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ABSTRACT

Experiments on penetrating into concrete and pebble layered targets were
performed by shaped charge with different cone angles, liner wall
thicknesses, length to diameter ratios and charge diameters at different
standoffs. Based on the experimental data, the influence of shaped charge’s
structural parameters on crater diameter, hole diameter, crater depth and
penetration depth was analyzed in detail. Meanwhile, formation and
penetration processes of all shaped charges were simulated by AUTODYN
software for investigating the more intrinsic mechanisms, in which the
numerical models are the same as those set up in the experiments. The
results obtained in this paper indicate that there are obvious differences
between jetting projectile charge (JPC) and explosively formed projectile
(EFP) in penetrating into multi-layer targets. For the same charge diameter,
the values of hole diameter formed by EFP were much larger than JPC.
However, for the same standoff, the penetration depth caused by JCP were
larger than EFP. The interfacial effect exists in the penetration progress of
JPC.

1. INTRODUCTION

Shaped charge penetrating into multi-layer targets is a complicated mechanical problem
which usually involves shock wave propagation, dynamic behavior of multi-layer targets,
interactions between different layers and so on. Most previous investigations focus on
penetrating into pure concrete targets. In general, the theoretical researches focus on
penetration depth and diameter in this field. A simplified calculation formula of penetration
depth was presented by Brikhoff firstly [1]. Based on the virtual origin theory, Allison et al.
provided the penetration depth by integral in jet length [2]. By modifying the Bernoulli
formula of jet penetrating into targets [3], Tate et al. developed one-dimensional correction
dynamic model [4]. Chou et al. calculated the total penetration depth by the jet’s double
linear velocity distribution instead of the nonlinear velocity distribution [5]. As for
penetration diameter, Szendrei established an analytical model [6]. Held improved the
Szendrei equation and performed experiments to validate the Szendrei/Held equation [7].
Wang et al. presented a calculation formula by modifying the hole enlargement pressure of
Szendrei model [8]. In recent years, both numerical and experimental techniques have been
utilized extensively to investigate concrete penetration [9-11]. Pincosy et al. studied the
multiple shaped charge penetrating into concrete targets by numerical simulations and
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experiments [12]. Xiao et al. analyzed the shaped charge liner composed of copper and
aluminum material penetrating into concrete targets [13]. Wang et al. investigated shaped
charge penetrating into concrete targets experimentally, numerically and theoretically [14].

Investigations on shaped charge penetrating into multi-layer targets are far less than that of
pure concrete targets. Due to lack of systematic experimental data, the intrinsic mechanisms
of shaped charge penetrating into multi-layer targets are not clear up to now. So we carried
out a series of experiments on penetrating into multi-layer targets by shaped charge with
different cone angles, liner wall thicknesses, length to diameter ratios and charge diameters at
different standoffs. Using both experiments and numerical simulations, we investigated the
variation laws of crater diameter, hole diameter, crater depth and penetration depth with
different geometric configurations of shaped charge and different standoffs.

2. EXPERIMENTAL SCHEME

The charges with diameters of 70mm and 65mm are designed, composition B with density of
1.6g/cm? is selected as the main charge and the material of liners is steel in the experiments.
As shown in Fig. 1, the height of charge with 70mm diameter is L=100mm. The cone angles
of the liner are 120° and 150°, and wall thicknesses are uniformly 4mm and Smm. Four kinds
of standoffs (1D, 1.5D, 2D and 4D) are investigated respectively in this paper. Here the
notation D is defined as charge diameter. Fig. 2 shows the schematic of shell. The parameters
of the shaped charge with diameter of 70mm are ®; =45mm, @, = 75mm, d = 2.5mm, o= 45°,
Li=105mm, L,=11mm and L3;=141mm, respectively.

Figure 1: Shaped charge with diameter of 70mm.
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Figure 2: Schematic of shell.

