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Abstract—In order to study the shaped jet penetration effect on 

steel plate after the detonation of  shaped charge on armor-piercing 
projectile, the finite element analysis software is used to do the 
numerical simulation for liner structure analysis from initiation jet 
forming to penetrating target plate[1]. In this paper, the liner structural 
parameters, including cone angle, wall thickness, standoff, detonation 
point, and their effects on Sunder are also analyzed, and finally the 
Taguchi method analysis is used to study the influence of various 
factors on jet forming process and find the optimal solution for 
effective penetrating depth. The results show that the initiation point 
contributes nearly 22.61% effect on perforating depth and is the most 
significant factor. The penetrating effect decreases as the initiation 
point moves from edge to the center. The wall thickness accounts for 
11.09% effect on perforating depth. Based on the results above, we can 
do a better shaped charge liner design in the subsequent application. 
 

I. INTRODUCTION 
HE primary warhead used for armor-piercing projectile 

is the shaped charge. According to the forms and 
armor-piercing approaches, there are two types of warhead: 
explosively formed projectile (EFP), and shaped charge 
projectile, describing as following. 

EFP is also called self-forging fragment (SFF), which is 
similar to the structure of shaped charge projectile. The main 
difference between them is that the shaped charge liner of the 
former is in the shape of a shallow dish, and the blast force 
moulds the liner into head-covered or rear-covered spherical 
shape. The mass of the formed warhead is almost equal to that of 
the shaped charge liner, and every part moves at the same 
velocity. The aperture caused by the projectile penetrating the 
armor is large and shallow. 

The shaped charge projectile is a device at the end of a 
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concave metallic which the liner is installed. When the fore-end 
is detonated, the blast waves crash the shaped charge liner 
axially with great speed, and cause the liner to deform, collide 
and squeeze along the axis, then converging into a metallic jet 
with high velocity. Although the mass of charge accounts for 
only 15% of the total mass of shaped charge liner, the 
armor-piercing ability of the shaped charge warhead depends on 
it. Because different parts of the jet travel at various speeds, the 
jet will stretch itself while flying. The armor will be pierced, 
providing that the velocity of the shaped charge is greater than 
the terminal speed for piercing the target. The aperture caused 
by shaped charge warhead is narrow and long, the velocity and 
mass of shaped charge will influence the armor-piercing effect. 
In addition, the cone angle, thickness of wall, and external form 
of the liner affect the shape of jet. The speed and mass of liner 
are also the key factors affecting the armor-piercing effect [1].  

The appropriate parameters must be found through tests in 
the process of engineering to determine the shape of shaped 
charge liner to be applied practically. With the rapid 
development of computer and numerical simulation technique 
[2], it has become an important tool to observe the formation 
process of shaped charge and study on its structural parameters. 
This paper uses LS-DYNA to carry out the numerical 
simulation for process of shaped charge jet, exploring the 
distinction and regularity of jets in different parameters.  

II. BASIC THEORIES 

A. The Theory of Shaped Charge Jet Penetration 
The process from explosion to piercing armor is very 

complicated and can be divided into four stages. The first one is 
the explosion caused by explosives, propelling the shaped 
charge liner forward axially. At this time, it is the property of 
explosives that takes effect. At the second stage, units of shaped 
charge liner travel axially, i.e. crashing process. In this process, 
utter deformation and violent collision occur, causing the jet and 
the carrot. At the third stage, the jet moves and stretches, and 
then breaks due to the velocity gradient increasing in the 
direction of the jet stretch. The jet impacts the target plate at the 
fourth stage, creating millions unit of atmospheric pressure, 
sending shock waves from the point of impact to target plate and 
jet. With its high temperature, high pressure and high-strain-rate 
areas, the jet bursts apart the target plate, or the armor [3]. 
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B. The Basic Theory of Finite Elements 
The principal simulation methods applied in explosion and 

impact effects include finite element method, finite difference 
method, and finite volume method [4].  

The finite difference method can be divided into the flowing 
steps: establishing differential equations (control equations), 
using a mesh to cover space domain and time domain, replacing 
the differential in the control equation with difference 
approximation, and then conducting numerical calculation to 
get the approximate numerical solution. The finite element 
method can be divided into the flowing steps: to divide the 
continuous solution domain into finite elements, to assemble a 
discrete model, and then to calculate the approximate numerical 
solution. This method is suitable for calculating strong dynamic 
load questions with complex borders or material interface. It has 
been developed rapidly and is applied widely in the simulating 
calculation of impact-related questions. The finite volume 
method is to transform a partial differential equation into an 
integration model in physical space, and directly discrete the 
integration-form law of conservation on the selected control 
volume in physical space. 

