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Highlights: 

 Reactive jet penetrating thick steel plates show unusual damage behaviors. 

 Damage effects of thick steel plates strongly depended on reactive jet standoff. 

 Model predictions of damage to thick steel plates fit well with experiments. 

 Initiation delay time of reactive jet is the primary determinant mechanism. 
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Penetration behavior of reactive liner shaped charge jet impacting 

thick steel plates 

Huanguo Guo, Yuanfeng Zheng, Qingbo Yu, Chao Ge, Haifu Wang* 

State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China 

Abstract：Reactive liner shaped charge jet (RLSCJ) penetrates thick steel plate by 

experiments and model analysis combined. The experimental reactive material liners 

with a density of about 2.3 g/cm
3
, composed of mass matched ratios of Al/PTFE 

powders, are consolidated by a cold pressing/sintering process. Four standoffs of 0.5, 

1.0, 1.5, and 2.0 CD (charge diameter) are selected to conduct the penetration 

experiments. The experimental results show that, compared with traditional metal 

liner shaped charge jet against thick steel plates, a relative larger hole diameter but 

lower depth accompanying with fragmentation effects of penetrating steel plates are 

produced by RLSCJ. To understand this penetration behavior of reactive jet, an 

analytical model is developed to discuss the influence of initiation delay time of 

reactive jet and standoff on penetration depth. Analysis shows that the penetration 

depth strongly depends on initiation delay time of reactive jet. With increasing the 

initiation delay time, the penetration depth increases significantly, showing a good 

agreement with the experiments. Moreover, to further understand the fragmentation 

mechanism effect of the thick steel plates, the effective mass of reactive jet inside the 

penetrating hole and its deflagration-induced structural damage effect are analyzed 

theoretically. Prediction results fit well with the experiments, including crack 

generation and propagation in the thick steel plates, and the number of fragments.  
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1 Introduction 

Traditional metal liner shaped charge jet, typically such as copper jet damages the 

target by producing deep penetration. However, for enhanced structural damage or 

fragmentation behavior, much greater effectiveness could be achieved from reactive 

liner shaped charge jet (RLSCJ) by releasing chemical energy within the target during 

or at the termination of the penetration process [1,2]. The RLSCJ produces 

dramatically catastrophic structural damage to concrete, masonry or geologic material 

targets, or greater behind-armor effects [3,4]. 

Over the past twenty years, high strength reactive materials and their applications 

have been studied extensively due to the unique performances. In general, the reactive 

materials are fabricated by introducing active metal powders into a polymer binder via 

a pressing/sintering process, typically such as Al/PTFE reactive materials [5-8]. 

Studies involving the mechanical properties [9-11], microstructural performance [12，

13], impact initiation [14-16], and energy release characteristics [17,18], as well as the 

enhanced damage effects of the targets by reactive fragments [1,19] are widely 

conducted, by means of drop-weight test, ballistic impact, and Taylor anvil 

experiments and so on. In addition, our research group has also devoted large amount 

of effort to investigating the properties and applications of reactive materials since the 

year of 2000. As a part of the effort, representative researches on reactive material 
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projectiles include energy release characteristics [20], behind-plate overpressure effect 

[21], enhanced initiation effect impacting covered explosive [22], penetration 

performance and enhanced damage effects of reactive material projectiles impacting 

single or double-spaced aluminum plates [23, 24]. 

Shaped charge with reactive material liners is a novel application of reactive 

materials, by which traditional inert metal liners were replaced to achieve greater 

devastating effects against many targets [25-30]. By means of the Split Hopkinson bar 

and quasi-static compression experiments [25], the Johnson-Cook strength model of 

Al/PTFE was developed to study the formation behavior of reactive jet, which fitted 

well with the of X-ray tests [26]. The jet characteristics of reactive material liner and 

mass matched aluminum liner were also presented with flash X-rays, by which the 

difference between tip velocity of reactive jet and aluminum jet was only 100m/s, 

while reactive jet produced more significant cratering and severe damage to the 

concrete target than aluminum jet [3]. Further research on pure concrete targets 

showed that the reactive liner produced a funnel shaped hole and significant 

demolition effect whereas the copper liner just produced a slender penetration hole 

and less damage [27]. Due to the excellent damaging capability, the standoff effect of 

reactive jet against standard concrete targets were investigated by experiments, and 

the results indicated that concrete damaging capability was better in a region between 

