5 i AT o 5 iR 13RS A R S (e A 773

X EHS:1006-9941(2023)08-0773-13
RRETXAFREUER LIS ARNMERE S EHEZED
K, KEE RPE EET B FH

(MR ETAFNRLAESR, LA Ex 210094)

4, B &

W OE: SR GEAT R UL K O TR B b A SR O AR AT DR R L 43 ) I R TR e R R R S 24 A U AL X ORI S AR
MR EE A A IS o R, T ANSYS/AUTODYN A BRICECT: , 41 % A B M2 2R A 256 24 48 2 vt Ak il B AT X 5 It A 28 T 422 140
REE LA A R AR PEAT TR, 255 I 45 1 0 A 1 R RE AT 25 0 R B L AU R AR R R S R . DR AR R KR
2 2% 28 25 10 25 R T Lee-Tarver IR 3 Jr 72 BB A5 55 o A0 1 i 28 458 22 I A A% 6 0L A2, 5 U S B CIR AT A B8 S5 W 4 S U S 0 ok 2
A AR I AR L e RAR 22 12.8% o KB MR 2% BE 3 25 2 48 J5 B O AR LE AR BT 0 = W05 (R B - AL e e b 2
B T X AR EE L R fLAE IR B o Horb (200350 mh i 556 1 ¥R B B 42000 T R 40D AL A AR B T A A 4 i) 4
15 T 46.7% F 48.1% , 1M & A1 #1032 T A PR P2 B RO 0 X AR 38 R TR BE - 40 . SR BE T AOAH L, i T 5 i AR A0 A #E o i v Ay
AN IV 10 2 B0 i AN B B 3 TR T TRBE 40, PR R 53 43 9 PR R, IR IR ™ 2
SRR KPR M SR AR 2N S IR BE L A A R L IR

MEKFRERD: A

FESEE: T)55; 0385

DOI:10.11943/CJEM2023071

0 315§

REE L Aa) N TEF MR ER S, %
0 T TR AT 90 02 2 25 O A B 0 TR A A R I DG T 7Y
ol REER A B & E e ) om AR R M 4 Ty
A5 A5, 1T R S0 A A R R T R T AL, 7
X AR EE £ A R bR - B TR N AR
TR BE 1 RN A 40 A B Mk A R A A ) R
PEFRRIE, SIREE L AR L A A RO 0 W 2 M 3 S i
£, Resnyansky 255 B 58 T 51 i 42 913538 1R % + A
e 56 TR B - B AR YD T, DA Bk TR R i X S AR
90 388 3 1) 52 ), % L 43 B B R 3R T AR VI 0 LA B AR A
UREE JFALARTR A, 2 30 i M VR BE 1 be s T e + 2
GBS AR M AR R B A AT R RO 28
SO AR AT AR T BH A A Ik T #2511 56 O AR A0
TS5 . Xiao 5 R BIE B 5T T 5 A2 R 8 1

s B #I: 2023-04-04; & E HH: 2023-05-08

) 4% H ki B #3: 2023-05-19

EEWB: HEKAARB R4V (12141202,12002170)

1E & &8 v« 5REPF(2000-), 93 LS, e-mail:15082781790@163.com
BREBRA: KEH0978-),5 1,42, e-mail: lynx@njust.edu.cn

FEAL A R, 2l 78 7 R AR AL B 5T T S IR 6 A [ 5
FETRLE AR Ty, &5 R R WA A2 % H BR BEL g
B SRR E R TR IR o 1% 4 M 450 UR A BR T 4 A
it =l LR e 2 28 4 S AR ) e R AT T B A
L, A B K2 100l s v B R A A g fL. =
G T 2 R AARE A A RE TR M S S ROt
S5 L TR R A 1 TR B - 2K AR 8 S O (B R 4 4
T RAER 2R MRS R SRR T vk
ZE LTIk P AR A A 2 AR 0 A O 5 H T
S e IR IR B A MR L
fisf A7 OC T S Ui A= V) AL B 25 A 0 99 e

