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1. Introduction 

A small-caliber, high-explosive anti-tank cartridge 

is a lethal weapon. t is proposed to fill the gap between gre-

nade and mortar fire [1]. Its caliber is generally between 20 

and 40 mm, with a certain anti-armor capability. The previ-

ous study reported that the penetration depth of a 40 mm 

series anti-armor cartridge against rolled homogeneous ar-

mor was between 50 and 70 mm [2], which characteristic 

can be improved by adjusting structural parameters of 

small-caliber high-explosive anti-tank cartridges. 

The penetration depth of the shaped charge jet is 

closely related to liner structure and material, effective jet 

length, target strength, detonation wave shape, and struc-

tural parameters. Copper liners have been manufactured us-

ing the electrodeposition technique with different average 

grain sizes. The breakup time and total number of shaped 

charge jets were determined for the range of copper liners 

of different grain sizes, and the determination of the velocity 

difference between jet fragments was studied [3]. The elec-

trodeposition technique can produce electrolytic copper 

with the minimum amount of oxygen and sulfur elements 

used in the shaped charge liner. High-end stationary vacuum 

spectrometer was used to determine the elemental composi-

tion, and SEM was used to investigate the shape of copper 

texture inside the deposited layers and to determine the av-

erage grain size. The performance of the produced copper 

liner-shaped charge was investigated by the static test, 

where the penetration depth of the optimized electrolytic 

liner was enhanced by 22.7% compared to that of the non-

optimized liner [4]. In calculating the shaped charge jet pen-

etration, the effective jet length between a virtual origin 

point and the target surface is a crucial adjective. The firing 

test has validated the numerical approach for estimating the 

virtual origin point; the results show that the maximum dif-

ference in penetration depth between the experiment and 

that calculated by the approach is less than 4% [5]. The yield 

strength of the target can largely reduce the penetration 

depth of shaped charge jets. The shaped charge jet penetra-

tion depth prediction model is modified by introducing a tar-

get resistance reduction term. The numerical and experi-

mental results show that the increased target’s yield strength 

leads to a large decrease in jet penetration depth into targets 

[6]. The waveform shaper can affect the propagation path of 

the detonation wave and collide at the charge axis to form 

an overdriven detonation. Effective application in shaped 

charges can obtain long rod damage elements with a large 

length-to-diameter ratio, greatly improving penetration per-

formance [7]. The structural parameters of small-caliber 

ammunition liners (especially, their thickness and curvature 

radius) significantly influence the jet forming characteristics, 

shape and velocity of damaged elements [8]. Based on the 

micro-shaped charge warhead, the penetration efficiencies 

of different micro-jets on gelatin targets were compared and 

analyzed. The numerical result shows that the micro-shaped 

charge nylon and teflon jets could pass through the gelatin 

target and transfer more energy to it than copper [9]. 

To analyze the damage efficiency of small-caliber 

high explosive anti-tank cartridges, we performed the nu-

merical simulation and experimental study on the optimiza-

tion design of shaped charge. The influence of warhead 

structural parameters on shaped charge jet forming and pen-

etration capability was investigated, and the proposed 

scheme of small-caliber shaped charge structure was put 

forward. The research results provide theoretical and tech-

nical support for the design and engineering application of 

small-caliber high-explosive ammunition. 

2. Analysis and modeling 

2.1. Physical model 
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Fig. 1 Schematic diagram of a shaped charge: H is charge 

height, D is charge diameter, 1 is initiating explosive 

device, 2 is an explosive charge, 3 is a liner, 4 is war-

head shell, and 5 is a dead ring 
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According to the ammunition design theory, a 

small-caliber high-explosive anti-tank cartridge warhead 

model was established using a 35 mm caliber projectile re-

search platform. Its structural diagram is shown in Fig. 1. 

2.2. Material models 

Equation of state (EOS) of a material is an expres-

sion of density, pressure and temperature [10-12] and it is 

usually expressed as: 

 ( )P P , E= , (1) 

where, P  is pressure,  is density, and E  is internal en-

ergy. 