a half and one charge diameter of standoff [28]. The reactive material chemical 

reaction was not occurring significantly during jet formation, however, during or at 
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the termination of penetration process, both the released chemical energy and lots of 

gaseous product would produce catastrophic damage to the concrete targets. Under 

the incorporated defeat mechanisms of kinetic energy and chemical energy, the 

damage modes, such as demolition cavity, deflections, and cracks, of concrete targets 

were produced. To analyze the complicated fracture patterns of concrete targets under 

detonation, T. Rabczuk [31-35] proposed a dual-horizon peridynamics formulation or 

cracking-particle method which have been applied for a range of problems including 

crack propagation and crack branching. Metal targets (for example steel targets or 

aluminum targets) have been widely used as light armor materials, hence, it is 

significant and valuable to study the damage effects of reactive jet against the kind of 

typical targets. Different from the concrete targets, fragmentation effects of the steel 

targets produced by reactive jet, resulting in the penetration and defeat mechanisms 

are not well understood, especially the fragmentation damage capabilities have not 

been well characterized.  

This paper presents such a research, beginning with a series of RLSCJ penetrating 

thick steel plates experiments. Subsequently, the influences of the initiation delay time 

of reactive jet and standoff on penetration depth are discussed by an analytical model 

developed. Finally, the fragmentation behavior of the penetrating steel plate caused by 

reactive jet deflagration inside the penetration hole is analyzed. 

2 Experiments 

2.1 Reactive material liner specimens 
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The processing method of the reactive material liner would consist of four steps. 

Firstly, the reactive liner materials were the mixture of 73.5 wt% PTFE and 26.5 wt% 

Al powders by mass matched ratios. The average sizes of the PTFE and Al particles 

were approximate 100 and 44 μm, respectively. Secondly, putting a certain amount of 

the mixture powers into the pre-prepared mold, and then cold isostatic pressing the 

powers with a corresponding top mold at a large quantity of pressures. Again, 

sintering the pressed reactive liner samples at a temperature of 380℃ in a vacuum 

oven [12]. Lastly, the sintered reactive liners were re-shaped to prevent the 

deformation of the liner during the sintering process from affecting the formation of 

the jet. The density of the reactive liner was about by 2.3 g/cm
3
.The prepared reactive 

liners are shown in Fig.1. The experimental reactive liners were of the same shape and 

mass, with the base diameter of 90 mm and the wall thickness of 9 mm. The liners 

were precisely fabricated from performs that were well consistently characterized. 

 

Fig.1. Reactive material liner specimens 

2.2 Experimental setup 

Fig.2 presents the experimental setup. Major components of shaped charge are a 

reactive material liner, high-energy explosive, case, and a central detonator. The 

height of main charge was 180 mm and the explosive was initiated by a detonator 

which placed on the center of the bullet. The high-energy explosive was cast into 45# 
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steel case with the thickness of 5 mm. In order to study the influence of RLSCJ on 

penetration and deflagration combined enhanced damage effects under different 

standoffs, aluminum standoff tubes of four different heights (0.5, 1.0, 1.5, and 2.0 CD) 

were used to adjust the heights from the bottom of the charge to the steel plates. The 

target plate was 45# steel cylinder with a 200 mm diameter and a 200 mm height. 

   

Fig.2 Experimental setup for RLSCJ penetrating thick steel plate 

2.3 Experimental results 

The experimental results are presented in Table 1. The results show that as the 

standoff increases, the penetration depth increases firstly and then decreases, and the 

entrance hole diameter gradually decrease. Especially, when the standoff is larger than 

1.5 CD, the penetration depth decrease rapidly. The Table 1 also demonstrates that the 

entrance hole diameter is for greater than that caused by copper jet while the 

penetration depth is lower. When the standoff is 0.5 CD, the RLSCJ causes the 

dramatic damage effect, resulting in a maximum hole diameter of 68.6 mm at the 

upper surface of steel plate. Moreover, the RLSCJ penetrates the thick steel plate with 

the largest penetration depth of 110 mm at standoff 1.5 CD. 
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Table 1 Experimental results 

No. 

