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Introduction:  Impact craters are ubiquitous in the 

sold bodies of the solar system [1-4]. Previous research 

has conducted hypervelocity-projectile experiments to 

simulate the impact process and summarized a set of 

scaling rules on the impact process [5,6]. However, de-

spite the experimental results, the mechanism of impact-

ing is still far from being understood. For instance, 

proper models are needed to describe the formation of 

craters on porous targets [7]. Given than the numerical 

modeling can precisely control all the inputs and trace 

the state of individual particles, it provides a new per-

spective to the formation mechanics [8]. 

Method: This study uses the Discrete Element 

Method (DEM) to study the impact process. The DEM 

simulates the interaction between a number of granular 

materials to present the interaction between objects of 

interest [9]. The YADE, an open-source DEM program, 

is used in this study [10]. The particle material used in 

the study is the Jointed Cohesive Frictional particle ma-

terial (JCFpm) [11,12]. The JCFpm can generate the 

tensile and shear strain among nearby particles, in addi-

tion to the basic interaction (compression and friction). 

When the tensile or shear stress exceeds the threshold, 

the nearby particles are torn apart and the tensile and 

shear stress can no longer be generated.  

Target: The simulation requires a target to represent 

the planetary surface which suffers from impacting. 

Since the basalt distributes ubiquitously on the surface 

of planets and moons, the particle material of the target 

is set as basaltic and its coefficient as the average value 

of natural basalt [13]. To form a compact target, 381022 

particles are generated with the radius of 1 m above a 

200 m x 200 m square space. The particles deposit under 

the gravity for sufficient time until all the particles be-

come still. They tend to fill in vacuum and finally pile 

up as a compact target, whose height and porosity are 

72 m and 44.5%, respectively. Five walls are fixed 

around the 200 m × 200 m × 72 m box space as the 

bottom and side faces to provide a basement for parti-

cles to deposit and to prevent the particles from collaps-

ing by Poisson effect, respectively.  

Projectile: The projectile in this study comprises of 

multiple particles (Fig. 1). It can simulate the inner de-

formation, fracture and energy dissipation during im-

pacting, which a one-particle projectile cannot do. Also, 

the projectile can be torn apart and ejected during im-

pacting, which is useful to study the track of the debris. 

To produce this breakable projectile, 972 particles are 

generated with the radius of 1 m in a spherical space and 

added a centripetal force toward the center point. Under 

the attraction of the centripetal force, the particles would 

aggregate around the center point and form a compact 

spherical aggregation of particles, whose material coef-

ficients are also set as the average of natural basalt [13]. 

Initial Condition: The initial velocity of a projectile 

is needed to simulate impact process. Most projectiles 

in nature impact with the inclined angle less than 90° 

[14], so the projectile in this study is set to impact at 

different inclined angles among 30°, 45°, 60° and 90°. 

Meanwhile, the strength of impact velocity ranges from 

3.0 km/s, 5.0 km/s, 7.0 km/s, 10.0 km/s to 12.0 km/s. 

The gravity is set as 9.81 m s2⁄ . The time step ∆t be-

tween each iteration is set as the 1/5th of the duration 

time of contact between two elastic spheres, based on 

the Hertzian elastic contact theory [15]. Given that the 

simulated collision is non-elastic, the actual duration 

time of contact is longer than the calculated one, so the 

time step we set up is short enough to guarantee the va-

lidity of the simulation. For our input parameters and the 

initial velocity as 5.0 km/s, ∆𝑡 = 5 × 10−5𝑠. 

 

Fig. 1. The 

3-D render 

figure of a 

breakable 

projectile, 

made up of 

972 parti-

cles. 

 

 

Result:  Among different impact velocities and in-

clined angles, the crater volume increases sharply in the 

early stage, reaches the maximum around 50 microsec-

onds after impacting, and then decreases gradually and 

mildly (Fig. 2A). The maximum of the volume indicates 

the formation of a transient crater by definition. The 

crater radius increases quickly in the beginning (0- 60 

microseconds) and then the radius turns to grow slowly. 

100 microseconds after impacting, the increment of the 

radius seems to cease (Fig. 2B). In terms of the transient 

crater, a higher impact velocity results in a larger crater 

volume and radius, so as a larger inclined angle. To 

quantize this relationship, the crater radius and volume 

in the simulation are fitted into the π-group scaling rules 

obtained from the laboratory [5,6]. According to the π-

group scaling rules, the crater volume, crater radius and 
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impact velocity can be represented by three dimension-

less scalars π𝑉, π𝑅, and π2, defined as follows: 

π𝑅 = 𝑟(
𝜌

𝑊
)1/3  

π𝑉 =
𝑉𝜌

𝑊
  

π2 =
3.22𝑔𝑎

𝑈2
=

𝑔

𝑄𝑒
(

𝑊

𝛿
)1/3  

Parameters have been described in [5]. The π𝑉, π𝑅, and 

π2 have following relationships: 

π𝑉π2
𝛼 = 𝐴  

π𝑅π2
𝛽 = 𝐵  

where α, β,A and B are constants. For the π𝑉 - π2 and π𝑅 

- π2 plots (Fig. 3), the data sharing the same impact an-

gle presents a linear relationship, indicating the validity 

of the modeling by obeying theπ-group scaling rules. 

The fitted equations are shown in Table 1. 

 

Fig 2. The time 

evolution of the 

(A) volume and 

(B) radius of 

all simulated 

impact craters. 

Among differ-

ent impact ve-

locities and in-

clined angles, 

they all exhibit 

a similar pat-

tern: the crater 

volume and ra-

dius increase 

rapidly in the beginning and their increment slows down 

nearly at the same time. 

 

Table 1. The trend lines of πV − π2  and πR − π2  at 

different inclined angles. 

 
Discussion/Conclusion: The value α of different 

impact angles ranges between 0.2628 and 0.4305, which 

are all lower than those of the #24 quartz sand target 

normally impacted by a sphere [17,18]. The value β in 

our simulation ranges between 0.1402 and 0.1516, 

which is smaller than those obtained from the experi-

ments, e.g. dry sand, 0.17, and quartz sand, 0.175 

[17,18]. The reason for these difference is probably due 

to the usage of the breakable basaltic projectile in this 

study, while rigid projectiles were used to shoot dry-

sand target. A breakable projectile loses some of its en-

ergy when impacting, because a part of the projectile is 

ejected backward, taking away some energy rather than 

implanting the total energy into the target. Meanwhile, 

the material of the projectile used in this study is basaltic 

with tensile strength and cohesion, so some kinetic en-

ergy is dissipated to overcome the tensile strength and 

cohesion.  

Compared with the previous research [8], our result 

demonstrates the validity of DEM to simulate the 

oblique impact process. Based on the DEM, more fea-

tures of impact process can be connected to the inclina-

tion of projectiles. For instance, the peak pressure in-

duced at different inclinations and velocities can be ac-

quired by tracking the status of individual particles, as 

well as the velocity distribution of ejecta. 

Fig. 3. (A) The 

plot of volume 

scalar π𝑉 and ve-

locity scalar π2 . 

(B) The plot of ra-

dius scalar π𝑅 

and velocity sca-

lar  π2 .The points 

sharing the same 

impact angle are 

linear fixed. The 

results of the lin-

ear fitness are 

listed in Table 1. 
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