Fig. 3 shows the shaped charge with diameter of 65mm. The heights of these charges are
54mm and 94mm, respectively. Two kinds of liners are used in the experiments, in which
uniform liner wall thickness and the cone angle are 3mm and 120°, respectively; the other
liner wall thicknesses are variable in a linear way, the top and bottom liner wall thicknesses
are 1.8mm and 1.3mm respectively, the inner and external cone angles are 114° and 120°
respectively. Fig. 4 shows part of shells with the charge diameter of 65mm. The heights of
shells are L1=35mm, L3=65mm and L1=75mm, L3=105mm respectively; other parameters
are ®; =44mm, ®; = 69mm, 6 = 2mm, o= 45° and L,=11mm.

Figure 3: Shaped charge with diameter of 65mm.
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Figure 4: Shells with diameter of 65mm.

The multi-layer targets consist of two layers in the experiments, as shown in Fig. 5. The
upper layer is concrete. Its thickness is 400mm, the density 2.4g/cm? and the compressive
strength 30MPa. The lower layer is pebble. Its thickness is 300mm and the largest diameter is
40mm.

- Concrete

Pebble

Figure 5: Schematic of multi-layer targets.

The experimental setups and results of different charge diameters are shown in Fig. 7. The
values of crater diameter D, hole diameter D», crater depth H; and penetration depth H are
measured as shown in Fig. 6. The maximum and minimum values of D and D> are recorded,
and then the averages of maximum and minimum values are adopted to depict variation
curves, as shown in Fig. 8 and Fig. 9.
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Figure 7: The experimental setups and results of different charge diameters; (a)
Experimental setups. (b) Experimental results.
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3. THE RESULTS OF CHARGE DIAMETER 7O0MM

3.1. Results of Crater Diameter D+

Table 1 and Fig. 8 illustrate that, in the case of 120° cone angle, the crater diameter decreases
with the increase of standoff, and the maximum value of crater diameter is 10.7D. Under the
impact of the detonation wave, the liner moves inward and generates JPC. The JPC stretching
and becoming thin with the increase of standoff causes the decrease of crater diameter. In the
case of 150° cone angle, the liner overturning and extending under the action of explosion
produces EFP. The maximum value of crater diameter formed by EFP is 9D. Under the
condition of standoff higher than 2D and the same cone angle, the crater diameter formed by
shaped charge with 4mm liner wall thickness is larger than Smm liners wall thickness.

Table 1: Experimental results of crater diameter with different cone angles
and liner wall thicknesses under different standoffs (mm)

Cone angle (°) Thickness (mm) Standoff
1D 1.5D 2D 4D
120 4 — 750x750  600x700  510x580
5 — 700x780  560x600  500x600
150 4 410x420 — 500x500  610%650
5 440x580 — 400x430  400x500
800

=8-120° cone angles, 4mm liner thickness
-B-120° cone angles, Smm liner thickness

=4—150° cone angles, 4mm liner thickness
700 -

—-150° cone angles, Smm liner thickness

600 -
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th

(=3

=
1

400 L] L] L] L] L]
1.0 1.5 2.0 25 3.0 3.5 4.0

Standoff / Charge diameter
Figure 8: Variation laws of D1 with standoffs.
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3.2. Results of Hole Diameter D2

From Table 2 and Fig. 9 we can find that, in the case of 120° cone angle, the variation of
hole diameter with the increase of standoff is small. For the same standoff, the hole diameter
formed by shaped charge with 5Smm liner wall thickness, comparing to 4mm, is larger. When
the liner wall thicknesses are 4mm and Smm respectively, the corresponding maximum
values of hole diameter are 0.5D and 0.6D. In the case of standoff between 1D and 2D, hole
diameter formed by shaped charge of 150° cone angle vary widely with the standoff
changing. It is opposite to the standoff higher than 2D, in which the hole diameter almost
keep unchangeable even though the standoff vary. For the same standoff, the hole diameter
formed by shaped charge with 4mm liner wall thickness, comparing to Smm, is larger. When
the liner wall thicknesses are 4mm and 5mm respectively, the corresponding maximum
values of hole diameter are 3D and 2D. For the same charge diameter, the values of hole
diameter formed by EFP with 150° cone angle were much larger than JPC with 120° cone
angle.