Standoff  

(CD) 

Penetration depth 

 (CD) 

Entrance hole  

diameter (CD) 

Fragment/ 

large crack numbers 

1 0.5 0.93 0.76 6 fragments / 6 cracks 

2 1 1.18 0.72 2 fragments / 5 cracks 

3 1.5 1.22 0.67 2 fragments 

4 2 0.95 0.58 2 cracks 

Different damage patterns of thick steel plates are investigated by analyzing the 

experimental results, as shown in Fig.3. The results show that the damage to the thick 

steel plate is significantly influenced by reactive jet standoff. When RLSCJ penetrates 

thick steel plates at 0.5, 1.0, and 1.5 CD standoff, the fragmentation damage patterns 

are formed on the thick steel plates. Under the combined effect of kinetic and 

chemical energy, the steel plates are broken into several fragments. Moreover, there 

are some radial cracks emanating from the hole, and the number of cracks varies with 

the standoffs markedly. When the standoff is 0.5 CD, six fragments are formed and 

the largest fragment with two large cracks and one small crack (the top middle picture 

in Fig.3). When the standoff is 1.0 CD, two fragments are formed. One fragment with 

two cracks, and the other with two large cracks and some small cracks (Fig.3(1.0 

CD)). When the standoff is 1.5 CD, the steel plate only splits into two fragments and 

no crack is formed (the bottom left in Fig.3). In addition, the width of crack near the 

inner surface of hole is larger, due to it is extended from the inner surface of the hole 

to the outer surface of the plate, and the crack continues to propagate axially 
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downwards from the upper surface of the plate. It should be noted that the hole 

diameter from the surface of plate to the bottom of hole is basically of the same 

widths. The penetration channel and the fracture surface are adhered by some black 

reactive material detonation products. Moreover, damage effects drop off significantly 

at 2.0 CD. Even no fragmentation damage pattern but the cracking damage pattern is 

formed on steel plate when standoff is 2.0 CD. It can be clearly observed that the 

upper surface of the plate is almost completely covered by black detonation products 

(the bottom right in Fig.3).  

 

Fig.3 Typical results of penetrating steel plates under different standoffs 

3 Penetration model 

3.1 Penetration depth 

The shock wave generated by main charge detonation not only compresses the 
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reactive material liner to form a jet, but also activates the reactive materials. As time 

progresses, the RLSCJ penetrates thick steel plate but won’t release its chemical 

energy until the reactive materials initiate. The period of time from activation to 

initiation is called initiation delay time of reactive jet, during which assuming RLSCJ 

penetrates steel plate like metal jet. 

Based on the mentioned above assumption, it also assumes that the deflagration of 

all the reactive materials would not occur immediately until the time arrives at the 

initiation time of reactive jet, and the chemical energy would be simultaneously 

released together. Furthermore, ignoring the strength effect of the steel plate, the 

penetration behavior of RLSCJ impacting thick steel plate can be analyzed based on 

the virtual origin theory [36]. Fig.4 presents the penetration depth as a function of the 

penetration time, in which y is the axial distance and y is zero at the bottom of the 

liner, t is the time and t is zero when the detonation wave reaching the bottom of the 

charge, t0 is the time when RLSCJ reaches the upper surface of the steel plate, τ is the 

initiation delay time of reactive jet, and H is the standoff. 

 

Fig.4 Theoretical model of penetration depth for RLSCJ impacting thick steel plate 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 

11 

 

Based on the virtual origin theory, the penetration depth is given as 

 
j t

tip

j

- 1
v

L H a
v

   
     
  

                             (1) 

For point M, penetration depth is L, according to the geometric relationship 

shown in Fig.4 

 a jt v L H a                           (2) 

Eq. (2) first differential for τ and then integral, the relation can be obtained 

 
j t1

tip

a 0 a

j

v
t t t

v

 





 
     

 

                   (3) 

Then taking Eq. (3) into Eq. (1), the penetration depth can be rewritten as 

 
t j

1

1
a

0 a

- 1
t

L H a
t t

  
 
      
  

                           (4) 

Where 𝜌t and 𝜌j  are the density of steel plate and reactive jet, respectively. The 

coordinates of the virtual origin (ta, a) can be calculated by numerical simulation, 

using the least square method. 

Combination the Eq. (4) with experimental results, we can obtain four values of 

initiation delay time due to various errors in the tests process. But for a given shaped 

charge with reactive material liner, the initiation delay time of reactive jet should be 

consistent. As such, the initiation delay time of experimental reactive liner material is 

126.2 μs, which averaged by fitting the four values of initiation delay time (see Fig.5). 

