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Abstract: The impact process of a rigid intruder on granular materials can reveal some fundamental 9 

physical phenomena related to granular materials. Most existing investigations on impact problems of 10 

granular materials are mainly focused on the phenomenological description of the impact process without 11 

comprehensive understanding of energy dispersion of granular materials. In this paper, the discrete element 12 

method (DEM) is adopted to investigate the impact process of granular materials subject to an intruder. 13 

The kinetic and potential energy of the intruder is transferred to granular materials through the contact 14 

surface during impact. The granular material achieves dynamic equilibrium at the macroscopic level. The 15 

results reveal that the momentum transfer is typically radial at the collision point, indicating that the 16 

friction between particles and the intruder is not crucial. The shape and size of intruder significantly affects 17 

the energy transfer and the contact area between intruder and granular material. There is a quantitative 18 

relationship between the proportion of granular material involved in energy dissipation, the dissipation 19 

time and the energy transferred to the granular system, particularly when the granular system is sufficiently 20 

large. 21 
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1. Introduction 24 

Impact and collision are ubiquitous phenomena involved in discrete systems in nature, from 25 

molecular interactions to planetary collisions [1-4]. The impact of a solid intruder can affect both the 26 

surface and internal structure of granular materials on micro-scale [5]. Normally, the impact can form a 27 

bowl-shaped crater on the granular bed and cause the spray of particles outwardly [6,7]. Recently, the 28 

impact phenomena including the crater shape, the impact depth, the dynamic response, the boundary effect 29 

and the filling block effect have been investigated by numerical simulations and physical experiments [8-30 

11]. The formations of craters of granualr materials on Earth, Mars and other planets have also been 31 

considered under impact [12-14]. The depth and diameter of impact craters can indicate the formation of 32 

volcanoes and meteorite craters. Moreover, the energy transformation and dissipation during the impact 33 

process is also very important to understand the generation of crater in granular materials [15-17]. The 34 

energy dissipation can be better understood by considering collisions between particles at the micro-scale. 35 

According to the different impact velocities, the impact process can be classified into quasi-static 36 

penetration, dynamic impact, high-speed impact and ultra-high-speed impact [18-20]. Dynamic impact is 37 

particularly useful for studying the physical properties of granular media as it more accurately reflects the 38 

collisions that occur in everyday life and production. The wave propagation process is closely linked to 39 

the impact process, and the analysis of energy is crucial [21-23]. In recent years, the impact depth, velocity 40 

variation and other related issues of intruders with specific kinetic energy in granular media have been 41 

extensively studied [6,24]. When dealing with low-speed impact with loose granular filling considers, the 42 

interaction between intruder and granular media is modeled as the sum of a depth-dependent linear friction 43 

force and inertial resistance, which is proportional to square of the velocity 2v  , and a static friction 44 

resistance that is proportional to the impact depth z  [12,25]. Poncelet [26,27] proposed the following 45 

dynamic impact equation: 2( ) ( )Ma Mg h z v zβ= − −  , where M  is the intruder mass and g   is the 46 

gravitational acceleration; z is the impact depth, and 0z =  corresponds to the lower edge of the intruder 47 

contacting the upper surface of the granular bed; ( )zβ is the quasi-static drag coefficient, which can be 48 

determined when short-term fluctuations are neglected. ( )zβ is considered as a constant during dynamic 49 

impact. Consequently, 2( )h z v plays a dominant role in the impact resistance [28] and is typically regarded 50 
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as an inertia term that characterize the momentum and energy transfer from the intruder to the granular 51 

media [29,30]. The validity of the above equation has been confirmed in subsequent experimental studies, 52 

demonstrating its ability to describe the dynamic characteristics of the intruder. 53 

According to the physical characteristics of granular media, different numerical models and methods 54 

are used for simulations. The discrete element method (DEM) has unique advantages in simulating 55 

granular media, while continuum-based models are better suited for strong and tough media or large 56 

planetary impacts[17,31-33]. In the study of granular properties, the focus is on the impact of cm-scale 57 

objects on granular media, while the continuum-based model is not suitable for granular media [34]. 58 