The relationship of internal energy and tempera-

ture is expressed as: 

 VdE c dT=  , (2) 

where, Pc  is constant-volume specific heat, and T is temper-

ature. 

Air is ideal gas, and its EOS is expressed as follow-

ing: 

( )1A A AP E = −   , (3) 

where subscript A is for material air, A = 1.225×10-3 g/cm3, 

AE = 0.2068×103 kJ/m3, Pc  is constant-pressure specific 

heat, and 
P Vc c =  is specific heat ratio which value is 

1.404. 

The EOS of the explosive HMX is Jones-Wilkins-

Lee (JWL) equation, and it is expressed as following: 
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where subscript ex is for explosive, rV  stands for the rela-

tive volume following the convention used in hydrodynamic 

codes, under the condition of specific volume, the value of 

rV  is equal to 0  , and 0  is loading density,  is den-

sity of detonation products. 

In this equation, five parameters must be deter-

mined. A, B are the linear coefficients and R1, R2,   are the 

non-linear coefficients. The values of the parameters are 

given in Table 1. 

Table 1 

The parameters of JWL EOS of explosive HMX 

,  

gcm-3 

Eex, 

kJm-3 
A, GPa B, GPa R1 R2  

1.891 1.05×107 778.280 7.071 4.200 1.000 0.300 

 

The EOS of copper is shock model. These equa-

tions relate the pressure (P), internal energy (E), specific 

volume (V), or density () behind the shock wave to these 

same quantities in front of the shock wave in terms of the 

shock velocity (us) and the particle velocity (up) due to the 

shock wave. These equations express the conservation of 

mass, momentum, and energy, and for a coordinate system 

in which the material in front of the shock wave is at rest. 

These equations are given as follows: 

( )0 s s pu u u  =  − , (5) 

0 0 s pP P u u− =   , (6) 

( )
2

0 0 0
2

p

s p
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− −   =  

  

, (7) 

0s pu c s u= +  , (8) 

where the subscript 0 refers to the initial state and is referred 

to as the centering point of the Hugoniot, 0c is acoustic 

speed of sound volume, and s is a constant. 

By using the linear s pu u−  Hugoniot,  is defined 

by: 

( )0 0 01V V V V = − = −  . (9) 

Combining this with mass conservation, yields: 

p su u = . (10) 

Conservation of momentum, yields to: 

( )
22

0 0 1HP c s  =   −  . (11) 

The energy equation with 0E  equal to zero, yields to: 

02H HE P =   . (12) 

For such calculations it is convenient to work through the 

general energy-pressure equation as following: 

( ) ( )H HE E P P  = + −  . (13) 

The equation states that the pressure and energy at 

any particular volume can be related to these quantities on 

the Hugoniot, designated by the subscript H.  is the Grunei-

sen parameter, and it is always considered to be in depend-

ent of pressure and is usually determined from the relation-

ship following: 

0 0    =  , (14) 

where subscript 0 represents room-temperature and zero-

pressure value. 

The parameters of shock EOS of copper are given 

in Table 2. 

Table 2 

The parameters of Shock EOS of copper 

Material EOS , gcm-3  0c , 

cms-1 
s 

Copper Shock 8.930 1.990 0.394 1.489 
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Material is of a warhead shell and target is steel 

4340. The strength model is also depicted by Johnson-Cook 

(J-C) equation model, which is widely used in practical ap-

plications. It allows to assess the effective stress  as fol-

lowing: 

( ) ( )1 1 11

1

n *

p

m

r

m

A B C ln

T T

T T

   = +   +  
  

  −
  −  

−   
, (15) 

where p is equivalent plastic strain,  
is dimensionless 

plastic strain rate, T is process temperature, 
rT is ambient 

temperature, mT  is melting temperature, and the parameters

1A , 1B , 1C , n , m  are the five material constants. And, 1A

is yield stress, 1B is hardening constant, 1C is strain rate con-

stant, n is hardening exponent, m thermal softening expo-

nent. The parameters of J-C model of steel 4340 are given 

in Table 3. 