It is apparent that the penetration depth is greatly influenced by initiation delay time 

of reactive jet and standoff, particularly for the initiation delay time which is the 

primary determinant of the penetration depth. This relationship can be verified from 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 

12 

 

the Fig. 5 that the longer initiation delay time of reactive jet (τ), the higher penetration 

depth (L) could be achieved under given conditions of standoffs and targets. In fact, if 

the initiation delay time doesn’t exist, namely τ = 0, reactive material chemical 

reaction will occur immediately at the initial moment of the detonation wave 

impacting reactive liner, and even it can’t form a jet so that the penetration depth will 

be zero. If τ < t0, the reactive liner can form a reactive jet, but it will have a 

deflagration before penetrating steel plate, and the penetration depth remains zero. If 

the initiation delay time is less than the whole penetration time of a corresponding 

inert jet, the penetration depth will increase as the initiation delay time increase. 

Nevertheless, if the initiation delay time is sufficiently long, the penetration depth will 

reach the maximum value (Lmax), and the effects of the initiation delay time disappear 

[29]. Hence, the effects of other factors on penetration depth, such as diameter of liner, 

cone angle, and wall thickness, are considered only when reactive materials chemical 

reaction is not occurring significantly during jet formation, as shown in Table 2.  

Table 2 shows that, comparing experiment 1 with 2, the penetration depth 

increases with the decrease of the cone angle, which is consistent with the penetration 

performance of inert metal jet against steel plate. However, by comparing experiments 

2, 3 and 4, the penetration depth drops off significantly with the reduction of the liner 

wall thickness and the charge diameter, which is not accordance with the similarity 

principle of metal liner. This is mainly because the absolute wall thickness of reactive 

liner reduces with the decrease of the charge diameter, the thinner reactive liner will 

bear a larger explosive detonation pressure and then form a higher velocity jet, by 
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which will exacerbate and accelerate the chemical reaction of reactive material. As 

such, the absolute wall thickness has a marked effect on the initiation delay time of 

reactive jet, which falls with the decrease of the absolute wall thickness, thus resulting 

in the decline of penetration depth. Combined with the standoff experiments in this 

paper, the results indicate that the penetration depth and the damaging capability of 

RLSHJ against thick steel plates are significantly affected by standoff, and the 

terminal damage effects are better in a region between 0.5 CD and 1.5 CD. However, 

the analytical model reveals that the influence of initiation delay time on the 

penetration depth is relatively independent of standoff, but the effect of standoff on 

penetration depth must be dependent on the formation of reactive jet without chemical 

reaction. Further investigation of the experiments manifest that when the initiation 

delay time of reactive jet is relatively short, the excellent terminal damage effect of 

thick steel plate is achieved with small standoff. Figure 5 also verifies this 

phenomenon that the optimum standoff of reactive jet is influenced remarkably by 

initiation delay time, increasing the initiation delay time can appropriately improve 

the optimum standoff of reactive jet. 

 

Fig.5 Initiation delay time of reactive jet influencing penetration depth 
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Table 2 Effects of RLSC parameters on penetration depth [27, 29] 

No. 

Liner 

Standoff 

(CD) 

Penetration 

depth 

(CD) 

Diameter 

(mm) 

Cone angle 

(°) 

Thickness 

(CD) 

1 140 65 0.12 1.0 0.74 

2 140 55 0.12 1.0 0.83 

3 140 55 0.08 1.0 0.75 

4 90 55 0.08 1.0 0.35 

As shown in Fig.5, the intersection of the curve with the x-axis indicates the time 

t0, which increases with the increase of standoff, so the time of RLSCJ penetrating 

steel plate will decrease gradually. In the experiments, as the standoff increases from 

0.5 to 1.5 CD, the penetration depth increases, which is mainly caused by the effective 

stretching of reactive jet and the larger penetration time. However, when the standoff 

is larger than 1.5 CD, the penetration depth gradually reduces. The first and most 

important reason is that, due to the same initiation delay time of reactive jet, the 

penetration time decreases with the increase of standoff, and the reactive jet have a 

deflagration reaction when the time arrives at the initiation time, which would lead to 

the early termination of the penetration phase. The second thing must be taken into 

consideration is that the reactive material liner essentially belongs to the powder 

metallurgy liner, and the cavitation, necking, or even rupturing occurs more easily at 

larger standoff, resulting in the decrease of penetration depth. As such, in order to 

increase the penetration depth of RLSCJ against steel plate, how to improve the 
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reactive liner material initiation delay time is a very critical factor 

