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Abstract: A coupled level set and Particle-In-Cell method is presented to treat the penetration problems. The coupled 

method has the advantages of level set method and Particle-In-Cell method, and the basic idea is that the important com-

putation region such as the large deformation region where more particles are added for calculation, while the continuous 

transport method is used in the other regions. The steel projectile penetration into concert target is simulated by using the 

above-mentioned coupled method. The numerical results reveal that the adopted coupled method can effectively track the 

deformation in the process of penetration and also insure efficiency and precision. 
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1. INTRODUCTION 

Penetration refers to a projectile, fragment or shaped 
charge jet with a certain speed penetrating or perforating the 
target and causing the damage effect with its own kinetic 
energy [1-3]. The penetration issues under impact load are a 
complex nonlinear dynamic response process, which in-
volves not only geometric nonlinearity caused by the large 
structural displacement, but also involves the physical non-
linearity caused by the large material deformation. In addi-
tion, it involves complex kinematic nonlinearity and contact 
and friction problems. For now, there are basically two 
methods such as Lagrange method and Eulerian method for 
numerical simulation penetration problems. They have their 
own advantages and limitations, and Lagrange method has 
become very mature. Though the Eulerian method has its 
advantage in treating large deformation problems, when the 
studied system includes multi-materials, how well the 
method can deal with the mixed cells becomes very impor-
tant. How to determine the multi-material interface in the 
mixed cells, and how to calculate the physical quantities in 
the mixed cells to the neighboring cells are difficult with the 
Eulerian method. From the 1950s to the 1960s, the simula-
tion of free surface and material interface had been substan-
tially developed. The researchers of Los Alamos national 
laboratory in America proposed and developed the Cell-type 
method [4-8], with very effective use. But the method must 
calculate and store not only the information of cells, but also 
the parameters of particles. In 1988, Osher and Sethian pub-
lished the famous level set method [9, 10], which contributed 
significantly to the simulation of interface tracking [11]. At 
present, level set method is widely used because it is easy 
and effective. However, it has disadvantages in treating frac-
ture of material due to the non-conservation of volume. In 
order to balance the advantages of both Particle-In-Cell and 
 

level set method, a few coupled methods [12, 13] are devel-
oped by many pioneering researchers. 

In this paper, a coupled level set and Particle-In-Cell 
method is proposed for treating multi-material interface. This 
method is used in the important computational region such 
as the large deformation region, fracture region and material 
interface where more particles are added for calculation, 
while the continuous transport method is used in the other 
regions. The method ensures the computational accuracy of 
the important region, saving the computational time, and 
improving the computational efficiency. The steel projectile 
penetration into concert target is simulated by using the 
above-mentioned coupled method. 

2. GOVERNING EQUATIONS 

In two-dimensional axis-symmetric coordinates, the 
mass, momentum and energy conservation equations are as 
follows. 
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where, t is time, 
 
is the density, e  is the specific internal 

energy, r  and z  are the radial and axial coordinates of the 
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cylindrical coordinate system, respectively, 
r
u and 

z
u are the 

radial and axial components of velocity, 
 
S

rr
,
 
S

zz
,
 
S

rz
are 

components of stress deviator tensor. 

3. COUPLED LEVEL SET AND PARTICLE-IN-CELL 
METHOD 

3.1. Particle in Cell Method 

This method takes the continuum as composed of parti-
cles which have mass. It achieves the numerical simulation 
of the flow field and interface display by computing and 
tracking the particles.  

Assuming that a cell has 
  
N

max  
particles, the coordinates 
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of the nth 
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) particle are obtained using 

the following formula: 
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where i and j are cell coordinates, z  and r  are spatial 
steps, , ,a b c , are pure cell, pure cell and mixed cell Fig. (1). 

The velocities
z
u and

r
u of particle np are calculated from 

adjacent four cells by area-weighted method as shown in  
Fig. (2). The formula is as follows: 
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 If the particle is not located on the bottom left corner, the 
corresponding adjacent four cells are adopted, and the calcu-
lation procedure is similar. 