Therefore, DEM is one of the most effective numerical methods to simulate the dynamic behavior of 59 

granular materials with the loose and discontinuous nature [35]. At present, both two and three dimensional 60 

DEM have been applied to the numerical study of collisions of granular media in various fields [36,37]. 61 

In this study, DEM is used to simulate the impact of a solid intruder on a granular material. A non-62 

linear contact model is adopted to describe the interaction between the spherical particles. Here the 63 

interaction between intruder and spherical particle are interpreted comprehensively. The process is 64 

analyzed in detail from the aspects of energy transfer, the influence of contact area and the energy 65 

dissipation of granular media. 66 

2. Discrete element method for granular materials 67 

2.1 Contact force between particles 68 

Considering the structural characteristics of granular material and its dynamic response during 69 

collision and impact, the non-linear contact model is applied to account for the interaction between 70 

spherical particles treated as discrete elements. The particle shape has a certain impact on the impact 71 

process [38]. There are many researches on particle shape at present. In order to simplify the simulation, 72 

the spherical discrete element model is used in this paper. The contact force between two discrete elements, 73 

as shown in Fig.1(a) for two elements i and j, can be divided into two parts: the normal contact force 𝑭𝑭n 74 

and the tangential contact force 𝑭𝑭s , which can be represented by a spring-damper-slider 75 

phenomenological model as shown in Fig.1(b) and Fig.1(c), where 𝐾𝐾n  and 𝐾𝐾s  are the normal and 76 

tangential stiffnesses respectively; 𝐶𝐶n and 𝐶𝐶s  are the normal and tangential damping coefficients; µn 77 
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is the inter-granular friction coefficient. 78 

(a)   (b)  (c) 79 

Fig. 1 Contact model between two particles. 80 

The normal overlap between the two elements i and j in contact is 𝑥𝑥n
p = 𝑅𝑅𝑖𝑖 + 𝑅𝑅𝑗𝑗 − 𝑑𝑑𝑖𝑖𝑖𝑖, here 𝑑𝑑𝑖𝑖𝑖𝑖 =81 

�𝐱𝐱𝑖𝑖 − 𝐱𝐱𝑗𝑗� is the distance between the centers of the two elements represented by  𝐱𝐱𝑖𝑖 and 𝐱𝐱𝑗𝑗 respectively; 82 

and 𝑅𝑅𝑖𝑖 and 𝑅𝑅𝑗𝑗 are their radii. Both normal and tangential contact forces include an elastic force and a 83 

viscous damping force, while the tangential force is limited based on the Coulomb friction modal. The two 84 

forces can be written as [39]: 85 

𝑭𝑭n = (𝐹𝐹ne + 𝐹𝐹nv) ·  𝐧𝐧𝑖𝑖𝑖𝑖                             (1) 86 

𝑭𝑭s = min �(𝐹𝐹se + 𝐹𝐹sv ),µp|𝑭𝑭n|� ·  𝐬𝐬𝑖𝑖𝑖𝑖                      (2) 87 

where µp is the friction coefficient between the two contacting particles; 𝐧𝐧𝑖𝑖𝑖𝑖 is the unit normal vector 88 

from the center of sphere 𝑖𝑖 to the center sphere 𝑗𝑗; and 𝐬𝐬𝑖𝑖𝑖𝑖 is the tangential vector between two particles. 89 

The Hertzian-Mindlin nonlinear contact model is applied to compute the elastic force between granular 90 

materials. In the normal direction, the forces between the two contacting particles include the Hertzian 91 

elastic force and non-linear viscous force [40], and the two forces can be written as 92 

𝐹𝐹ne = 𝐾𝐾n�𝑥𝑥n
p�

3/2
                                    93 

𝐹𝐹nv = 3
2
𝐴𝐴𝐴𝐴n�𝑥𝑥n

p�
1/2∆𝑥̇𝑥n

p                           (3) 94 

where 𝑥̇𝑥n
p represents the relative velocity of the two contacting particles; 𝐴𝐴 is the viscous parameter of 95 

the granular material, which is related to the mechanical parameters, such as deformation modulus, viscous 96 

coefficient and Poisson's ratio, and can be determined with the resilience coefficient of granular collision 97 

at a certain velocity. The normal stiffness coefficient between the two contacting particles can be written 98 
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as 𝐾𝐾n = 3
4
𝐸𝐸∗√𝑅𝑅∗ , where 𝐸𝐸∗ = 𝐸𝐸