3.2 Penetration hole diameter  

The formation and penetration of reactive jets under different standoffs were 

simulated with the two-dimensional axisymmetric model based on the platform of 

Autodyn code (see Fig.6). The explosive, case, and reactive material liner were 

meshed by Eulerian algorithm to reduce the great deformation while the steel plate 

was meshed by Lagrangian algorithm for fracture and fragmentation. The mesh uses a 

smaller size of 0.5 × 0.5 mm per cell for the Euler domain of 90 mm×600 mm, and 

the mesh size of steel plate is 1.0 × 1.0 mm. The boundary condition of air (Euler) 

domain was set as “Flow out (ALL EQUAL)” to eliminate the influence of the 

boundary effect. Detailed material strength models and EOSs of RLSC each part are 

shown in Table 3, and main material parameters of the liner, explosive, case, steel 

plate, and air are listed in Table 4~6.  

 

Fig.6 Numerical model (1/2) of RLSC against thick steel plate 

Table 3 Material strength models and EOSs of RLSC each part 

Part Materials EOS Strength model Erosion 

Air Air Ideal Gas None None 

Liner Reactive materials Shock Johnson Cook None 

Explosive 8701 JWL None None 
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Case 45# steel Shock Johnson Cook None 

Steel plate 45# steel Shock Johnson Cook Geometric Strain 1.5  

Table 4 Parameters of the reactive liner and steel plate materials [25, 37] 

Materials 

 

(kg/m
3
) 

G 

(GPa) 

A 

(MPa) 

B 

(MPa) 

n C m 

Tm 

(K) 

Troom 

(K) 

Reactive 

liner  

2.27 0.666 8.044 250.6 1.8 0.4 1 500 294 

45# steel 7.83 77 792 510 0.26 0.014 1.03 1793 300 

Table 5 Parameters of explosive [37] 

Material 

 

(kg/m
3
) 

D 

(km/s) 

PCJ 

(GPa) 

e 

(GPa) 

A 

(GPa) 

B 

(GPa) 

R1 R2 ω v0 

explosive 1.71 8.315 28.6 8.499 524.23 7.678 4.2 1.1 0.34 1.00 

Table 6 Parameters of air [38] 

Material  (kg/m
3
) γ Cp (kJ/kg  ּ ‧ K) Cv (kJ/kg  ּ ‧ K) T (K) E0 (kJ/kg

  ּ -1
) 

air 1.225 1.4 1.005 0.718 288.2 2.068×10
5
 

The reactive jet tip velocity (vtip), the tail velocity (vtail), the tip diameter (D0), the 

jet length (lj0), and the movement time (see below t0) when the jet tip reaches the 

upper surface of steel plate is shown in Table 7. Comparing the velocity distribution 

of four standoffs, the length of reactive jet increases while the tip velocity and the 

average jet diameter decrease with the increase of standoff. According to the Held.M 

radial expansion formula [39], the hole-radius is a function of jet velocity and jet 

radius. In other words, the tip velocity of reactive jet and jet diameter would decrease 
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as the standoff increases, resulting in a decrease of hole diameter that occurred at the 

surface of steel plates.  

Table 7 Velocity distribution and performance parameters of reactive jets 

 

The comparison of simulated and experimental results is illustrated in Table 8. It is 

obvious that the numerical results of the hole diameter have a good agreement with 

the experimental data, which demonstrates that the entrance hole diameter will 

decrease as the standoff increases. However, the simulation results are always smaller 

than the experiments, and the difference between the two results decreases with the 

increase of standoff. This may arise for two reasons: (i) The reactive jet has a 

deflagration in tests, which can further increase the secondary expansion of the hole 

and even cause fragmentation of the steel plate. (ii) With the standoff increases, the 

penetration depth and the jet diameter become smaller as a means by which to 

decrease the effective mass of reactive jet inside the penetration hole. Therefore, with 

the standoff increases, the secondary expansion cratering effect drops off significantly 
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by the combined effect of kinetic and chemical energy of reactive materials. 

Differences between the entrance hole diameter on the steel plate in the experiments 

and simulations are less than 10% for all the four standoffs, the numerical methods 

employed in this research could provide effective and accurate solution of the 

performance parameters of reactive jets. 

Table 8 Comparison of experimental and numerical entrance hole diameter 

 

Above all, the hole diameter of RLSCJ penetrating steel plate is generally better 

than that of traditional metal jet. Mainly for the following three reasons, one is that the 

larger jet diameter is formed by the larger wall thickness of reactive liner. Secondly, 

the hardness of reactive material is smaller than that of the metal jet and the 

deformation in the radial direction is larger, which causing the hole diameter is larger. 