Table. 3 

The parameters of J-C model of steel 4340 

A1, MPa B1, MPa C1 n m Tr, K Tm, K 

792 510 0.014 0.260 1.030 300 1793 

2.3. Finite element model 

The finite element model of small-caliber armor-

piercing warhead was established and realized via the 

ANSYS AUTODYN explosive mechanics analysis soft-

ware [13], and the process of shaped charge jet forming and 

penetrating target was simulated in the cm-g-μs unit system. 

In the simulation of shaped charge jet forming and 

penetration, the Euler algorithm was used to describe the 

large deformation process of materials, including HMX, 

liner, and air. The Lagrangian algorithm was used to de-

scribe the deformation of the steel target accurately. The 

fluid structure coupling algorithm was used to simulate the 

mutual coupling of the Euler and Lagrange units. 

Due to the symmetry of the shaped charge 

structure, an axisymmetric model was adopted for numeri-

cal simulation. The size of the Euler domain was 

60 mm×300 mm, the size of the steel target was 

100 mm×150 mm, and both mesh sizes were 

0.5 mm×0.5 mm. The FLOW_OUT subroutine was added 

to the air domain’s boundary region to reduce the shock 

wave’s reflection and simulate the infinite air domain in real 

situations. 

To improve the numerical simulation accuracy, fi-

nite element models with different grid quantities and mesh 

sizes were used. The numerical simulation results gradually 

converged when the mesh size was gradually reduced to 0.5 

mm. Still, the smaller mesh size greatly increased the num-

ber of grids and computation scope, reducing the computing 

efficiency. Therefore, the calculation efficiency and accu-

racy were balanced at a mesh size of 0.5 mm. The calcula-

tion results of grid quality verification are shown in Fig. 2. 
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Fig. 2 Change rule about jet velocity and grid quality 

In Fig. 3, the air domain, explosive charge, and 

liner are shown in blue, green, and red colors, respectively; 

the initiation point is depicted by a diamond symbol, and the 

numbers 1 to 6 are Gaussian points. The initiation mode is 

the center point initiation. 

The steel 4340 target model was established to 

study the penetration capability, as shown in Fig. 4. 

 

Fig 3 Finite element model of shaped charge 

 

 

Fig. 4 Model of shaped charge jet penetrating the target 

3. Figures and tables 

Orthogonal optimization design quantitatively an-

alyzes the relationship between parameter combination and 

system characteristics by statistical methods to determine 

the system’s optimal parameter combination [14-15]. 

The three-factor and three-level optimization de-

sign was selected. The levels of each factor are shown in 

Table 4. 

The orthogonal optimization design scheme and 

calculation results are summarized in Table 5. 
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The key indicator of the percentage of effective 

mass (PEM) is the ratio of the shaped charge jet’s effective 

mass to the liner’s total mass. In this work, the effective 

mass is the mass of the part of jet velocity above 2000 m/s. 

It can be seen from the simulation results that the 

decreasing order for factor 1 is
11 21 31K K K  ; for factor 

2, it is 
32 22 12K K K  , and for factor 3, it is 

33 23 13K K K  . 

The key indicator of the percentage of effective 

mass (PEM) is the ratio of the shaped charge jet’s effective 

mass to the liner’s total mass. In this work, the effective 

mass is the mass of the part of jet velocity above 2000 m/s. 