2(1−𝑣𝑣2)
 ,  𝑅𝑅∗ = 𝑅𝑅𝑖𝑖𝑅𝑅𝑗𝑗

𝑅𝑅𝑖𝑖+𝑅𝑅𝑗𝑗
 , here  𝐸𝐸  and 𝑣𝑣  are the elastic modulus and the 99 

Poisson's ratio of the granular material, respectively. Based on the Mindlin theory and ignoring the 100 

influence of viscous force, the tangential elastic force can be expressed as [41] 101 

𝐹𝐹se = 𝐾𝐾s�𝑥𝑥n
p�

1/2𝑥𝑥s
p                              (4) 102 

where 𝐾𝐾s is the tangential stiffness coefficient between two contacting particles, and can be written as 103 

𝐾𝐾s = 8𝐺𝐺∗√𝑅𝑅∗, here 𝐺𝐺∗ = 𝐺𝐺
2(1−ν)

, 𝐺𝐺 = 𝐸𝐸
2(1+ν)

, 𝐺𝐺 is the shear modulus of granular material. If a particle is 104 

in contact with a rigid boundary, the boundary can be set as a sphere with infinite radius. The work is 105 

realized by the self-developed program, which is based on CUDA C++. 106 

2.2 Setting of granular bed thickness 107 

Since the impact duration is very short when a rigid intruder impacts granular materials, the influence 108 

of the shock wave in the granular bed is limited [10]. To reduce the computational time and cost, a finite 109 

granular bed with non-reflective boundaries on all but the upper surface can be set up to eliminate 110 

boundary effects [42]. Therefore, the propagation distance of the shock wave in the granular bed can be 111 

estimated with the dynamic compaction or wave velocity method, and the depth of the granular bed can 112 

be determined as [43]: 113 

𝐷𝐷 = 𝜅𝜅�𝑀𝑀𝑀𝑀
103

                                 (5) 114 

where 𝐷𝐷 is the maximum depth of the shock wave generated by the intruder in the granular bed; 𝜅𝜅 is the 115 

coefficient related to the properties of the granular material with the value in the range of 0.42~0.8, and 116 

𝜅𝜅 = 0.6 is taken here; 𝑀𝑀 is the intruder mass; 𝐻𝐻 is the free-falling height of the intruder, which can be 117 

deduced from the impact velocity. 118 

To prevent the splashed granular material from scattering on the surface of the intruder during the 119 

impact process, a lightweight recessive wall is added above the intruder in the simulation, which has no 120 

effect on the dynamic impact. As shown in Fig. 2, the grey solid part represents the actual intruder, while 121 

the blue transparent part represents the virtual recessive wall, which is used to prevent the granular media 122 

from falling on the top of the intruder. The granular system is generated through a random arrangement of 123 
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spherical particles. Before simulation, the granular media reaches a physical equilibrium state. The 124 

simulation parameters used are listed in Table 1. 125 

 126 

Fig.2 Impact model 127 

Table 1 Computational parameters in DEM simulations 128 

Intruder Granular material 

intruder mass M 2 kg particle radius r 5~8 mm 

radius R 20 mm particle bed thickness D 0.2 m 

initial velocity 𝑣𝑣0 4.0 m/s particle number - 203380 

2.3 Calculation of energy 129 

At each time step, all energies associated with both the intruder and the particles are calculated with 130 

special focus on the kinetic energy transferred within the system of particles, while the change of the 131 