T il 2 20 45 F 1 5 o S O M L F AR N B B0
TR —FRICHR AR K B i R AE2E 25 . 20024F,
Funston %5 Ve Ll fpig i T — Rl B IR RERE 2
KB 24, Pl B b R D O IF 2 35K 24 750 B8 28 o, T 9 s
S RT BT R o 2 24 v B A A4 7 A A5 A 2 7 B
LR SR AR AT R A E A Rk S T
JLIENST 2= 7 Melaral ™! Khalid 4% %t 45 B AR
R fie 2 2 Bl R S AR AU R A T R AT TR Y R R
LS AR I o 45 R R SIS R AR 245 1
HA B B AR AT LA A AR S D T e AR AR B & R

SRS ik ke B IR A A SR RRAT 2 IR IR B b RS A S A S B E L D). A RE AR, 2023,31(8):773-785.
ZHANG Chao-ping, ZHANG Xian-feng, TAN Meng-ting, et al. Experimental and Numerical Simulation of Shaped Charge Jet Penetrating Concrete and Rock
Targets[J]. Chinese Journal of Energetic Materials (Hanneng Cailiao),2023,31(8):773-785.

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2023 % H 314 #H8d (773-785)



774

SREIP R SeEE L IRAS I RIS, AR, X 1), BTG

H 55 U0k Bt A Sy S B I TR P SRR SR UL AR TR SR
JE 7, B T 5 i e e T 5 2 TR R A PR S OB AR
FEA G0 o SR BEAT 20 0 A — i A —F 4 0 ol 28 5 L A
AR O U 2 6] (4 2R e AR A, 15 3R AR S I A L R A
/IS, 25 R R BB R B R, 6 K v A dURR T
LA SHeE o3 2R R S5 98 A2 A0 R 1B K A B A i 28 s AL A= 48 FL
BRI, )2 T BB FR  ir ge 25 1 X
2R ARV BLAR [E P9Ah 2 2 5 T A e 24 245 4
AR AR FE, (H R AE BOE R by I Al 5 e AE 24
RS A8 Dy I 9% /K 24 RS O B L R T
SFE U A 25 T 3T R AR A 45 AR

T UL BT 5 ARWE ST T IR T A B AR R
il 26 245 45 09 50 T B RY K AR 00T B8 - R AE i A
5%, ) 1 ANSYS/AUTODYN A BE 5T 3 14 22 57 A 1 9
PR ITAEIY oy bty B B 2R i 2% 2 1) S O R L el R L L
BEHE 2 AR T B T 8 5 U A A R o R, X S AR
IR % = R A (R 40 3 R R R A A3 15 6 HE AT 43
Mo 38 3 AR SCHYRF 5T, BT ST K B AR SR i 25 24 5 I AL
BB AL 0L 7 1%, AR A B i 2R i 4 24 5 U VP TR o +-
O 25 A S 1 A= 200 B SR B8 O 8 s T TR R A
A1 R AR R AR, Ol S B 0A A SR R AL R A
LA B R X

1 KEWRBERGHRRNEREMER /A
AN

1.1 REEHRLEH

SR A R B M 2R B2 25 A A T L 1 s, 23 i
BREGAL RIZGAE BRI E 2GR RS A A Hoh,
Be R R JH-2(870 1) KEZ % M 1.71 g-cm™;
B AR e e R B R 114 geem s 2 LS Ol 5
AR JEEE R 2 mm BN 8.9 g-em ™, IRIR T,
PR 2 HE R ol R 7 2 W IR R D A B AR
W RO A K 24 rh (A% B 5 ) RUAE RE TR IR TR G R TE
RS U0, DT 0 700 1 5 D ) 24 8RR ) A A, G Ok 2
R B RE PR BT R BT i, OB O A X
St
1.2 REHEBRMIKF R

SRy AR R M 2R 1 2 24 S U U 25 2R, SR 1T 300 kV
ok e XSG AL X S U R B g R R AT AR 4 a5 A )R N
Bl2nR, B EELLO 5 XORF &2
], PRAE X6 6 1 R AR AR F &P e — 1
ST o T EF DRIE 2R RE 2k Y i 3 v R S R

Chinese Journal of Energetic Materials, Vol.31, No.8, 2023 (773-785)

a.

b. photograph of the layout of shaped charge
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Fig.1 Structure of the shaped charge with a large barrier
1—detonator,2—second charge, 3—barrier, 4—main charge,

5—liner
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b. photograph of the layout of X-ray experiments
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Fig.2 Layout of X-ray experiment
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a. experiment of penetrating concrete target

b. experiment of penetrating granite target
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Fig.4 X-ray photos of the rod-like jets of shaped charge
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Fig.5 Damage of the target surface after the test
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a. schematic diagram of the damaged targets

b.

