact depth and contact area are similar

11



226  when the impact velocity is altered, indicating that impact velocity is the major factor affecting the impact
227  depth and consequently the contact area. In summary, increasing the size and initial impact velocity of the

228 intruder is favorable for expanding the contact area between the intruder and the granular media.
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229 Fig.9 Time history curves of impact depth and contact area under different radius and impact velocities

230 3.3 Influence of intruder shape on the impact process

231 The resistance of the intruder experienced has no dependence on its shape in the quasi-static impact,
232 which has been verified in previous studies [11,49,50]. However, to explore the relationship between the
233 impact depth and intruder shape during dynamic impact, Clark used triangular-nosed intruders to study
234 the influence of shape by varying the size of the nose [28]. The advantage of this approach is that
235  quantitative relationships can be obtained. However, the use of triangular-nosed intruders does not include
236  all form of contacts. Thus, cylindrical, hemispherical and conical intruders are also used to investigate this

237  issue [51]. They represent plane, surface and point contact, respectively, as shown in Fig. 10. Fig. 11

12
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describes the schematic diagram of the interaction between granular material and intruders with different

shapes during impact, where contact occurs only on the surface of the intruder.

(a) cylinder (b) hemisphere (c) cone
Fig.10 Cylindrical, hemispherical and conical intruders used. They represent plane contact, surface

contact and point contact, respectively.

(a) cylinder (b) hemisphere (c) cone

Fig. 11 Diagram of interaction between granular material and intruder with different shapes

Fig. 12 compares the dynamic responses of three different shaped intruders during impact. At the
same time, the dynamic response of the granular medium under impact can also be seen. When the granular
media is subjected to the external impact force, the granular material around the intruder will obtain a
certain amount of energy which is subsequently transferred to the surrounding granular material. Therefore,

the granular media splashes around the impact region.

The contact area of the intruder with cylinder and cone shapes are defined:

Scylinder = 7Z'R2 + 27Rz (15)

_ mz? , 1
Scone - m 1+ tan2e (16)

The maximum impact depths of the three shapes under different initial impact energies are shown in

Fig. 13. The impact depth increases with the increase of the impact energy. As expected, it has:

Zgtop (cylinder) < zg,,(hemisphere) < zg,,(cone) @an

13
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t=0ms

t=0.5ms

t=1.5ms

t=4ms

t=8ms

t=25ms

Fig. 12 Dynamic response of granular media in impact process
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Fig. 13 The relationship between maximum impact depth and different impact energies in different

shapes intruders

The impact depth of the intruder with a sharper contact point is greater. The initial impact energy can

be written as K = %Mv2 and 3_1; = Ma. Therefore, the following expressions can be obtained:

dK _ _ _ 2h(z)
- = Mg—Bz)———K (18)

This is a first-order ordinary differential equation with non-constant coefficients, making it an
inhomogeneous ODE. Standard techniques for solving such equations can apply to obtain a formal solution

for K(2):
K(z) = K, (2)(Ko + ¢(2)) (19)

where K, isthe initial kinetic energy of the intruder.

Ky(2) = (= i @)az') (20)
Mg-Bz' ,
o0 = @

In order to get the relationship between the impact depth Z,, and K, it is usually assumed that
the drag coefficient is constant, i.e. h(z) = yh, B(z) = B. Therefore, it is possible to find the stopping

distance by setting K (Zstop) = 0, i.e.

(22)

Fig. 13 presents the fitted curves that reveal the relationship between the intruder shape and the values

15
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of y and B, which determine the impact depth. It is evident from the graph that the values of  and 8
vary with the intruder shape, highlighting the impact depth's dependency on the intruder shape. These
findings are consistent with the results of photoelastic experiments [48]. According to Eq. (22), the depth
is proportional to the logarithmic value of kinetic energy, while Egs. (14)-(16) reveal that the contact area
is at least a function of the radius. This explains why the radius has a significant impact on the contact

area.

3.4 Analysis of energy dissipation mechanism of particles

Granular materials have the characteristic of energy dissipation [52,53]. When the energy is
transferred from the intruder to the granular media, strong extrusion and friction occur between the
particles, resulting in a complex internal force chain structure that constantly breaks and reorganizes,
thereby consuming a significant amount of energy [54,55]. Due to the viscous effect and plastic
deformation between particles, irreversible energy is also absorbed [56]. In granular systems, contact
forces are transmitted through force chains, which cause the impact load expand continuously in space
and reduces its strength. Furthermore, the force chain has a significant time effect on the process of force

propagation, which delays the instantaneous impact load in time and plays a buffering role [57].