gravitational energy of granules is negligible. 132 

The kinetic energy of the particles is calculated as follows: 133 

𝐸𝐸granular = ∑ (1
2
𝑚𝑚𝑖𝑖𝑣𝑣𝑖𝑖2(𝑡𝑡) + 1

2
𝐼𝐼𝑖𝑖𝜔𝜔𝑖𝑖

2(𝑡𝑡))𝑖𝑖=𝑁𝑁
𝑖𝑖=1                      (6) 134 

The mechanical energy of the intruder is calculated as follows: 135 

𝐸𝐸intruder = 1
2
𝑀𝑀𝑣𝑣2(𝑡𝑡) −𝑀𝑀𝑀𝑀𝑀𝑀                           (7) 136 

3. Analysis of impact energy dispersion of granular material 137 

The impact process involves two processes: the initial impact of the intruder on the granular media, 138 

and the subsequent collision between the particles. During the first stage, the intruder imparts energy to 139 

the granular system, while during the second stage, this energy is dissipated through various interactions 140 

between the particles, until the impact system reaches a state of dynamic equilibrium. However, accurately 141 
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modelling the energy dissipation in real granular systems remains a challenging task, and there is currently 142 

no consensus on the most appropriate contact model to be used in the DEM [44]. In particular, traditional 143 

numerical models of granular materials do not take into account various forms of energy dissipation, such 144 

as contact attrition, local granular breakage, heat energy dissipations or high-frequency wave propagation 145 

[45,46]. The interaction force model only includes energy dissipation through frictional processes. No 146 

additional viscous or inertial damping are introduced to dissipate energy in the simulations [47], while the 147 

assumption is made that the energy transfers and dissipation associated with particles rearrangement are 148 

predominant compared with other energy dissipation mechanisms. 149 

3.1 Shock model validation and process analysis 150 

Upon the impact of the hemispherical intruder onto the granular medium, a dynamic response occurs 151 

in the granular system, as shown in Fig. 3. When subjected to an external impact force, the granular 152 

material around the intruder will obtain some energy and then transfer the energy to the surrounding 153 

granular material, causing the granular media splashes around due to the acquired velocity. Fig. 3 also 154 

demonstrates the velocity distribution of the granular medium and its change over time. 155 

   

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

   

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

Fig. 3 Dynamic response of granular media in impact process 156 

When the hemispherical intruder collides with the granular material, it experiences a sudden 157 

deceleration due to the strong resistance from the granular particles. Fig. 4 shows the dynamics process 158 

for a hemispherical intruder. As illustrated in Fig. 4(a), the maximum penetration depth 𝑧𝑧stop is reached 159 
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shortly after the initial impact. Note that the impact depth z is positive and increases as the intruder 160 

penetrates the granular media, with 𝑧𝑧 = 0 at 𝑡𝑡 = 0. The velocity of the intruder is also shown in Fig. 4 161 

(b): the velocity drops rapidly within 10ms and approaches to zero. From the velocity curve, the stopping 162 

time 𝑡𝑡stop  is determined as the time from the initial contact with the granular media to the time the 163 

velocity first reaches zero. The numerical simulation results obtained by DEM with consistent 164 

computational parameters are compared with experimental data from Clark and Behringer [48], and found 165 

to be in good agreement, demonstrating the reliability of the numerical model. The slight difference may 166 

be due to the smoothing of the test results after filtering, and the fluctuation of the simulation results may 167 

also be caused by the discontinuity of the granular materials.  168 

In Fig. 5(a), the resistance force applied by the granular media exerted on the intruder is shown. Three 169 

peaks appear within 10ms of the impact, gradually decreasing over time. The fluctuation in the resistance 170 

force is due to the intermittent release of energy. Fig. 5 (b) illustrates the energy change of the intruder 171 

during the impact. Within the first 10ms of the impact, the energy of the intruder rapidly releases, reaching 172 

almost zero. 173 

  

(a) Time history curves of displacement of the 

hemispherical intruders during impact 

(b) Time history curves of velocity of the 

hemispherical intruders during impact 

Fig. 4 Time history curves of displacement and velocity of the hemispherical intruders during 174 

impact and comparison with experimental results [48]. 175 
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(a) Resistance (b) Total kinetic energy of intruder 

Fig. 5 Time history curves of resistance, total kinetic energy of the hemispherical intruder during impact 176 