Table 2: Experimental results of hole diameter with different cone angles and
liner wall thicknesses under different standoffs (mm)

Cone angle (°) Thickness (mm) Standoff
1D 1.5D 2D 4D
120 4 — 35x35 30x30  28x28
5 — 40x40 40x40 4545
150 4 140x140 — 200x200 210x210
5 130x130 — 100x100  140x140
300
—8-120° cone angles, 4mm liner thickness
-#-120° cone angles, Smm liner thickness
240 - =4—150° cone angles, 4mm liner thickness
- —4-150° cone angles, Smm liner thickness
g
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Figure 9: Variation laws of D2 with standoffs.
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3.3. Results of Crater Depth H;

Table 3 and Fig. 10 illustrates that, for four kinds of standoffs (1D, 1.5D, 2D and 4D), the
crater depth caused by shaped charge with 120° cone angle decreases with the increase of
standoff. For the same standoff, the crater depth formed by shaped charge with 5Smm liner
wall thickness, comparing to 4mm, is larger. The maximum value of crater depth is 1.8D for
both 4mm and Smm liner wall thicknesses. The crater depth formed by shaped charge with
150° cone angle decreases with the increase of standoff. In the case of liner wall thicknesses
are 4mm and Smm, the corresponding maximum values of crater depth are 1.4D and 1.5D
respectively.

Table 3: Experimental results of crater depth with different cone angles and
liner wall thicknesses under different standoffs (mm)

Cone angle (°) Thickness (mm) Standoff
1D 1.5D 2D 4D
120 4 — 125 110 85
5 — 125 117 115
150 4 98 — 96 86
5 105 — 90 88
140
-8-120° cone angles, 4mm liner thickness
-#-120° cone angles, Smm liner thickness
=4—150° cone angles, 4mm liner thickness
125 -
- —4-150° cone angles, Smm liner thickness
g
g
) —i
T
=
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80 L] L] L] L] L]

1.0 15 2.0 25 3.0 35 4.0
Standoff / Charge diameter
Figure 10: Variation laws of Hi with standoffs.
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3.4. Results of Penetration Depth H

It is clear from Table 4 and Fig. 11 that, when standoff is higher than or equal to 2D, the
penetration depth caused by the shaped charge with 120° cone angle decreases with the
increase of standoff. The JPC breaks up with standoff high, so the penetration depth of JPC
reduces. For the same standoff, the penetration depth caused by the shaped charge with 4mm
liner wall thickness is larger than Smm liner wall thickness. The penetration depth caused
by the shaped charge with 150° cone angle varies slightly with the standoff increasing. For
the same standoff, the penetration depth caused by the shaped charge with 120° cone angle
(JCP) were larger than 150° cone angle (EFP).

Table 4: Experimental results of penetration depth with different cone angles
and liner wall thicknesses under different standoffs (mm)

Cone angle (°) Thickness (mm) Standoff
1D 1.5D 2D 4D
120 4 — 280 295 265
5 — 215 206 170
150 4 98 — 96 86
5 105 — 90 88
420

-8-120° cone angles, 4mm liner thickness

--120° cone angles, Smm liner thickness

360
=-150° cone angles, 4mm liner thickness

—4-150° cone angles, Smm liner thickness

/‘\0
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Figure 11: Variation laws of H with standoffs.
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4. THE RESULTS OF CHARGE DIAMETER 65MM
4 1. Results of Crater Diameter D+
From Table 5 and Fig. 12 we can see that, when the shaped charge with length to diameter
ratios are 0.8 and 1.4, the corresponding maximum values of crater diameter are 8.7D and
9.4D respectively. In 1D standoff, the crater diameter caused by the shaped charge with length
to diameter ratio of 1.4 is larger than 0.8. However, the crater diameter formed by the shaped

charge with length to diameter ratio of 1.4 is smaller than that of 0.8 for 2.5D standoff.