tunnel area

c. granite target
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Fig.6 Schematic diagram of the damage of targets and the in-

ternal damage of concrete and rock targets after splitting
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Table 1 Experimental results of jet penetrating targets
crater size tunnel size penetration trajectory size
material of target -
/ mm d,../mm d_./mm h,/ mm AREA / mm? d" / mm h,/ mm P,/ mm k
concrete 258.3 292 242 86 52400 40 552 638 7.97
granite 456.7 506 439 87 163814 27 348 435 5.44

Note: dis the equivalent crater diameter; d__ is the maximum crater diameter; d . is the minimum crater diameter; h, is the crater depth; AREA is the target sur-

face damage area; d' is the tunnel diameter; h, is the tunnel depth; P, is the penetration depth of experiment; k is the ratio of penetration depth to shaped

charge diameter.
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Fig.7 Numerical model of shaped charge jet
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Table 3 (331

Lee-Tarver parameters of 8701 explosive
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Table 2 JWL parameters of 8701 explosive'*"

D E A B
’ -3 -1 p ! -3 @ RT RZ
/gcm™ /km-s /GPa /J'm / GPa / GPa

1.71 8.315 28.6  8.499 0.34 524.23 7.678 4.2 1.1

Note: p is the density of the explosive; D is the detonation velocity; p is the
C-J pressure of detonation wave; E; is the specific internal energy per
unit mass of the explosive; w is the fractional part of the normal Tait
equation adiabatic exponent; A and B are the pressure coefficients;

R, and R, are the principal and secondary eigenvalues, respectively.

unrecated JWL
pl/gem™ D/m-s" p/GPa

product JWL

A/ GPa B/ GPa R, R, o A/ GPa B/GPa R, R, o
1.71 7980 29.5 778.09 -5.031 11.3 1.13 0.894 881.45 18 4.8 1.2 0.31
I/us b a X G, c d y G, e g z -
44 0.222 0.01 4 414 0.222 0.667 2 0 0 0 0

Note: p is the density of the explosive; D is the detonation velocity; p is the C-J pressure of detonation wave; A and B are the pressure coefficients; R, and R, are

the principal and secondary eigenvalues; w is the fractional part of the normal Tait equation adiabatic exponent; I .G,.G,.a.b.c.d.e.g.x.y.z are parame-

ters of reaction rate equation.
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R4 GRS HE

Table 4 Material parameters of liner

plgem™ C,/km-s" S r T/K  C,//)kg'K'
8.93 3.94 1.489 2.02 300 383

G/GPa Y/GPa B n T./K (=G/G)x 10" /K
47.7 0.12 36 0.45 1790 0.38

Note: p is the density; C, is the sound velocity; S is constant; I" is the
Grineisen coefficient; T is the room temperature; C, is the specific
heat capacity at constant volume; G is the shear modulus; Y is the
yield strength; B and n are constants; T, is the melting temperature;

G, shear modulus per time derivative.

®5 ERMMESHE

Table 5 Material parameters of air'
E /ki-kg™ Pehite
2.068x10° 0

35]

p/grem™ Y
1.225%107° 1.4

Note: p is the density; y is a constant; and p and E, are the density and inter-

nal energy per unit mass of air, respectively; p, . is the initial pressure.
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Table 6 Material parameters of barrier

p/gem™ I C,/km-s" S, G/GPa Y/GPa
1.14 0.87 2.29 1.63 3.68 0.005

Note: p is the density; I" is the Griineisen coefficient; C is the sound veloci-

ty; S, is constant; G is the shear modulus; Y is the yield strength.
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Fig.8 Pressure contours of detonation waveform of explosive simulation by using different equations of state
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Table 7 Comparison between the experimental and numerical results of jets

projectile length / mm jet length / mm

jet head diameter / mm jet tail diameter / mm  head velocity

item

t t t ts t ty t t, /m-s!
experiment 133.31 164.50 91.61 116.98 4.69 4.28 15.46 13.40 6700
simulation 127.45 157.83 90.62 115.42 4.09 4.17 16.84 14.04 6833
error / % -4.40 -4.05 -1.08 -1.33 -12.79 -2.57 +8.93 +4.77 +1.98
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Table 8 Material parameters of concrete and granite
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B AFCNF 3 5310 A B3 4% 5 52 T 2R 850 4% R 2 T 4 45 0
A 405 13738 SR HE 5 o Ry L A 7 AR AR R
32 HFREREMERBTIRARBEATELHE