3.2 Energy transfer between the intruder and the particles 177 

The kinetic energy of the intruder is transferred to the granular media by momentum transfer. The 178 

collision between the intruder and the granular media is decomposed into radial and tangential directions 179 

along within the granular media. However, the friction coefficient between the intruder and the granular 180 

media does not affect the velocity of the intruder during impact, as shown in Fig. 6. This demonstrates that 181 

the friction between the intruder and the granular media is unimportant in the momentum transfer process. 182 

The tangential momentum between granular materials and the intruder is generated by friction, which 183 

leads to the conclusion that the tangential momentum transfer can be neglected. That is, the collision 184 

between the intruder and the granular media occurs only in the radial direction. Therefore, the interaction 185 

between the intruders and granular materials is established, as shown in Fig. 7. 186 

 187 

Fig.6 The influence of friction coefficient between intruder and granular media on impact process 188 
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 189 

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

The resistance experienced by an intruder during impact is proportional to the square of its velocity, 191 

and the proportionality coefficient depends on the dynamic response of the intruder [18]. The momentum 192 

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

∆𝑝𝑝 = (1 + 𝑒𝑒) 𝑚𝑚𝑔𝑔𝑀𝑀
𝑚𝑚𝑔𝑔+𝑀𝑀

𝑣𝑣cos𝛼𝛼                            (8) 194 

∆𝑡𝑡 = 2r
𝑣𝑣cos𝛼𝛼

                                   (9) 195 

where 𝑒𝑒 is the coefficient of restitution between granular materials and the intruder, 𝑚𝑚𝑔𝑔 is the mass of a 196 

single particle, 𝑣𝑣 is the impact velocity, 𝛼𝛼 is the angle between the normal direction and the velocity at 197 

the collision point, and 𝑟𝑟 is the radius of the particle. The average collision force can be expressed as 198 

[28]: 199 

𝑓𝑓 = ∆𝑝𝑝
∆𝑡𝑡

= (1+𝑒𝑒)𝑣𝑣2cos2𝛼𝛼
2𝑟𝑟

𝑚𝑚𝑔𝑔𝑀𝑀
𝑚𝑚𝑔𝑔+𝑀𝑀

                          (10) 200 

As 𝑀𝑀 ≫ 𝑚𝑚𝑔𝑔, so 𝑚𝑚𝑔𝑔𝑀𝑀
𝑚𝑚𝑔𝑔+𝑀𝑀

≈𝑚𝑚𝑔𝑔. The number of particles in contact with the intruder surface can be estimated 201 

as 𝑁𝑁 = 𝑘𝑘d𝑆𝑆/𝑟𝑟2 , where 𝑘𝑘  represents the contact coefficient and d𝑆𝑆  denotes the contact area. 202 

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

𝐹𝐹 = ∫𝑓𝑓𝑓𝑓 = ∫
(1+𝑒𝑒)𝑘𝑘𝑣𝑣2cos2𝛼𝛼

2𝑟𝑟3
𝑚𝑚𝑔𝑔d𝑆𝑆                          (11) 204 

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

𝐸𝐸𝑘𝑘 = 𝐹𝐹2r = ∫2𝑟𝑟𝑟𝑟𝑟𝑟 = ∫
(1+𝑒𝑒)𝑘𝑘𝑣𝑣2cos2𝛼𝛼

𝑟𝑟2
𝑚𝑚𝑔𝑔d𝑆𝑆                   (12) 206 
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The intruder's kinetic energy overall change during impact is shown in Fig. 8. Because the intruder 207 

with a larger radius is more likely to contact with the granular media, the efficiency of kinetic energy 208 

transfer is improved. Fig. 8(a) shows that the energy of the intruder decreases more rapidly in the initial 209 

stage, indicating that a higher impact velocity is beneficial to the energy transfer, which is confirmed in 210 

Fig. 8(b). However, the transfer efficiency between the intruder and the granular material approaches 211 

almost zero as the velocity reaches a certain value. 212 

  

(a) Total kinetic energy of intruder with different size as a 
function of time 

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

Fig.8 Total kinetic energy of intruder with different size and velocity as a function of time 213 