Different mesh generation method is selected to establish the 
equations determine different numerical calculation procedures. 
There are two calculation methods: Lagrange’s method and 
Euler’s method. 

The mesh generation used in Euler’s method is fixed in space. 
The material filling the Euler’s mesh space is divided into many 
discrete elements by Euler’s mesh. The method is applied to 
dealing with questions related to great deformation, especially 
the questions concerning hypervelocity impact, which only can 
be solved by Euler’s method. However, the interface between 
different matters needs to be dealt with specifically. A complex 
question needs to be calculated by using relatively large number 
of meshes, consuming much more computer processing time to 
solve it. 

The mesh used in Lagrange’s method is fixed on the object, 
moving with it. The mesh calculated fixes on the material and 
deforms along with the material. It can precisely trace the 
boundaries of and interfaces between materials, so the number 
of mesh needed is relatively less. However, when a great 
deformation occurs, the correct result will not be necessarily 
obtained. Sometimes negative mass, negative volume or other 
phenomenon would be produced, making finishing the 
calculation impossible.  

III. SHAPED CHARGE DESIGN 
The design of liner, including the main body of 

armor-piercing shaped charge jet, should be optimized from its 
cone angle, wall thickness, detonation method, and material 
technology. 

Because the diameter of liner will vary with the change of 
angle and the wall thickness, the liner is adopted by 44° cone 
angle, 1.05 mm wall thickness and 65 mm diameter.   

A. Structural Form of Liner 
Usually, shaped charge liners are classified as single cone, 

double cone, trumpet, and single cone trumpet in shape. In this 
study, a single cone liner is adopted because it is made easily 
and a clear contrast can be presented in experiment. 

B. The Cone Angle of Liner 
For the fixed length, ideal and incompressible fluid theory, 

the speed of jet decreases with the increase in the cone angle of 
liner [5], and the mass of jet increases with the increase in the 
cone angle. Unlike EFP, the selected cone angle is between 
30°-70°. 

C. The Wall Thickness of Liner 
The choice of the liner wall thickness depends on the 

geometric structure and material of liner, and the characteristics 
of the jet depend on the expected conditions of use [6]. 
Generally, the optimal wall thickness will increase as the cone 
angle and the caliber of liner increase, but decrease as the 
material density decreases. The influence of material on the 
shaped charge liner is not taken into consideration, so the 
influence of the wall thickness is easy to be figured out. The 
liner is made of red copper.  The wall thickness is between 0.7% 
-2.3% compared to that of the liner diameter. 

D. Standoff 
Standoff refers to the vertical distance between the bottom of 

the liner and the target plate. It affects the extent which the 
shaped charge jet can penetrate the target plate. As the 
explosion is ignited, a jet is formed. The standoff length affects 
the shape of the jet when contacting the target plate [7]. The 
suitable shape is conducive to penetrate into target plate. In this 
study, the ranges of standoffs are the values that from 1-9 
multiply by the liner diameter. The experimental parameters are 
used as basic model data, and we hope that how the standoff 
parameter will affect the armor-piercing depth will be found. 

E. Detonation Point 
In view of the influence of detonation point of explosion, 

several detonation points are considered in  this study by using 
the same amount of explosive, including the point at the center, 
the point in the middle, and the point on the margin. Because the 
angles and wall thicknesses are different, the structures in each 
group are different, so are the radii of explosive. To maintain the 
same amount of explosive, the height of the explosive structure 
for each group will be changed accordingly, and the detonation 
points are determined in accordance with the relative points of 
the group.  

IV. THE RESULTS AND DISCUSSION ON THE FORMATION OF 
SHAPED CHARGE JET 

A. Single Factor Experiment 
As mentioned above, there are many factors that affect the 

armor-piercing ability, such as the material of explosive or liner, 
cone angles, and wall thickness. Because the purpose in this 
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study is to carry on an experiment on the factors of liner’ s 
structure and discuss the manufacturing feasibility, this study 
will analyze cone angles, standoffs and detonation points as 
factors [8,9], shown as following: 

Cone angles: 43°, 44°, 45°, 46°, 47° 
Wall thickness (mm): 0.05, 0.75, 1.05, 1.35, 1.60 
Standoff (x times caliber): 1, 3, 5, 7, 9 
Detonation point: center point, middle point, marginal point 

1. The Simulation Planning for Geometric Parameters of 
Model  

The geometry of model is set up by using CAD software. 
Because the purpose is to analyze the armor-piercing depth, the 
original model is simplified to a 1/2 plate modeling, as shown in 
Fig 1. The fixed area of explosives domain is 3200 mm2, where 
a represents the cone angle of liner, b represents the wall 
thickness of liner, and c represents standoff. 