Table 4 

Factors and levels of orthogonal experiment 

Level 

Factors 

liner thickness , 

mm 

liner cone angle 2, 

° 
H/D 

1 0.9 40 1.1 

2 1.0 50 1.3 

3 1.1 60 1.5 

Table 5 

Experimental scheme and results 

SN 
A B C 

PEM 
, mm 2 ° H/D 

1 0.9 40 1.1 0.2079 

2 0.9 50 1.3 0.2948 

3 0.9 60 1.5 0.3957 

4 1 40 1.3 0.1981 

5 1 50 1.5 0.2844 

6 1 60 1.1 0.3439 

7 1.1 40 1.5 0.1976 

8 1.1 50 1.1 0.2580 

9 1.1 60 1.3 0.3418 

1K  0.8984 0.6036 0.8098  

2K  0.8264 0.8372 0.8347  

3K  0.7974 1.0813 0.8777  

1K  0.2995 0.2012 0.2699  

2K  0.2755 0.2791 0.2782  

3K  0.2658 0.3604 0.2926  

R  0.0336 0.1592 0.0226  

 

It can be seen from the simulation results that the 

decreasing order for factor 1 is
11 21 31K K K  ; for factor 

2, it is 
32 22 12K K K  , and for factor 3, it is 

33 23 13K K K  . 

Therefore, the optimal combination scheme of 

structural parameters of small-caliber high-explosive anti-

tank cartridge was derived as 
1 3 3A B C . 

The range calculation result is 
2 1 3R R R  , indi-

cating that among all parameters, the liner cone angle has 

the greatest effect on the jet formation, the liner thickness is 

the second, and the charge aspect ratio is the last. 

The numerical simulation of the jet forming pro-

cess was performed to verify the orthogonal optimization 

design result under the liner angle of 60°, liner thickness of 

0.9 mm, and charge aspect ratio of 1.5. 

The velocity and continuity of the shaped charge 

jet are closely related to the penetration capability. There-

fore, the effective mass is put forward to evaluate the form-

ing performance of the jet. The larger the effective mass of 

the jet, the higher the penetration ability. 

The head velocity and length of the shaped charge 

jet will directly affect its penetration performance, and ex-

cessive head velocity will cause a large velocity gradient, 

which will exceed the plastic limit of the liner material in 

the jet forming process, resulting in fracture and then reduc-

ing the continuity and penetration ability of the shaped 

charge jet. 

Fig. 5 shows the jet’s profile at different moments 

formed by the optimized small-caliber shaped charge. 

At the same travel distance of 1CD (where CD is 

charge diameter), the velocity of the jet was kept above 

5700 m/s, and the velocity gradients were 119, 89, 65, 51, 

and 32 m/s. The specific characteristic quantities of these 

shaped charge jets are listed in Table 6. 

Table 6 

Characteristic quantity of shaped charge jet 

Gauges 
Maximum  

velocity, m/s 
Velocity gradient difference, m/s 

#1 6116 — 

#2 5997 119 

#3 5908 89 

#4 5843 65 

#5 5792 51 

#6 5760 32 

As seen from Table 6, when the total length of the 

jet reached 6CD, there was no obvious fracture point, indi-

cating that the overall continuity of the jet was good. It 

shows that the jet formed by the optimized shaped charge 

structure has strong penetrating ability. 

The shaped charge jet length diagram for different 

positions of gauges is plotted in Fig. 6. In the numerical sim-

ulation of the forming process, when the jet travel position 

reached 1, 2, 3, 4, 5, and 6 CD, the lengths of the continuous 

jet were 62, 95, 128, 166, 198, and 230 mm, respectively. 

At the same travel distance of 1CD, the growth gradient of 

the jet length varied from 33 to 38 mm, then reached 32 mm. 

The specific values are listed in Table 7. 

 When the jet length reached 5CD, the jet head ve-

locity still exceeded 5700 m/s, but there was a more obvious 

potential necking-fracture trend. Considering the continu-

ous extension of the interaction position between the jet el-

ement and the target in the penetrating process, the optimal 

blasting height ensuring stable penetration performance of 

the shaped charge jet was between 2CD and 4CD. 