The dynamic resistance of the intruder is related to the velocity and size of the intruder. As the 214 

probability of collision between the granular media and the intruder remains constant, the contact area of 215 

the intruder in the hemisphere can be defined as: 216 

𝑆𝑆hemisphere = ξ2π𝑅𝑅𝑅𝑅                             (13) 217 

where  𝑧𝑧 = 𝑧𝑧(𝑅𝑅, 𝑣𝑣0, 𝑡𝑡), ξ is the contact coefficient. So the contact area of the hemispherical intruder can 218 

be expressed as: 219 

𝑆𝑆hemisphere = ξ2π𝑅𝑅𝑅𝑅(𝑅𝑅, 𝑣𝑣0, 𝑡𝑡)                       (14) 220 

When the impact velocity and radii are changed, the impact depth and contact area change with time 221 

as shown in Fig. 9. The contact area is determined by both the impact depth and the size of the intruder. 222 

Compared Fig. 9 (a) with Fig. 9 (c), it is found that a larger intruder radius results in a deeper impact depth 223 

but a smaller total contact area, highlighting the dominant role of intruder size over impact depth. 224 

Compared Fig. 9 (b) with Fig. 9 (d), it is found that changes in impact depth and contact area are similar 225 
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when the impact velocity is altered, indicating that impact velocity is the major factor affecting the impact 226 

depth and consequently the contact area. In summary, increasing the size and initial impact velocity of the 227 

intruder is favorable for expanding the contact area between the intruder and the granular media. 228 

  

(a) Influences of intruder sizes on impact depth (b) Influences of impact velocity on impact depth 

  

(c) Contact area during the impact as a function of time 

for different sizes intruders 

(d) Contact area as a function of time for different 

impact velocities 

Fig.9 Time history curves of impact depth and contact area under different radius and impact velocities 229 

3.3 Influence of intruder shape on the impact process 230 

The resistance of the intruder experienced has no dependence on its shape in the quasi-static impact, 231 

which has been verified in previous studies [11,49,50]. However, to explore the relationship between the 232 

impact depth and intruder shape during dynamic impact, Clark used triangular-nosed intruders to study 233 

the influence of shape by varying the size of the nose [28]. The advantage of this approach is that 234 

quantitative relationships can be obtained. However, the use of triangular-nosed intruders does not include 235 

all form of contacts. Thus, cylindrical, hemispherical and conical intruders are also used to investigate this 236 

issue [51]. They represent plane, surface and point contact, respectively, as shown in Fig. 10. Fig. 11 237 
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describes the schematic diagram of the interaction between granular material and intruders with different 238 

shapes during impact, where contact occurs only on the surface of the intruder. 239 

   

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

Fig.10 Cylindrical, hemispherical and conical intruders used. They represent plane contact, surface 240 

contact and point contact, respectively. 241 

 

 

 

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

Fig. 11 Diagram of interaction between granular material and intruder with different shapes  242 

Fig. 12 compares the dynamic responses of three different shaped intruders during impact. At the 243 

same time, the dynamic response of the granular medium under impact can also be seen. When the granular 244 

media is subjected to the external impact force, the granular material around the intruder will obtain a 245 

certain amount of energy which is subsequently transferred to the surrounding granular material. Therefore, 246 

the granular media splashes around the impact region. 247 

The contact area of the intruder with cylinder and cone shapes are defined: 248 

𝑆𝑆cylinder = π𝑅𝑅2 + 2π𝑅𝑅𝑅𝑅                           (15) 249 

𝑆𝑆cone = π𝑧𝑧2

tan𝜃𝜃
�1 + 1

tan2𝜃𝜃
                           (16) 250 

The maximum impact depths of the three shapes under different initial impact energies are shown in 251 

Fig. 13. The impact depth increases with the increase of the impact energy. As expected, it has: 252 

𝑧𝑧stop(cylinder) < 𝑧𝑧stop(hemisphere) < 𝑧𝑧stop(cone)                (17) 253 
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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 254 
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 255 