L

Ry T 4E AR ST AR A A, 2 B L el RS
BYAN i R G VIR R NE ST A U LR N N
1200 mmx1200 mm , $844R FHH g B 3 5k, 5 08
6 B3 AR 5 IR IR0 K 9 DC P L 8 i 20 4 A R 4%
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0.75 mm. 4 J& G 5 AL AR 2 8] A 300 1R A 42 i

13 A 3R RE S 3042 190 TR 6 L R 8 A 40 405
foad BB 5 = B B b P ok SR AR IR . B R
25 RN H B R 00 5 A RN o 840 R E S TR A 0~1 {1
NI LR N3 o = I N i <R R AV N B¢ O 3
IR 21 €0 3R fc 7™ T (A BT AR I 1) 46 405 i (K
1, 0 R R B O IR s OJCREIR B R B O 0. 7E
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Ho LT A R

ML 13 1 13b 5 3t 4= 190 4 114 45 473 Vil 2o A T
VLA R AE 26 24 5 I A2 A0 R IR BE - Fn A A
B E A —E 25, =60 s, B Sk L &
TR B R A S IR 0 % TR ) Ll A R AR L A o

material P! grcm™”  C, JkmsT p_ . /MPa  p . /GPa n G/ GPa f./ MPa e
concrete 2.40 2.935 26.6 6 3 17.0 40.0 0.010
granite 2.64 2.620 125.0 6 3 21.9 167.8 0.015
material A N Q B AF NF 8 «
concrete 1.60 0.61 0.68 0.0105 1.60 0.61 0.031 0.035
granite 2.44 0.76 0.68 0.0500 0.25 0.62 0.026 0.007

Note: p,, is the initial density of porous material; C,,. is the initial sound velocity of porous material; p_ . is the crush pressure; p,_ is the compaction pressure; n

is the porosity exponent; G is the shear modulus; f_is the compressive strength; " is the minimum damaged residual strain; A is the intact failure surface

constant; n is the intact failure surface exponent; Q is the Tens./comp. meridian ratio; B is the brittle to ductile transition; AF is the fractured strength con-

stant; NF is the fractured strength exponent; & is the compressive strain rate dependence exponent; a is the tensile strain rate dependence exponent.
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Fig.13 Contours of the development process of damage of jet penetrating targets
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Fig.14 Comparison of final damage patterns of targets in nu-

merical simulations and experiments
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Experimental and Numerical Simulation of Shaped Charge Jet Penetrating Concrete and Rock Targets

ZHANG Chao-ping, ZHANG Xian-feng, TAN Meng-ting, HOU Xian-wei, XIONG Wei, LIU Chuang, GU Xiao-hui
(School of Mechanical Engineering s Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract: To study the jet formation and failure characteristics of penetrating concrete and rock targets of shaped charge with
large barrier, the jet formation by using X-ray cinematography and static armor-piercing into concrete and rock targets were car-
ried out. Meanwhile, the evolution process of detonation wave, the rod jet formation of shaped charge with large barrier and
penetration process of concrete and rock targets are simulated by ANSYS/AUTODYN software. Combined with the experimental
results, the penetration damage characteristics of the shaped charge rod jet to concrete and rock targets were analyzed. Results
show that the Lee-Tarver equation of state can accurately describe the propagation process of the internal detonation wave, and
the maximum error of forming jet parameters (projectile length, jet length, jet head velocity and jet diameter) is 12.8% com-
pared with the test. The continuous rod-like jet with large aspect ratio can be formed after detonation of the shaped charge with
large barrier. There are obvious craters in the penetrated concrete and rock targets, and the jet has no obvious reaming effect dur-
ing the penetrating concrete process. The penetration depth and hole diameter of the penetrated concrete target are 46.7% and
48.1% larger than those of rock target in the test. However, the surface of the rock target is seriously damaged and the crater area
is larger. Compared with the concrete target, cracks in rock target are continuously generated and developed significantly in the
process of jet penetrating and the length and width of cracks formed are larger than those of concrete targets. The damage range
around the rock target penetration channel is larger, and the internal damage of the target is serious.
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