Table 5: Experimental results of crater diameter with different length to

diameter ratios and liner wall thicknesses under different standoffs (mm)

L/D Thickness (mm) Standoff
0.5D 1D 1.5D 2D 2.5D
0.8 3 470x520 510x540  300x400 400x480  500%x630
470x490 480x510  500x510 460x510  540%550
1.4 3 460x510 600x620  400x450 480x500 420x440
400x420 580x600  500x500 560x650  330x400
720
-0-L/D=0.8, invarible thickness liner
-B-1./D=0.8, varible thickness liner
650 - =—L/D=1.4, invarible thickness liner

580

510

440

Crater diameters D; (mm)

370

300

=-L/D=1.4, varible thickness liner

0.5

1.0

1.5

2.0

Standoff / Charge diameter
Figure 12: Variation laws of Dy with standoffs.
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4.2. Results of Hole Diameter D2

Table 6 and Fig. 13 illustrate that, for standoff higher than or equal to 1.5D and length to
diameter ratio of 1.4, the variation laws of hole diameter caused by different liner wall
thicknesses are similar. In the case of length to diameter ratio of 0.8, the maximum values
of hole diameter are 0.7D and 0.6D for invariable and variable liner wall thicknesses. When
length to diameter ratio is 1.4, the maximum values of hole diameter for invariable and
variable cases are 0.8D and 0.5D.

Table 6: Experimental results of hole diameter with different length to diameter
ratios and liner wall thicknesses under different standoffs (mm)

L/D Thickness (mm) Standoff
0.5D 1D 1.5D 2D 2.5D
0.8 3 30x30  40x50  40x40  20x25  35x40
1.8~1.3 40x40  35x40  35x40  30x30  25x25
1.4 3 20x20  40x60  30x30  30x30  25x30

1.8~1.3 25%x25  30x30  30x35  30x40  30x30

60
-8-L/D=0.8, invariable thicknesses
-B-1L./D=0.8, variable thicknesses
=-1./D=1.4, invariable thicknesses
E S0+ =-L/D=1.4, variable thicknesses
g
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z
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g
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Standoff/ Charge diameter
Figure 13: Variation laws of D2 with standoffs.
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4.3. Results of Crater Depth H;

It is obvious from Table 7 that, when the length to diameter ratio is 0.8, the maximum values
of crater depth are 1.8D and 1.4D for two kinds of liner wall thicknesses. The maximum values
of crater depth are 1.8D and 1.7D, when length to diameter ratio is 1.4 for invariable and
variable liner wall thicknesses. In the condition of different charge ratio of length to diameter,
the maximum value of crater depth caused by shaped charge with invariable liners wall
thickness is larger than it caused by the shaped charge with variable liners wall thickness.
When the charge ratio of length to diameter is identical, in the same standoff (except 1D), the
crater depth formed by shaped charge of invariable liners wall thickness is larger than it caused
by the shaped charge of variable liners wall thickness as shown in Fig. 14.

Table 7: Experimental results of crater depth with different length to diameter
ratios and liner wall thicknesses under different standoffs (mm)

L/D Thickness (mm) Standoff
0.5D 1D 1.5D 2D 2.5D
0.8 3 100 75 120 105 90
1.8~1.3 90 90 90 85 80
1.4 3 115 115 110 105 100
1.8~1.3 75 110 110 85 78
140
-8-L./D=0.8, invariable thickness
-B-1./D=0.8, variable thickness
130, 1 =—1L./D=1.4, invariable thickness
=-L/D=1.4, variable thickness
=120 -
-
g i
T 110 - #
£
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¥
~
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70 L] L] L]
0.5 1.0 1.5 2.0 25

Standoff / Charge diameter
Figure 14: Variation laws of Hi with standoffs.
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4.4. Results of Penetration Depth H

Table 8 illustrates that, when the standoff do not exceed 1.5D, penetration depth increases
with the increase of standoff. The lower the standoff is, the larger the JPC diameter has.
Most energy released is used to expand the hole diameter, which leads to decreasing
penetration depth. When the standoff is between 1.5D and 2.5D, the penetration depths of
different projectiles are almost the same as shown in Fig. 15.