The new position 
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of the particle np at the time 

step   n+1  is calculated as follows: 
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If a particle 
  
(r

n

k+1, z
n

k+1)
 
moves across the boundary of 

the ( , )i j th cell, its mass, momentum and energy are sub-
tracted from the donor cell and added to the acceptor cell. 
Thus a cycle of transport calculation in the Eulerian step is 
completed. 

3.2. Ghost and Grid Method 

In 1988, Osher proposed the level set method, which is 
an effective method, is used to describe the location inter-
face. The basic idea is that construct function ( , )x t at any 
moment, the moving interface is exactly the zero isosurface, 
that is 

   
(t) = x : (x, t) = 0{ }            (9) 

For example, two-dimensional, level set equation 

   t
+ u(x)

x
+ v(x)

y
= 0              

 
(10) 

Where u
 
and v  are the component in the 

   
x = (x, y) direc-

tion of the velocity vector V . 

 
Fig. (1). Particle configuration in Particle-In- Cell Method. 

 

Fig. (2). Schematic representation of the area-weighted method. 
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At any given moment, if (x, y, t)  satisfies 

   
(x, y, t) = 0 , then (t) = (x, y) : (x, y, t) = 0{ } is the 

interface. But the key question is solving physical quantity in 

the vicinity of the interface. Because solve internal physical 

quantity must use external physical quantity, however, inter-

nal physical quantity and external physical quantity are lo-

cated in both sides of the interface. Assuming that the func-

tion value is known in thk time horizon, it can't use the func-

tion value in thk time horizon for the function value 

in ( 1)thk + time horizon. 

 In order to solve interface discontinuity problems, Osher 
and Glimm first used the ghost grid method [14, 15], and it 
usually uses “isobaric fix [16, 17]” techniques to reduce the 
“overheating” phenomenon. As a one dimensional example, 
suppose the interface of fluid A and B is the between thi grid 
points and ( 1)thi + grid points Fig. (3), that is level set func-
tion exists zero value between thi grid points and ( 1)thi + grid 
points. We define 
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where g  is extrapolation function. 

 

Fig. (3). Ghost method with isobaric fix technology. 

3.3. The Coupled Method 

In order to assure the accuracy of contact region, without 
increasing the scale of computation, this article proposes a 
coupled level set and Particle-In-Cell method. The basic idea 
is that for the important region, a large number of particles 
are added to ensure the computational precision, while the 
other regions still use the continuous transport method. 
Based on the characteristics of cells, the coupled method can 
be divided into four cases 

(1) For the cell containing particles absolutely, including 
the pure cell contains one kind of particle and the mixed cell 
which contains two kinds of particle, the Particle-In-Cell 
method in mentioned previously is adopted. 

For the donor cell 
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(2) For the pure cell not containing particle, the continu-
ous transport method is adopted. 

For the donor cell 
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For the acceptor cell  
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(3) For the half-cell containing no particle at the bound-
ary of the object, the Ghost method with isobaric fix tech-
nology is adopted. 

(4) With the calculation going on, some cell will contain 
discrete and continuous medium at the same time. Then, the 
coupled method adopts discrete transport for particle and 
Ghost method with isobaric fix technology for continuous 
medium. Especially, the position of the Ghost interface in 
this cell is determined by the mass friction when the discrete 
particle and continuous medium is treated as two materials. 

For the donor cell 
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For the acceptor cell 
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In equations (12)-(17),
 
M represents the total mass, mo-

mentum and energy of the cell,
 
m

 
is the mass, momentum 

and energy of the particle, N is the number of particle trans-

ported or accepted,
 
C

 
is the transport velocity, mass and 

energy calculated by the continuous transport method. 