Finally, the reactive jet has a deflagration when the time arrives at the initiation time, 
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resulting in the re-expansion cratering effect. 

4 Penetration-induced fragmentation behavior 

4.1 Effective mass of reactive jet 

Based on the velocity distribution of reactive jet before impacting steel plate in 

Table 7, the jet velocity gradient is very great, which lead to the propagation of 

reactive jet during the penetration process. We can assume that the reactive jet is a 

cone penetrator with a linear velocity gradient along its length, described in Fig.7. 

This assumption domain is suitable for idealized penetration description of reactive 

jets solved in virtual coordinate frame [40]. Based on the virtual theory, some 

assumptions of the cone penetrator are made as follows. Firstly, the reactive jet is 

considered to be divided into infinitesimal elements with the number of n, and the jet 

is continuous not breaking during penetration. Secondly, each jet element is prolonged, 

but its volume, density and velocity of each element keep invariable in the penetration 

process. Thirdly, the velocity gradient is ignored within each jet element. Moreover, 

with the reactive cone penetrator impacting the steel plate, the velocity of the jet 

element is not affected by the high pressure, high temperature and high strain rate 

generated when the previous element penetrates steel plate. As seen the Fig.7, the 

family of lines start from point O (the virtual origin), and the slope of each line stands 

for the velocity of the corresponding jet element.  
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Fig.7 Analytical model for effective mass of reactive jet 

Suppose that the reactive cone penetrator does not lose its mass during the 

penetration process and after the penetrator entering the penetration hole, it will flow 

along the inner wall of the hole instead of the outside. When the time reaches the 

reactive jet initiation point, only the reactive materials that occurs deflagration inside 

the hole can contribute to the secondary structural damage effects while materials 

outside cannot. This part of reactive materials inside the penetration hole would 

release huge amounts of chemical energy, which would further enlarge the hole and 

even lead to the cracking or fragmentation of the thick steel plates. As such, we use 

the mass of reactive materials inside the hole at the moment of initiation time to 

represent the effective mass of reactive jet, in solid black line of Fig.7. The effective 

mass of this portion is marked as me, and the mass of outside reactive materials is mres. 

For the reactive cone penetrator before impacting the steel plate, the volume of 

each element can be written as 

                    2 2

0d dV l l                         (5) 
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Where w0 is the slope of jet generatrix in the jet coordinate system.  

Thus, the effective mass of reactive jet me and the initial mass of jet m are 

obtained as 

  
ji 2 2

e j 0
0

d
l

m l l                         (6) 

  
j0 2 2

j 0
0

d
l

m l l                         (7) 

Based on equations (6) and (7), 

ji ji

j0 j0

32 2 2

j 0 jie 0 0

2 2 2
j0

j 0
0 0

d d

d d

l l

l l

l l l l lm

m ll l l l

 

 

 
     

 

 

 
              (8) 

As the mentioned above assumptions, the reactive cone penetrator is continuous 

and the velocity along the length is linear. The relationship lji / lj0 can be replaced by 

velocity parameters 

ji tip i i tip

j0 tip tail tail tip

1

1

l v v v v

l v v v v

 
 

 
                   (9) 

According to the geometric relationship shown in Fig.7, Eq. (10) and (11) can be 

obtained 

m

a

-L H a
v

t





                       (10) 

i

a

-L H a
v

t





                       (11) 

Then, for the point M, based on the penetration depth Eq. (1), the relation can be 

written as  

t j

tip

m

1
-

v L

v H a

 
 

  
 

                   (12) 

Based on Eq. (10), (11) and (12), the relation can also be written as 
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 t j1

i

tip

1
-

v L

v H a

  

 
  
 

                 (13) 

Taking Eq. (9) and (13) into (8), the relation between the effective mass of 

reactive jet and penetration depth can be written 

 t j

3
1

e

tail tip

1
1 1

1 -

m L

m v v H a

    
      

   
  

          (14) 

Where the tip and rear velocity of reactive jet is vtip and vtail, respectively. The 

value of vtip and vtail can be obtained by numerical simulation. 