Table 8: Experimental results of penetration depth with different length to
diameter ratios and liner thicknesses under different standoffs (mm)

L/D Thickness (mm) Standoff
0.5D 1D 1.5D 2D 2.5D
0.8 3 120 155 405 419 420
1.8~1.3 110 205 407 410 409
1.4 3 145 185 415 400 400
1.8~1.3 175 224 406 413 410
450
400 - *
350 4

=0-L/D=0.8, invariable thickness
=2-1./D=0.8, variable thickness
=o~-L/D=1.4, invariable thickness

=B-1L/D=1.4, variable thickmess

300

250

200

Penetration depth H (mm)

150

100

50 + T r T
0.5 1.0 1.5 2.0 25
Standoff / Charge diameter
Figure 15: Variation laws of H with standoffs.
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5. NUMERICAL RESULTS AND ANALYSIS

In Section 5, REMAP technology of software AUTODYN was used to investigate the
formation and penetration of shaped charge. Firstly, the forming process of the shaped charge
was simulated to obtain the data of the projectile at different time. Then, the calculation result
was mapped to the concrete target model for the penetration calculation. Euler's method was
applied to simulate the shaped charge formation and the mesh size was set as Imm. The JWL
equation of state was introduced to describe the composition B and the shock model was used
to simulate the steel shell and liner. The simulation model of D=70mm and cone angle 120°
was shown in Fig. 16(a). The Fig. 16(b) was the simulation model of D=65mm and L=94mm.

Shell

Liner Liner

(a) (b)
Figure 16: The simulation models of different charge diameters; (a) D=70mm. (b)
D=65mm.

In the progress of penetration calculation, the Lagrange approach is used. The strength
model of concrete is von Mises model and the EOS of concrete is polynomial which described
as:

P(p,e) = Ajpt+ Ay pi* + Ay + (B, + B.p) pye (M

where, 4 = (pﬂ — 1) is relative volume change; p, is initial material density; e is internal
o

energy per unit mass; A, Az, As, By and B, are material constants. The values of these are
listed in Table 9.

The porous equations of state, Drucker-Prager constitutive equation and Hydro failure
model were introduced to describe the pebble. The remapped initial model were shown in Fig.
17. Local mesh refinement technology was implemented in the target. The transmit boundary
condition was used between different target layers.
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Projectile =g

Figure 17: Simulation results of shaped charge remapped into Lagrange approach.

5.1. Numerical results and analysis of charge diameter of 70mm

As showed in Fig. 18, the liner of shaped charge with 120° cone angles moves inward and
generating shaped charge jet, the liner of shaped charge with 150° cone angles overturns
and generating explosively formed projectile (EFP). It indicated that the cone angle is an
important factor for the shaped charge formation. In the condition of cone angles be the
same, the projectiles’ shape of different liners wall thickness is similar and the velocity of
projectiles formed by thicker liners is lower. Compared with projectiles formed by charge
diameter of 65mm, in the same standoff, the diameter of projectiles formed by charge
diameter of 70mm is bigger and the velocity is higher. That lead to the projectiles formed
by charge diameter of 70mm cannot be though the concrete layer.

Table 10 shows the comparison between numerical results and experimental results of
penetration depth. The maximum error of 70mm charge diameter is only 9.5%. It
demonstrates that the numerical techniques such as boundary conditions, mesh size,
equations of state and so on are reasonable in this paper.