Numerical simulations of the shaped charge jet 

penetrating steel targets with different blasting heights were 

carried out to verify the proper selection of the optimal 

blasting height. Results show that the penetration depth in-

creased with the blasting height and reached its maximum 

 

Table 7 

Characteristic length of shaped charge jet 

Gauges 
Length of  

jet, cm 

Growth gradient of  

jet length, mm 

#1 6.2 — 

#2 9.5 33 

#3 12.8 33 

#4 16.6 38 

#5 19.8 32 

#6 23.0 32 
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blasting height. Results show that the penetration depth in-

creased with the blasting height and reached its maximum 

when the optimal blast height was achieved. In the 

numerical simulation, the shaped charge was in the best 

state and fully contributed to its effectiveness when the 

blasting height ranged from 3CD to 4CD. 

   

15 μs 21 μs 27 μs 

   

34 μs 40 μs 46 μs 

Fig. 5 Velocity nephogram of jet at different time moment 
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Gauge#1 

Gauge#2 

Gauge#3 

Gauge#4 

Gauge#5 

Gauge#6 

Fig. 6 Shaped charge jet morphology diagram, (units, cm)

To be consistent with the previous study, we deter-

mined that if the maximum speed of the shaped charge jet 

dropped below 2000 m/s, it lost its penetration ability. The 

variation trends of penetration depth and blasting heights are 

shown in Fig. 7.  

The numerical simulation of jet penetration on the 

target at a 3CD blasting height was carried out to explore  

 

 

Fig. 7 Change trend of penetration depth and blasting-

heights 

the maximum penetration capacity of the shaped charge 

structure. The penetration process of the shaped charge jet 

into a target is shown in Fig. 8.  

At 10 μs, the shaped charge jet was about to touch 

the target plate, and at 20-40 μs, a stable jet penetration into 

the steel target was observed. During this period, the jet pen-

etration rate was the highest. At 50 μs, the pestle body sep-

arated from the main shaped charge jet. At the time of 60 μs, 

it entered the end of penetration capacity until the jet kinetic 

energy was consumed and the penetration process ended.  

The numerical simulation results showed that the 

penetration depth of a small-caliber shaped charge increased 

first and then decreased with standoff. When the explosion 

height exceeded the optimal standoff, the shaped charge jet 

continuously elongated with the increased jet’s forward 

travel distance. When the length of the shaped charge jet ex-

ceeded the plastic limit of the liner material, the jet broke, 

and its penetration depth was greatly reduced. When the ac-

tual explosion height was less than the optimal standoff, the 

shaped charge jet touched the target before fully stretching, 

and the penetration kinetic energy failed to be fully utilized, 

resulting in the reduction of penetration depth. Thus, the 

maximum penetration depth corresponded to the optimum 

standoff.  

Figure 9 shows a half of the axisymmetrical model 

of the shaped charge jet penetrating the target with a maxi-

mum depth of 105 mm. 
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10μs   20μs  

30μs   40μs  

50μs   60μs  

Fig. 8 Process of shaped charge jet penetration into steel target 
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Fig. 9 A 1/2 model of the target penetration with a maxi-

mum depth of 105 mm 

4. Explosion test 

The explosion test was carried out according to the 

optimized warhead structure. The schematic diagram of the 

explosion test implementation plan is shown in Fig. 10. 

According to the similar mechanical properties of 

steel 4340 and 45# [16-17], the material of targets used in 

experiments was 45# steel. In the experimental test, the tar-

get size was 120 mm × 100 mm and the base plate size 

was 120 mm × 50 mm. The explosion test layout is given 

in Fig. 11. 

To accurately display the internal penetration path, 

the post-experimental steel targets were cut by machining 

into halves. The results are shown in Fig. 12. 

Experimental results of penetration depth are listed 

in Table 8. 

The explosion test revealed that the maximum pen-

etration depth of the shaped charge jet into a 45# steel target 

was 100 mm, and its average value was 86.67 mm. The min-

imum and average relative errors between numerical simu-

lation and test results were 4.76% and 17.46%, respectively. 

