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Figure 1 Schematic diagram,ofthe coordinate system and force analysis on an infinitesimal surface element of an oblique
penetration projectile.
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Figure 2 Schematic of the blast crater geometric model.
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Figure 3 Comparison between empirical formula predictions and experimental data/for; blast erater dimensions
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Figure 5 Schematic of projectile geometry parameters in the local doordinate system.
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Table 1 RHT model parameters of C40 concretel3°]

Parameter Value Parameter Value Parameter Value
Initial density Failure surface EOS
po(kg/m3) 2314 parameter A 1.6 parameter B 122
Uniaxial compressive 40 Failure surface 061 EOS 122
strength f.(GPa) exponent n ’ parameter B ’
Shear modulus Tens./Comp. EOS
G(GPa) 16.7 meridian ratio Qy 0.6805 parametet/7(GPa) 3527
Shear/Comp. Lode angle BOS
strength ratio f;* 0.18 parameter B 0.0105 parameter, Fo(GPa) 0
Tens./Comp. Comp. strain rate Hugoniot
strength ratio f;" 0.1 exponent £, 0.032 coefficient 4,(GPa) 3527
Comp. yield Tens. strain rate Hugoniot
surface param. g.* 0.53 exponent £, 0.036 cocfficient 4,(GPa) 39.58
Tens. yield 0.7 Residual stress 16 Hugoniot 9.04
surface param. g" ' parameter Ay \ coefficient 43(GPa) ’
Shear modulus 0.5 Residual stress 0,61 Initial porosity 1.1884
reduction factor ¢ exponent 7¢ o
Failure cgmp. 31022 Initial damage 0.04 Porosity exponent 30
strain rate ¢ (ms™') parameter Dj N
Failure tfns. 3x102 Damagg | Pore crushing 0.0233
strain rate ¢ (ms™) parafeter D, pressure p.(GPa)
Reference.i:omp. 3x108 ‘ Min.. 001 Pore compaction 06
strain rate 0 (ms™) failure strain g,™ ’ pressure peomp(GPa) ’
Reference tens.
3x10°

.t
strain rate 0 (ms™)
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REMEIA SRR . A T B A AL R A A R A W A, 45 SR RL ) R RN AR 1.0 G50 FXA
BHE IC AT S R 2R,

2 2 G50 M FTAARL IC AMIRELSHO

Table 2\Parameters of the Johnson-Cook constitutive model for G50 steel projectilel3!]

Basic Paramefers Initial density Elastic modulus Poisson's ratio
po(kg/m?) E(GPa) v
Value 7800 210 0.3
JC Model Parameters A(GPa) B(GPa) C m n
Value 1.445 1.326 0.025 1.09 0.356

AR BB AL R T Y BEAR AT IR 4 Uk, RS T 525 R 46 A RE AR AL A AR B AZ F) 72
Wi, R g 2 2 BEGIRES TTRERliE, HOTRERIE N

p=Cy+Cu+Cypl’ +Cy* +(C, + Cop+ Cop’ Je (14)

Kb, p AT, wRIRHRRE, K Nu=plpo—1 (po NYIIREE), e NHLLAFILENGE, HIUR1E o

= 0.25 MPa?"), Cy ~ Co AZ AT FE R E . 127G TR S b i A = P AR 3%, S8
L$3%TWO
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Table 3 Parameters of the polynomial equation of state for air materiall?7]



[ 7/ B R O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

Initial density
pokg/m?’)

Value 1.29 0 0 0 0 0.4 0.4 0

Parameters Co C G G Cy Cs Cs
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Table 4 Parameters of the JWL equation of state for JH-2 explosivel32]

Basic Parameters Initial density ~ Detonation velocity =~ CJ pressure

polke/m?) D(ms) Pcy(GPa)
Value 1820 8315 28.6
JWL EOS Parameters Ay(GPa) By(GPa) R B Initial specific internal
energy eyo(MPa)
Value 524.23 7.678 42 1.1N, 0.34 8499
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(b) Results comparison for Case 1 (low speed): Left: experimental result; Right: theoretical prediction
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56.73 em . D, =66.43 cm

(c) Results comparison for Case 2 (high speed): Left: experimental result; Right: theoretical prediction
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Fig. 8 Comparison between theoretical and experimental results?!] of secondary penetration after a penetration-explosion
event
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(a) Results after the first penetration-explosion event: Left: numerical results; Right: theoretical results



[ 7/ B R O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

D,=2.11m . . De = 1.88m

(b) Results after the second penetration-explosion event: Left: numerical results; Right: theoretical results

(c) Results after the third penetration: Left: numericalizésults;y Right: theoretical results
K 9 =R P FR MR IR AL TN g B LDl 45 SRx e

Fig. 9 Comparison of theoretical predictions and numerical sithulations for a three-projectile sequence
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(b) Variation of the normalized penetration depth H/Hy
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Fig. 11 Variation of third-projectile penetration depth with impact location (strike at prior crater bottom)

(a) Schematic of impact locations
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Fig. 12 Variation of third-projectile penetration depth with impact location (strike between two prior craters)

(a) Schematic of impact locations
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Theoretical Modeling.and Coupling Effects of Multiple Projectile Penetration—
Explosion in Concrete Targets

ZHU Junlong™, *LI Yuan!, WANG Zihao!, QIAN Bingwen?, ZHENG Zhijun'
(1. CASKéy Laboratory of Mechanical Behavior and Design of Materials, Department of Modern
Mechanics,\University of Science and Technology of China, Hefei 230027, Anhui, China ;
2.“Northwest Institute of Nuclear Technology, Xi’an 710024, Shaanxi, China)

Abstract: Penetration and explosion in sequential strikes by multiple projectiles is a complex multi-physics
coupling process. However, a corresponding theoretical prediction model is currently lacking. To address
this, a theoretical model is established based on a decoupling-modeling approach for predicting the entire
process of multiple projectiles sequentially penetrating and exploding in concrete targets. The model

separately described the penetration and explosion stages. Dynamic cavity-expansion theory is employed to
construct a resistance function for the penetration process, which accounts for the influence of projectile
inclination and prior damage, and solves the projectile trajectory by explicit finite-difference integration of
the equations of motion. Crater morphology is estimated using empirical formulas, and serves as the initial
condition for the next strike, thereby enabling rapid prediction of cumulative damage throughout the
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sequential penetration-explosion process. Full-process numerical simulations of a three-projectile sequence
are conducted, and the theoretical predictions under typical scenarios are validated by comparison with
experimental and numerical results. The results demonstrate that the theoretical model can accurately predict
the sequential penetration depth and crater morphology. With larger explosive charges, deviations in crater
morphology occur during the first penetration—explosion event. However, prediction accuracy improves
significantly for subsequent projectiles. The penetration depth of later projectiles is enhanced by concrete
pre-damage. The greatest gain is achieved within the crater tunnel zone, which is highly sensitive to impact-
point location, while inside the funnel zone the gain gradually decays with increasing inter-projectile spacing.
The proposed theoretical model is computationally efficient, enables rapid damage assessment for
multi-projectile sequential strikes, and holds significant practical guidance value.

Key words: sequential penetration-explosion; damage effects; theoretical model; concrete target; penetration
depth; cumulative damage
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