Fig. 13 The relationship between maximum impact depth and different impact energies in different 256 

shapes intruders 257 

The impact depth of the intruder with a sharper contact point is greater. The initial impact energy can 258 

be written as 𝐾𝐾 = 1
2
𝑀𝑀𝑣𝑣2 and d𝐾𝐾

d𝑍𝑍
= 𝑀𝑀𝑀𝑀. Therefore, the following expressions can be obtained: 259 

d𝐾𝐾
d𝑍𝑍

= 𝑀𝑀𝑀𝑀 − β(𝑧𝑧) − 2ℎ(𝑧𝑧)
𝑀𝑀

𝐾𝐾                          (18) 260 

This is a first-order ordinary differential equation with non-constant coefficients, making it an 261 

inhomogeneous ODE. Standard techniques for solving such equations can apply to obtain a formal solution 262 

for 𝐾𝐾(𝑧𝑧): 263 

𝐾𝐾(𝑧𝑧) = 𝐾𝐾p(𝑧𝑧)(𝐾𝐾0 + 𝜑𝜑(𝑧𝑧))                           (19) 264 

where 𝐾𝐾0 is the initial kinetic energy of the intruder. 265 

𝐾𝐾p(𝑧𝑧) = 𝑒𝑒�−∫
2
𝑀𝑀ℎ(𝑧𝑧′)d𝑧𝑧′𝑧𝑧

0 �                            (20) 266 

𝜑𝜑(𝑧𝑧) = ∫ 𝑀𝑀𝑀𝑀−𝛽𝛽𝑧𝑧′)
𝐾𝐾p(𝑧𝑧′)

d𝑧𝑧′𝑧𝑧
0                             (21) 267 

In order to get the relationship between the impact depth 𝑍𝑍stop and  𝐾𝐾, it is usually assumed that 268 

the drag coefficient is constant, i.e.  ℎ(𝑧𝑧) = χℎ,  𝛽𝛽(z) = 𝛽𝛽. Therefore, it is possible to find the stopping 269 

distance by setting 𝐾𝐾�𝑍𝑍stop� = 0, i.e.  270 

𝑍𝑍stop = 𝑀𝑀
2χ

ln �1 + 2χ𝐾𝐾
𝑀𝑀(𝛽𝛽−𝑀𝑀𝑀𝑀)

�                         (22) 271 

Fig. 13 presents the fitted curves that reveal the relationship between the intruder shape and the values 272 
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of χ and 𝛽𝛽, which determine the impact depth. It is evident from the graph that the values of χ and 𝛽𝛽 273 

vary with the intruder shape, highlighting the impact depth's dependency on the intruder shape. These 274 

findings are consistent with the results of photoelastic experiments [48]. According to Eq. (22), the depth 275 

is proportional to the logarithmic value of kinetic energy, while Eqs. (14)-(16) reveal that the contact area 276 

is at least a function of the radius. This explains why the radius has a significant impact on the contact 277 

area. 278 

3.4 Analysis of energy dissipation mechanism of particles 279 

Granular materials have the characteristic of energy dissipation [52,53]. When the energy is 280 

transferred from the intruder to the granular media, strong extrusion and friction occur between the 281 

particles, resulting in a complex internal force chain structure that constantly breaks and reorganizes, 282 

thereby consuming a significant amount of energy [54,55]. Due to the viscous effect and plastic 283 

deformation between particles, irreversible energy is also absorbed [56]. In granular systems, contact 284 

forces are transmitted through force chains, which cause the impact load expand continuously in space 285 

and reduces its strength. Furthermore, the force chain has a significant time effect on the process of force 286 

propagation, which delays the instantaneous impact load in time and plays a buffering role [57]. 287 

In addition, the intruder loses most of its energy at the moment of contact with the granular media. 288 