4. NUMERICAL SIMULATION OF POINTED PRO-
JECTILE PENETRATION INTO STEEL TARGET 

4.1. Computational Model 

The computational model is selected as shown in Fig. (4). 

Due to the two-dimensional axis-symmetric character, the 

quarter model is selected for the computation. For the bottom 

boundary, the axis--symmetric boundary condition is 

adopted. For the other three boundaries, the continuous 

boundary condition is used. The projectile length is 36mm 

( L
1
+ L

2
), with a diameter of 12mm. The target thickness is 

6mm, with both length and width of 120mm. The impact 

velocity of the projectile is 302.5m/s. The steel projectile 

model is rigid material, and the parameters of steel projectile 

are shown in Table 1. The Johnson-Cook model is used for 

concert target, and the material parameters of concrete target 

is shown in Table 2. The size of the computational region is 

120mm 120mm, and 1080 particle are added to the contact 

region of the projectile and target. 

4.2. Numerical Results and Analysis 

Fig. (5) present penetration process at different time and 
different perspectives. Fig. (6) described the particle region, 
which  clearly  reveals  the  deformation  of  the  target.  The  
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Table 1. Material constants for steel projectile. 

Material (kg/m
-3

) E/GPa 
 s

/GPa v  

T-250 
 
7.83 10

3  208 1.825 0.35 

 

Table 2. Material constants for target. 

Parameters (kg/m
-3

) E/GPa 
s

/GPa  v  

Value 
 
7.83 10

3  2 0.35 0.31 

Parameters A/ GPa B/GPa G/ GPa n 

Value 0.079 0.051 0.014 0.26 

Parameters m 
 
T

m
 C 

  
S

1
 

Value 1.03 1793 0.4523 1.49 

Parameters c 
0

  C
v

 

Value 0.025 2.18 0.46 4.77e-6 

Parameters 
  
D

1
 

 
S

R
 

  
V

0
 

  
E

0
 

Value 0.8 1e-6 1 0 

 

 

Fig. (4). The schematic representation of pointed projectile penetra-

tion into the steel target. 

   

(a) 
  
t = 17.983μs     

 
(b) 

  
t = 27.996μs  

Fig. (5). The penetration process at different time. 

 
Fig. (6). The target plate deformation figure (

  
t =13.974μs ) (parti-

cle region). 

stress field and plastic strain field are shown in Fig. (7) and 

Fig. (8), respectively. 

As can be seen from Fig. (5), the coupled level set and 

Particle-in-Cell method can track the deformation effectively 

in the process of penetration. 

As can be seen from Fig. (7) and Fig. (8) projectile 

penetration is mainly extrusion damage based, and it shows 

in that the radius of the penetration channel increases 

gradually. At the same time, the material in front of the 

projectile are pushed to aside, and the petal-shaped are 

formed at the surface edges. 

Fig. (9) shows the residual velocities from experimental 

and numerical simulations at different impact velocities. The 

computational results are in a good agreement with the ex-

perimental values, but higher than the experimental values in 

general. In addition, the lower the impact velocity is, the 

large errors of the residual velocities are. This is due to the 

hydro-elastic-plastic constitutive model used for the projec-

tile and target materials. The higher the velocity is, the more 

similar is the material to the fluid state by the high tempera-

ture and high pressure. 

5. CONCLUSION 

The typical penetration problem such as pointed projec-

tile penetration into steel target is numerically simulated by 

the coupled level set and Particle-in-Cell Method. The com-

parison of the numerical result and experimental result 

shows that the coupled algorithm can track the deformation 

effectively in the process of penetration and insures the pre-

cision and efficiency, and it can be extended to engineering 

design. 
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(a) t = 15.984μs  (b) 
  
t = 23.985μs  

Fig. (7). The stress field of the target. 

  

(a) 15.984t sμ=  (b) 23.985t sμ=  

Fig. (8). The plastic strain field of the target. 

 
Fig. (9). The comparison of residual velocity and impact velocity. 
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