5.2. Numerical results and analysis of charge diameter of 65mm

Table 11 shows the comparison between numerical results and experimental results of
penetration depth. It illustrates that the maximum errors do not exceed 7.9% for 65mm
charge diameter. Fig. 19 shows the numerical results of two kinds of length to diameter
ratios (L/D=0.8 and 1.4) and the invariable and variable liner wall thicknesses in 2D
standoff. The hole diameter tends to be narrow obviously in the location P1. The JPC
composes of jet and slug, in which the velocity gradient of jet is larger. Therefore, it
becomes slender with the increase of the penetration depth. The slug diameter is almost
invariant due to its small velocity gradient, thus the wider part of hole diameter in the
location P1 is mainly caused by slug. The interfacial effect exists obviously when shaped



310 Experimental and numerical studies on penetration of shaped charge
into concrete and pebble layered targets

Table 10: Comparison between numerical and experimental results of
penetration depth for 70mm charge diameter

Standoff Cone Thickness Experimental Numerical Error
angle (°) (mm) value (mm) value (mm) (%)
1D 150 4.0 98 105 7.1
5.0 105 115 9.5
1.5D 120 4.0 280 297 6.1
5.0 215 203 -5.6
120 4.0 295 320 8.5
D 5.0 206 219 6.3
150 4.0 96 90 -6.3
5.0 90 97 7.8
120 4.0 265 283 6.8
4D 5.0 170 155 -8.8
150 4.0 86 92 7.0
5.0 88 95 8.0

Table 11: Comparison between numerical and experimental results of
penetration depth for 65mm charge diameter

Standoff L/D Thickness Experimental Numerical Error (%)
(mm) value (mm) value (mm)
0.8 3.0 140 151 7.9
0.5D 1.8~1.3 110 107 2.7
1.4 3.0 145 154 6.2
1.8~1.3 175 187 6.9
0.8 3.0 155 167 7.7
D 1.8-1.3 205 213 3.9
1.4 3.0 185 172 -7.0
1.8~1.3 224 235 4.9
08 3.0 405 411 1.5
1.5D 1.8-1.3 407 411 1.0
1.4 3.0 415 420 1.2
1.8~1.3 406 400 -1.5
08 3.0 419 434 3.6
2D 1.8~1.3 410 419 2.2
1.4 3.0 400 379 -5.3
1.8~1.3 413 405 -1.9
08 3.0 420 425 1.2
25D 1.8~1.3 409 412 1.0
1.4 3.0 400 410 2.5

1.8~1.3 410 395 -3.7
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(d)
Figure 19: Numerical resullts of different length to diameter ratios and different liner
wall thicknesses in 2D standoff; (a) L/D=0.8 and invariable thickness. (b) L/D=0.8
and variable thickness. (c) L/D=1.4 and invariable thickness. (d) L/D=1.4 and

variable thickness.
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charge penetrates into multi-layer targets, which can be found in the location P2. In the
neighbor of the interface between concrete and pebble, the penetration diameter on the
concrete side enlarges locally. The shock impedance of pebble is higher than concrete, hence
partial JPC flows along the radial direction in the concrete side, which makes the part close to
the concrete and pebble interface become large.

6. CONCLUSION

Experiments and numerical simulations for shaped charge penetrating into multi-layer targets

were performed in this paper. The influence of cone angles, liner wall thicknesses, length to

diameter ratios and charge diameters with different standoffs on crater diameter, hole
diameter, crater depth and penetration depth were analyzed, and some conclusions are given
as follows:

1. A large number of experimental models performed in this paper to investigate penetration
into multi-layer targets by shaped charge are also simulated numerically. The numerical
results are in good agreement with the experimental results.

2. Different formation mechanisms can lead to obvious differences between JPC and EFP for
penetrating into multi-layer targets. For the same charge diameter, the values of hole
diameter formed by EFP were much larger than JPC. However, for the same standoff, the
penetration depth caused by JCP were larger than EFP.

3. The formation laws of crater diameter, hole diameter, crater depth and penetration depth
with the variations in cone angle, liner wall thickness, length to diameter ratio, charge
diameter and standoff are different. Therefore, it is of great significance to take into
comprehensive consideration all the impact factors to optimize the design of shaped
charge.

4. The interfacial effect is obvious in the penetration of shaped charge into multi-layer
targets. Due to the shock impedance of pebble is higher than concrete, the JPC radial flow
emerges in the concrete side when the JPC just penetrates into the pebble, which causes
hole diameter to expand.
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