Table 8 

Characteristic quantity of shaped charge jet 

SN 
Target 

serial number 
Stand off 

Penetration 

depth, mm 

1 1-1# 

3D 

100 

2 4-1# 100 

3 9-1# 60 

Average value 86.67 

Detonator

Main charge

Standoff

Target

Base plate

 

Fig. 10 Schematic diagram for test 

5. Conclusions 

The penetration capability of a shaped charge jet is 

a systematic problem closely related to the structural param-

eters of the charge liner, explosive charge parameters, and 

blasting height. Based on the application of a small-caliber 

shaped charge, the design scheme of a shaped charge war-

head was proposed in this study, and numerical simulation 

and experimental research on the problems related to pene-

tration capability were carried out. 

In the present paper, the effects of structural pa-

rameters (including liner angle, liner thickness, and charge 

aspect ratio) on the shaped charge jet forming and penetra-

tion capability into steel targets were numerically simulated 

and experimentally verified. The following conclusions 

were drawn:  

1. The shape charge jet’s formability is controlled 

by the coupled effects of liner angle, liner thickness, and 

charge aspect ratio. The results of the orthogonal optimiza-

tion design showed that the liner cone angle had the greatest 

effect, the liner thickness was secondary, and the charge as-

pect ratio was the least influencing factor. 

2. During the explosion test, the charge liner col-

lapsed, deformed, converged in the axis direction, and grad-

ually formed the penetration body with continuous 
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morphology and velocity gradient. In motion deformation, 

the jet stretched and extended to achieve the best matching 

between shaping attitude, velocity, and length. At some in-

stant, the stable forming shape of the jet corresponded to an 

optimal blasting height, and its penetration capability was 

the best. Due to the elastoplastic properties of the liner ma-

terial, the optimum blasting height ranged. The smaller 

value should be determined as the best blasting height for 

further research because the increase in blasting height will 

dissipate the jet’s kinetic energy. In this paper, the optimal 

blasting height range for the proposed small-caliber shaped 

charge structure ranged from three to four charge diameters,

which was verified by the explosion test. 

3. In the explosion test, the average penetration 

depth of the proposed scheme of small-caliber shaped 

charge into steel targets was 86.67mm, and the relative av-

erage error between numerical simulation and experiment 

was 17.46%. It proved the validity of the proposed algo-

rithm, parameter setting accuracy, and results’ reliability. 

4. Future research could consider other types of ex-

plosive charge, liner materials, processing technologies, and 

grain sizes of materials. More comprehensive theoretical re-

search can provide solid theoretical support for the engi-

neering application of shaped charge technology. 

 

 

a 

 

b 

 

c 

Fig. 11 Layout of static explosive experiment: a – SN1,  

b – SN2, c – SN3 

 

a 

 

b 

 

c 

Fig. 12 Penetration trajectory of post-experiment targets:  

a – 1-1#, b – 4-1#, c – 9-1#
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Y. Xu, X. Wang, W. Xie, N. Zheng 

EFFECT OF STRUCTURAL PARAMETERS ON THE 

JET FORMATION AND PENETRATION CAPABILITY 

OF SMALL CALIBER SHAPED CHARGES 

S u m m a r y 

This study used a small caliber high explosive anti-

tank cartridge as a research platform and established a 

model of a 35 mm diameter warhead with a copper liner. To 

this end, the ANSYS AUTODYN explosion mechanics 

analysis software was used for the numerical simulation for 

the shaped charge jet forming and penetrating the steel tar-

get. The effects of the liner thickness, cone angle, and charg-

ing length-to-diameter ratio on shaped charge jet perfor-

mance were analyzed. The optimal combination of these 

structural parameters was determined by the orthogonal op-

timization design. The optimized shaped charge structure 

could penetrate a 105 mm-thick steel target under simula-

tion conditions. The explosion tests determined the average 

and maximum penetration depths of the main charge of 

86.67 and 100 mm. respectively. The minimum and average 

relative discrepancies between the explosion test and nu-

merical simulation results were 4.76% and 17.46%, respec-

tively. This study provided theoretical and technical support 

for the optimization design and engineering application of 

small-caliber shaped charges. 

Keywords: small caliber shaped charge, structural parame-

ters, penetration capability, shaped charge jet. 
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