 

 
Fig.1 the Diagram of Model 

 
The detailed size of shaped charge liner is shown in Fig 2, 

where a represents its cone angle, and b represents its wall 
thickness. 

 
Fig.2 The diagram of shaped charge liner model (unit: mm) 

 

2. Material Parameters and the Types of Finite Elements  
The explosive is made of Octol 178/22 and 

high-explosive-burn is used in ANSYS. The main parameters 
are shown as Table 1. 

 
 

 
 

Table.1 Octol 178/22 

 
 

The shaped charge liner is made of red copper that is a kind of 
metal with high ductility. Johnson-Cook material model is used. 
Gruneisen equation of state is used to describe the reaction 
under dynamic action. The main material parameters are shown 
in Table 2. 

 
Table.2 Red Copper Material Parameters 

 
 

Null is adopted as air material, and the state equation is 
Gruneisen. 

The target plate is made of AISI 1010 Steel, using 
Plastic-Kinematic material model. The parameters are shown as 
Table 3. 

 
Table.3 AISI 1010 Steel Material Parameters 

 
 

3. Mesh Planning 
Because there are a serious of mesh deformations occurring 
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in the process of explosion and penetration, the ALE calculation 
method provided by ANSYS/LS-DYNA software is applied in 
the study to calculate the jet penetration. There are two kinds of 
calculations methods, Lagrange’s method and Euler’s method, 
which can be used to calculate mesh deformation and EFP 
formation process related to material flow. Euler’s method is 
used to calculate multi-material flows, such as explosive occurs 
between shaped charge liner and air [10]. Lagrange’s method is 
used to calculate the deformation of target plate. 

The size of mesh used for explosives that occur between 
shaped charge liner and air is 0.5 mm, and the 60 progressive 
meshes model is used for the target plate (meshes become 
smaller from fringe to center). The thickness is 0.3 mm and 
divided into 3 sections. Fig 3 shows the ANSYS mesh 
generation in control group. 

 
Fig.3 Mesh generation for finite elements in control group 
 

4. Boundary Conditions Setting 
The setting of boundary conditions is very important for 

simulation engineering and whether the setting conforms to the 
real physical phenomenon is critical. Wrong settings usually 
lead simulation to unreasonable results.  

For the 1/2 model, a displacement constraint in X direction is 
placed along the symmetric axis, as shown in Fig 4. 

 

 
Fig.4 Boundary Setting (1) 

Displacement restraint in X direction placed along the 
symmetric axis of explosive, shaped charge liner, air, and target 
plate.  

In the deformation process of explosive jet, the shape of 
model is transformed from a cylinder into a plate [11], and its 
penetration destruction will not act on Y axis, as shown in Fig 5. 

 

 
Fig.5 Boundary setting (2) 

 
The displacements of explosive, shaped charge liner, and 

target plate are in Y direction. 
On the other hand, the target is fixed on the same place, which 

will not move in the process of penetration, as shown in Fig 6. 
 

 
Fig.6 Boundary setting (3) 

 

5. Simulation analysis of armor-piercing effect 
The single-factor analysis for each factor with 3 to 5 levels is 

carried out by using LS-SYNA, and the simulation results [12] 
for each factor are shown in Table 4. It determines the possible 
defect of the predicted technology before the part is really 
manufactured, reducing the costs of preparing production [13]. 
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Table.4 Single Factor Analysis Results 

 
 

B. Design of Experiment Using Taguchi Method 
The purpose and property of using Taguchi Method include a 

target value and the tolerance between the qualified and 
unqualified one. The design of Taguchi Method experiment is a 
kind of moderate design based on the foresaid reasons. The 
most important principle of the method is to obtain maximum 
experimental results and conduct those with minimum 
experiments. Therefore, Taguchi Method experiment is an 
effective design principle for experiment.  

1. The Design of Experiment 
In this experiment, 4 control factors and 3 interactions are 

used at 3 levels, and the L27(310) orthogonal array is applied. 
The test levels of these 4 control factors are defined as 

follows: 
Factor A: 3 different cone angles of the liner, respectively as 

44°, 45°, and 46° [14] 
Factor B: 3 different wall thicknesses, respectively as 0.9mm, 

10.5mm, and 1.2mm 
Factor C: 3 different standoffs (X times caliber) are multiples 

of 65 mm applied in the control group, values 
respectively as 2, 3, and 4 

Factor D: three different detonation points, center point, 
marginal point and middle point 

Interaction: observing the interaction between the wall 
thickness and other factors, including B×A, B×C and B×D. 