 

Fig.8 Effective mass of reactive jet as a function of penetration depth 

Fig.8 presents the effective mass of reactive jet as a function of penetration depth 

under different standoffs based on Eq. (14). It shows that the effective mass of 

reactive jet decreases with the increase of the standoff. The main reason is that when 

standoff is smaller, the jet is not stretched enough, forming a short and thick cone 

penetrator, which leads to a higher mass per unit length inside the penetration hole. It 

is also important to note that the penetration time decreases with the increase of 

standoff when the initiation delay time of reactive jet is a constant value, resulting in 

the effective mass of reactive jet inside the penetration hole decreasing. 
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4.2 Crack generation and propagation 

As a result of the initiation delay time of reactive jet, the penetration process of 

RLSHJ against steel plate consists of two parts: penetration like metal jet and the 

release of chemical energy contained in reactive materials. Due to the instantaneously 

great deflagration pressure and the high penetration velocity of reactive jet, it can 

assume that the penetration hole is a sealed space. To simply analyze, it also assumes 

that the hole diameter is a constant value from the surface of plate to the bottom of 

hole based on the experimental results, as shown in Fig.3. As such, based on the 

failure theory of shell under internal explosion loads [41], the fragmentation process 

of steel plate involves four phases: elastic-plastic swelling, dynamic crack generation, 

crack propagation, and fragmentation of the thick steel plates. 

Reactive jet has a deflagration reaction when the time after activation reaches the 

initiation delay time, causing an intensive dynamic stress zone in the penetration hole. 

At the same time, the detonation-like blast wave will form a compressional stress 

wave, which would lead to plastic flow in the inner wall of the hole and cause shear 

failure under the high deflagration pressure. Therefore, the cracks first generate on the 

inner wall of the hole (see in Fig.9(1) at points A and B). Subsequent unloading waves 

occur immediately on both sides of the cracks, and the criterion of cracks propagation 

is that new cracks will not generate in the unloading zone. As such, new cracks may 

generate randomly at points C, D and E (see in Fig.9(2)). In a word, the same thing 

will repeatedly happen in the zone which unloading waves do not propagate, and then 

after unloading waves sweep all zone of the steel plate, cracks will not generate on the 
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steel plate. The fragmentation process is finished when the steel plate is completed 

unloaded in two directions, as shown in Fig.9(4).  

 

Fig.9. Description of cracks generation and propagation in thick steel plate 

4.3 Fragment or crack numbers 

Based on Newton’s second law, if the width of unloading zone is x, equation of 

fragmentation behavior of steel plate can be described [41] 

b t

1 d d

2 d d

x
S Sx

g t t
 

 
  

 
                       (15) 

Where 𝜎b  is the ultimate strength of the steel plate [MPa], S is the vertical 

section’s area of unloading zone [cm
2
], t is the time of unloading wave propagating 

from 0 to x [s], d𝑥 d𝑡⁄  is the tangential deformation velocity of arc length x, which 

has relation d𝑥 d𝑡⁄ = 𝑥𝑣0 𝑟⁄ , and r is the maximum radius of penetration hole [cm]. 

Integrate Eq. (15) from 0 to t and 0 to x of time and unloading zone length, 

respectively. When the thick steel plate generates crack, it assumes that v0 and r 

remain unchanged, so the width of unloading zone can be presented as followed 

b

0 t

2
k

gr
x

v


 


                        (16) 

In which, x is also the fragment size of steel plate, ε is the strain of steel plate after 

crack generates, εk is the critical strain of steel plate. If S = Kε，usually, √∆𝑆 =
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√𝑆 − 𝑆k = 1~2, we take √∆𝑆 = 1.5 , then the average width of the fragment x0 can 

be obtained  

b
0

0 t

3
1.5

gr
x x

v K




                         (17) 

As mentioned above the two assumptions, the reactive jet has an instantaneous 

deflagration and the thickness of shell is a constant value. Therefore, the fragments of 

the steel plate after detonation have the same initial velocity v0. According to these 

assumptions, we can use the Gurney’s equation [42] to calculate the initial velocity of 

the fragments. It assumes that chemical energy of the effective mass of reactive jet 

converts to kinetic energy of the fragments and the detonation products 100% during 

deflagration process, that is 

2 2

t 0 e 0
e

2 4
v

m v m v
m Q                         (18) 

In which, Qv is the energy of reactive materials per unit mass (73.5 wt% 

PTFE-26.5 wt% Al is just 14151 Jg
-1

) [29], mt is the effective mass of cylinder shell 

[g]. Then the initial velocity can be written 

t
0

e

2
2 1v

m
v Q

m
                         (19) 

Taking Eq. (19) into Eq. (17), and  𝜎b = 82 (kg/mm2), K = 67 for 45# steel , as 

a result 

b t
0

t e

23
( 1)

2 v

g mr
x

K mQ




                      (20) 

According to the geometric relationship of penetration hole, we can obtain 

 2 2

t t 1

1

4
m L D D                        (21) 
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Where D is the diameter of steel plate, 𝐷1 is the hole diameter and its values are 

obtained from test results, L is the theoretical penetration depth. 