However, during deep impacts, the granular media undergoes significant displacement, resulting in 289 

increased compression and shear deformation, which is a highly dissipative phenomenon. This 290 

deformation is mainly caused by the friction and volume changes that occur as granular material slides, 291 

rolls, and climbs [58,59]. The high average stress in front of the intruder leads to increased friction force 292 

between the particles, while the volume changes that occur during shear result in pressure evolution and 293 

energy dissipation. In some cases, the locally high stress can lead to granular rupture or even complete 294 

crushing [60], resulting in new surface area and additional energy dissipation. Although this paper does 295 

not consider the energy dissipation resulting from granular rupture, it is an important part of the actual 296 

impact process. These microscopic and mesoscale dissipation mechanisms provide a foundation for 297 

understanding the intruder impact in granular media.  298 

As an example, the impact dynamics of a hemispherical intruder is examined by analyzing the energy 299 

distribution of the system throughout the impact process, as shown in Fig. 14. The energy distribution is 300 
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divided into three components: the mechanical energy of the intruder (red curve), the potential and kinetic 301 

energy of the granular media (pink curve), and the energy dissipated during the impact (blue curve). The 302 

pink curve rapidly increases from zero at the initial time, then gradually decreases to zero, while the red 303 

curve decreases from its maximum value to zero. The energy dissipated by the system is represented by 304 

the blue curve. The total energy of the system E can be expressed as: 305 

𝐸𝐸 = 𝐸𝐸granular + 𝐸𝐸intruder+𝐸𝐸dissipation                        (23) 306 

where 𝐸𝐸granular  and 𝐸𝐸intruder  are the mechanical energy of the granular media and the intruder, 307 

respectively. 𝐸𝐸dissipation is the energy currently dissipated by the impact system. The formula presented 308 

above represents the fundamental law of energy conservation. At the beginning of the impact process, the 309 

total energy of the system is primarily determined by the mechanical energy of the intruder. However, a 310 

crucial turning point occurs at the black dotted line. Beyond this point, the granular media becomes the 311 

primary energy carrier after colliding with the intruder and receiving its mechanical energy. As a result of 312 

friction and collision between the granular particles, the mechanical energy is gradually converted into 313 

other forms of energy. The mechanical energy of the system decreases over time, ultimately reaching a 314 

stable state during the dynamic response. 315 

  316 

Fig. 14 The energy distribution of the impact system 317 

Fig. 15 shows that the larger the initial impact energy of the intruder, the more energy 𝐸𝐸granular the 318 

granular system obtains, the longer the dissipation time T , and the larger the proportion of the granular 319 

material involved in energy dissipation 𝛾𝛾. The relationship of these three quantities can be expressed as: 320 

𝑇𝑇𝑇𝑇 = ζ ln𝐸𝐸granular + 𝑐𝑐                             (24) 321 
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where ζ  and 𝑐𝑐  are coefficients related to the physical properties of the granular material. The 322 

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

  324 

(a) The change of mechanical energy of granular system with time under different impact velocities 325 

  326 

(b) Maximum energy possessed by a granular system at different impact energies 327 

  328 

(c) The black line is the proportion of the largest number of granular materials participating in the dissipation, and the 329 
blue line is the total dissipation time 330 

Fig. 15 Effect of initial mechanical energy of impact system on dissipation process 331 
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4. Conclusions 332 

Based on the empirical formula of impact dynamics, a numerical simulation model is set up in this 333 

paper. The dynamic impact is decomposed into two main processes, that is, the energy transfer from the 334 

intruder to the granular media and the energy dissipation by collision between particles. The analysis 335 

shows that friction between the granular materials and the intruder plays a negligible role in momentum 336 

transfer during the impact. In addition, the influence of the contact area on the mechanical energy transfer 337 

process is analyzed. It is found that the intruder size plays a dominant role in determining the contact area, 338 

and that the depth only affects its development trend. Further research shows that the factors affecting the 339 

impact depth include impact velocity and intruder shape. The dynamic impact is strongly dependent on 340 

the intruder shape, specifically on the coefficient of the inertial force term. More research is needed to 341 

quantify the shape parameters and derive more general rules. The study also found that when the granular 342 

system is large enough, the initial impact energy determines the proportion of the granular material 343 

involved in energy dissipation and the dissipation time, and there is a certain quantitative relationship 344 

among them. The coefficients involved are related to the physical properties of the granular media. The 345 

current study also provides a further understanding of the buffer energy dissipation properties of granular 346 

materials, which will be valuable for applications in space landing, exploration and recovery. 347 
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