 

2. The factor effects analysis of design for experiment using 
Taguchi method 

Taguchi method [15] uses orthogonal array to conduct 
parameters design and evaluates the standard of parameter 
levels by signal-to-noise (S/N) ratio. The principle of parameter 
design is to put controllable factors in the inner orthogonal array 
and make confounding factors the outer orthogonal array. The 
test is carried out on the intersection between the inner and outer 
orthogonal array. According to the types of quality 
characteristics, the loss function is used to find out S/N ratio, 
then transforming the quality characteristics obtained by 
experiment into S/N ratio [16].The analysis is then carried out. 
Finally, the optimal parameter level combination will be 
achieved according to statistic deduction [17].  

n
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i i
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Table.5 S/N Ratios 

 
 

 
Fig.7 The reaction of controlling factors on S/N ratio 

 
For the three levels of facto A, the difference between the 

ratio values is small. The S/N ratio value of A2, 49.217dB, is the 
largest one, which means the armor-piercing effect is the largest 
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at 45°, but slightly different at 44°. The armor-piercing effect 

will be decreasing when the angle is greater or smaller than 45°, 

and the armor-piercing effect at 44° is larger than that at 46°, as 
shown in Fig 7. 

Fig 7 shows that the armor-piercing effect is the optimal 
among the three levels of factor B when the wall thickness is 
1.2mm. The S/N ratio value is 49.268 dB. The armor-piercing 
effect decreases with the decrease of wall thickness. The S/N 
ratio value is 48.892 dB when the wall thickness is 0.9 mm. 
According to Fig 7, the ratio values present a linear 
development. 

The S/N ratio is 48.953 dB at level 1 of factor C, the smallest 
among the three levels, and the related length is 130 mm. The 
largest S/N ratio value is 49.136 dB at level 2 when the 
explosion height is 3 times the caliber, which is 195 mm long. 

As shown in Fig 7, it is easy to find that the factor D related 
effect is optimal when the explosives are detonated at the 
marginal point. The S/N ratio value is 49.319 dB. On the other 
hand, the effect is worst when the explosion point is at center. 
The S/N ratio is 48.777 dB. The armor-piercing effect is 
decreasing when the explosion point the moves from margin to 
center. 

Finally, according to the result of the S/N ratio chart, the 
optimal combination of parameters (cone angle, wall thickness, 
explosion height, and detonation point) will affect 
armor-piercing effects. The higher signal means the better 
quality characteristics. According to Fig 7, when the 
combination of parameters is A2B3C2D2, the optimal 
armor-piercing effect can be achieved. A2 refers cone angle to 
be 45°; B3 means the wall thickness to be 1.2 mm; C2 indicates 
the explosion height to be 3 times the caliber; D2 points out that 
the explosion point is at the margin. And the optimal S/N ratio 
value of parameter is 49.736 dB. 

3. Analysis of Interaction Effect 
According to Taguchi method, if a factor changes along with 

the setting level of other factor, these two factors interact with 
each other [18]. 

This study also conducts analysis of S/N ratio for the 
interaction between B factor and other factors, as shown in 
Table 6. 

Table.6 Interaction S/N Ratios 

 
 

If the two line segments concerning two factors are not 
parallel with each other in interaction diagram, there is 
interaction between them. On the contrary, if they are parallel 
with each other, there is no interaction. The larger the cut angle 
between the two lines, the larger the interaction between them 
will be. If a generalized linear model is adopted in experiment, 
the interaction is equal to the product of the two factor variables. 
We can easily find that the product of B×A and B×C is 
significantly larger than that of B×D, as indicating in Table 6. 
For B×A column, the product of B3A3 has the largest S/N ratio 
value, which is 49.530 dB. Among products of B×C, the B3C2 
has the largest S/N ratio value, which is 49.515 dB. Among 
products of B×D, the B3D2 has the largest S/N ratio value, which 
is 49.560 dB. 

According to the results of interaction, the combination 
A3B3C2D2 has the optimal S/N ratio with the most effective 
armor-piercing force when the cone angle is 46ﾟ , the wall 
thickness is 1.22mm, the explosion height is 3 times the liner 
caliber, 195 mm long, and the detonation point is at the margin. 
The related S/N ratio value is 50.069 dB. 

The difference between the S/N ratio values and the 
interaction is 0.333 dB. So, the influence of interaction cannot 
be ignored. 

C. Analysis of Variance (ANOVA) 
Because there are different degrees of influence caused by 

different factors, the AVOVA will be conducted to explore the 
different degrees of influence, as shown in Table 7. 