In addition, the intruder loses most of its energy at the moment of contact with the granular media.
However, during deep impacts, the granular media undergoes significant displacement, resulting in
increased compression and shear deformation, which is a highly dissipative phenomenon. This
deformation is mainly caused by the friction and volume changes that occur as granular material slides,
rolls, and climbs [58,59]. The high average stress in front of the intruder leads to increased friction force
between the particles, while the volume changes that occur during shear result in pressure evolution and
energy dissipation. In some cases, the locally high stress can lead to granular rupture or even complete
crushing [60], resulting in new surface area and additional energy dissipation. Although this paper does
not consider the energy dissipation resulting from granular rupture, it is an important part of the actual
impact process. These microscopic and mesoscale dissipation mechanisms provide a foundation for

understanding the intruder impact in granular media.

As an example, the impact dynamics of a hemispherical intruder is examined by analyzing the energy

distribution of the system throughout the impact process, as shown in Fig. 14. The energy distribution is
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divided into three components: the mechanical energy of the intruder (red curve), the potential and kinetic
energy of the granular media (pink curve), and the energy dissipated during the impact (blue curve). The
pink curve rapidly increases from zero at the initial time, then gradually decreases to zero, while the red
curve decreases from its maximum value to zero. The energy dissipated by the system is represented by

the blue curve. The total energy of the system E can be expressed as:

E= Egranular + Eintruder+Edissipation (23)

where Egranuiar aNd Eingruder are the mechanical energy of the granular media and the intruder,
respectively. Egissipation 1S the energy currently dissipated by the impact system. The formula presented
above represents the fundamental law of energy conservation. At the beginning of the impact process, the
total energy of the system is primarily determined by the mechanical energy of the intruder. However, a
crucial turning point occurs at the black dotted line. Beyond this point, the granular media becomes the
primary energy carrier after colliding with the intruder and receiving its mechanical energy. As a result of
friction and collision between the granular particles, the mechanical energy is gradually converted into
other forms of energy. The mechanical energy of the system decreases over time, ultimately reaching a

stable state during the dynamic response.

energy (/)

ume (ms)

Fig. 14 The energy distribution of the impact system

Fig. 15 shows that the larger the initial impact energy of the intruder, the more energy Egranuiar the

granular system obtains, the longer the dissipation time 7, and the larger the proportion of the granular

material involved in energy dissipation y. The relationship of these three quantities can be expressed as:

Ty = glnEgranular +c (24)
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322  where ¢ and ¢ are coefficients related to the physical properties of the granular material. The

323  determination of these coefficients is an important aspect that will be addressed in future work.

@

= 6L ¢ —a— y=2m/s
g I +—v=3m/'s
Z 14 b ;* —h— pdm/s
= \ *—1=5m/s
=12 L4 q-\ —+—=6m's
-_E 10k . *
Py IFANRN
[= *
. 9 LR
2 o1\
2 o
5l / '\\
= *
G4 LY +
I (17 S Wi A
E , L; \ “w.. N“
o
ﬂ L - L

Q a0 100 150
324 time (ms)
325 (@) The change of mechanical energy of granular system with time under different impact velocities
18
16 L
14 L
St
5
Z 10k
4k
2L
0 L L 1 1 'l 'l L
1] 5 10 15 20 25 30 33 40
326 impact energy (J)
327 (b) Maximum energy possessed by a granular system at different impact energies
78 0.4
L]
76 —
g8 <03
74 |+
I rad
/ {or
70 - o —e—
°/ —ﬂ—-l'
68 L 1 L 1 L L L U U
0 5 10 15 20 25 30 35 40
328 KM
329 (c) The black line is the proportion of the largest number of granular materials participating in the dissipation, and the
330 blue line is the total dissipation time
331 Fig. 15 Effect of initial mechanical energy of impact system on dissipation process

18



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

4. Conclusions

Based on the empirical formula of impact dynamics, a numerical simulation model is set up in this
paper. The dynamic impact is decomposed into two main processes, that is, the energy transfer from the
intruder to the granular media and the energy dissipation by collision between particles. The analysis
shows that friction between the granular materials and the intruder plays a negligible role in momentum
transfer during the impact. In addition, the influence of the contact area on the mechanical energy transfer
process is analyzed. It is found that the intruder size plays a dominant role in determining the contact area,
and that the depth only affects its development trend. Further research shows that the factors affecting the
impact depth include impact velocity and intruder shape. The dynamic impact is strongly dependent on
the intruder shape, specifically on the coefficient of the inertial force term. More research is needed to
quantify the shape parameters and derive more general rules. The study also found that when the granular
system is large enough, the initial impact energy determines the proportion of the granular material
involved in energy dissipation and the dissipation time, and there is a certain quantitative relationship
among them. The coefficients involved are related to the physical properties of the granular media. The
current study also provides a further understanding of the buffer energy dissipation properties of granular

materials, which will be valuable for applications in space landing, exploration and recovery.
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