In hence, the number of fragments is expressed as 

t1

0 t
b

e

4

2
3 ( 1)

vQ KD
n

x m
g

m

 



 



                   (22) 

 

Fig.10 Comparison of model calculations and experiments 

In particular, the number of fragments obtained from the test results refers to 

fragment or large crack numbers, in which the larger cracks seem to be the cracks 

throughout the upper surface of the thick steel plates. Under the smaller standoffs, 

especially being within a region between 0.5 CD and 1.0 CD for the shaped charge 

with reactive liner, the prediction results basically fit well with the experiments, as 

shown in Fig.10. From the Eq. (22), the number of fragments in the thick steel plates 

are proportional to the effective mass of reactive jet. When the standoff is 0.5 ,1.0 and 

1.5 CD, due to the more effective mass of reactive jet, the pressure produced by the 

deflagration of reactive materials is much greater than the yield limit of the steel plate, 

which would cause the steel plates split into several fragments or form many large 

cracks, as shown in Fig.3. Moreover, when standoff is over 2.0 CD, the effective mass 
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of reactive jet inside the penetration hole is too little to produce enough pressure to 

fracture the plate, only generating two cracks.  

However, by comparison, the number of fragments calculated by theoretical 

analysis are almost always bigger than experimental results. Especially under a higher 

standoff, such deviation becomes larger. On the one hand, the theoretical analysis is 

not take into account deformation energy of shell, detonation product internal energy, 

and absorption of media around shell. As such, the initial velocity of theoretical 

analysis arrives at an optimum limit velocity, resulting in a relative smaller average 

size of fragments, and then leading to a bigger number of fragments. On the other 

hand, as the standoff increases, the effective mass of reactive jet inside the penetration 

hole decreases, which leads to the deflagration pressure and the intensive dynamic 

loading effect decreases gradually. This tends to approximatively quasi-static loads 

result in the deviation of analytical results becoming larger gradually.  

It should be noted, however, that this analytical model has its own limitations to 

some extent. One limitation is that the effective mass of reactive jet may be 

overestimated because of these assumptions that there is no mass loss when RLSCJ 

penetrates thick steel plate and the whole reactive materials not produce chemical 

reaction during the jet formation and penetration process. Hence, the number of steel 

plate fragments calculated based on the effective mass of reactive jet may be 

overestimated, especially the deviation will be greater when the wall thickness of 

reactive liner is thicker. This is mainly because the fragmentation effect of thick steel 

plate depends on the pressure inside the penetration hole, which is not only influenced 
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by the effective mass of reactive jet but also significantly affected by the energy 

release rate of reactive materials. Actually, the energy release of reactive jet is linear 

with time, rather than simultaneous deflagration in the hypothesis, which also may 

overestimate the number of fragments. 

5 Conclusions 

The penetration behavior of RLSCJ impacting thick steel plates were studied by 

experiments and theoretical analyses combined. Several conclusions are presented as 

follows: 

(a) Comparing with the traditional metal liner shaped charge jet, the experiments 

showed that RLSCJ penetrated thick steel plates to produce larger hole diameter but 

lower penetration depth. Fragmentation effects and much greater effectiveness could 

be achieved from the RLSCJ under the relative smaller standoff, especially being 

within a region between 0.5 CD and 1.5 CD. 

(b) An model analysis on the influence of initiation delay time of reactive jet and 

standoff on penetration depth showed that, comparing with the standoff effect, the 

initiation delay time of reactive jet was the primary determinant of the penetration 

depth, showing a significantly increase with the increase of the initiation delay time.  

(c) The fragmentation damage effects of penetrating steel plates strongly depended 

on the effective mass of reactive jet inside the penetrating hole and its subsequent 

deflagration pressure. With the increase of the initiation delay time of reactive jet, the 

effective mass of reactive jet would increase, resulting in deflagration pressure inside 

the penetration hole increasing, which caused dramatically cracking or even 
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fragmentation behavior of the thick steel plates. 
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