 
Table.7 AVOVA of Armor-Piercing Depth 
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 According to Table 7, factor D is the most significant, which 

is 22.61%, the second is factor B, which is 11.09%, factor C is 
4.77%, and factor D is 3.63%. It is obvious that cone angles 
have little effect on armor penetration. 

For the influence of interaction, because three levels Taguchi 
experiment demands for four degrees of freedom (DOF), the 
number of interaction should be divided by 2, and with the same 
DOF, the contribution difference between them can be 
distinguished. By calculating, the contribution of B×A is 
14.76%, B×C is 5.16, and B×D is4.92%.  

The interaction between B and A account for 14.76%, which 
cannot be neglect. The interaction between B and D is the 
second, accounting for 5.16%. The interaction between B and C 
accounts for is only 4.92%. 

The contribution factors that smaller than 4% are regarded as 
error items. The confidence levels over 95% are significant, as 
shown in Table 8.  

 
 

Table.8 S/N Statistic Error of Armor-Piercing Effect 

 
 

According to Table 8, the result of statistic error of 
penetration depth shows that at 95% confidence level, only the 
armour-piercing effects D and B×A are significant, and the 
confidence levels are 98.6% and 97.4% respectively.  

When considering the impact of 4 factors, including cone 
angle, wall thickness, Standoff, and denotation point, it shows 
that the optimal combination of factors using Taguchi method is 
A2B3C2D2. Its S/N ratio value is 49.736 dB. The predicted 
armor-piercing depth is 306.76 mm, as shown in Fig 8. 

 

 
Fig.8 the simulation diagram of the combination of factors 

A2B3C2D2 
 
Taking interaction, including B×A, B×C and B×D, into 

consideration, , the optimal combination of factors is A2B3C2D2, 
and the S/N ratio value is 50.069 dB. The predicted 
armor-piercing depth is 318.75 mm, as shown in Fig 9. 

INTERNATIONAL JOURNAL OF MECHANICS Volume 8, 2014

ISSN: 1998-4448 59



 

 

 
Fig.9 the simulation diagram of the combination of factors 

A3B3C2D2 
 
Table.9 the comparison between two optimal simulation 

results 

 
 
According to Table 9, the simulated penetration depth of the 

optimal combination, A2B3C2D2, is 303.47 mm, with only 4 
factors being taken into consideration. If the interaction is also 
taken into consideration, the optimal combination is A3B3C2D2, 
with armor-piercing depth to be 318.75 mm.  

Furthermore, without considering interaction, the error value 
of the combination is larger. That indicates that it is enough for 
the simulation experiment to analyze four factors [19], and the 
prediction will be more accurate by adding the interaction to do 
analysis. 

V. CONCLUSION 
When the same material and amount of explosive are used, 

four control factors, including cone angle, wall thickness, 
standoff and detonation point, are selected in this FEM study 
[20,21], with three levels for each factor. The Taguchi 
experimental method and ANOVA table are used to analyze and 
determine the optimal condition. According the experiment, the 
following results are achieved to improve the armor-piercing 
effect of shaped charge liner.  
1) When taking the 4 factors into consideration, including A 

(cone angle), B (wall thickness), C (standoff), D 
(detonation point), and with 3 levels for each factor, the 
most influential factor is D, which accounts for 22.61% 
impact. B comes the second, and then A the third. 

2) The armor-piercing effect is the best when the cone angle is 
45°. The armor-piercing effect will be decreasing when the 

angle is greater or smaller than 45°. According to the 

results, the armor-piercing effect at 44° is larger than that at 

46°. So, it is predicted that the increase gradient of 
decreasing angles is larger than increasing angles. 

3) For 3 different levels, the thicker the wall, the better the 
effect will be. When the explosion height is 3 times caliber, 
there will have the best armor-piercing effect.  

4) For three detonation points, including center, middle and 
marginal point, to detonate the explosive at marginal point 
can produce the best effect. The armor-piercing effect will 
be decreasing when the explosion point moves from margin 
to center. 

5) For the influence of interaction, there will be B×A> B×C> 

B × D. The interaction between B and A accounts for 

14.76%, which allows no neglect. The influences of B×C 

and B×D are relatively small. 
6) The factors contribution those are smaller than 4% are 

regarded as error items. The confidence levels over 95% 
are significant. After the 4 factors with 3 levels are 
analyzed, only the two armor-piercing effects, D and B×A, 
are significant. 

7) According to the results of optimal simulation, it shows that 
the interaction actually influence the experimental results in 
the study. So, the interaction between factors must be taken 
into consideration. 
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