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Fig.1 Schematic diagram of common modes of multiple projectile penetration

[ A S22 1R 2 SR AT S — s i SR A SRR I MR BT T 1 e Pk e TR e 4
FEREAL Y BT 2 ATl T IR, 73 HT 1 58 s BEATL AT 1 9T e O BE A3 3 B3 A 5 AR AR L 1)
SO, AH LA FEARXT A AL B B SR AT R G IR AL W o XS 9 P BRSO F R 36 5 017 L 45 5 A 7
s AR T FSLR BHRAINS S AR AR R UTR R PR 25 ) SR R DR BE K 2 2 5o mi, AR i L AR
FEEDTRILLN, Ko EHAREMN LA . Gomez SFEUNEIT 3 H RIS bR L
ZHS BATIEIE, AL T RSL BT AR O BRIR R AL A 2286 20 3, AR A R R i S A Rl LT o (AR
B b AR SRR G MR AR R LT 1 2 AR SSIR BT St S BT, b€ T AR K&C

“Weks H: 2025-10-29; & HIH: 2025-12-28
fEF A FEI (2000—) , B, WiEisA, EBENIFRMERH . E-mail: 1097209536@qq.com
WEWAER: KT (1984—> , B, flid, MR, FEENFEEMEEBHA. E-mail: dingshan19840103@sohu.com



Bk E PR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

BRSA, (HETARE S TR AN RSRIE, AR 7R 2 SR MI RO BRI, XS TN L 12
WAE R 2 TOUN 58 = S BRI . 2RO e IR Ay BUR WIS F FE 3K 1 30mm B4R
USRI A A, B EESENME; A, A T2 ISR g, DUAERER
(R T 50mm) SRAARFRMRANRETT T, VA E BRI B O, TIX A 18 A2 SEBR IR s A R A A A TR
et HArR RN BOISHH AT, BUAIRAELIS 3 2 T2 K BLg A g 010-12), X ey B g
B FA B R SR ARARAIAT 9, AE 2 TR 22 R s AR L ARATIIN - el e DA A R AL T e 3 Al P B
A5 05 AR L S BUR AR SR B GO, LT 45 R 5 SE PR DUE A AE BRI 22

LR LR, B RS TR BE AR e SR R AL, AT U AR AR AR RO R ARG N Y R
M, RGBSR TR . A SCHICR BRI I8 98 e BB 7 AR S5 & 1 59
XF3AE 5S0mm K BL B RIBEAREE CLFF BURMIIT RN L. (D) Sia T BEKI . B L& 51
FUBR IR A TR AOBLERT e ZE R OR HE U, 3 ST AR A BHARAT 5 — R A :*%%ﬁ%ﬁﬂ;
(2) FRFCREALIE RS . BARAE S HO0 B4 i AR A RN 35 — R AR R B2 8 (NSO (3) 454
Eﬁﬁ%%&m%%%@ﬁﬁ\ﬁ%ﬁﬁ%%%ﬁﬁ,%ﬁﬁﬁﬁwéés

3

o

EHR DR B IR 55—
KAWL I FEMATE ] AT SR N 2 57 PP SR AR A B

: o R AR A B
BROLELIE YA :23;>
1 EIgER

ﬁii%ﬁﬁﬁ%%%ﬁ?ﬁ@@ﬁﬁiﬁﬁﬁﬁ%%f (I B AR R A o 2 B B
ARVEAET S BT — RS R W 2 AE#EAR N IE it X ISR L A K ELR R I e LA K
RAVAT N ARG T2 Lo AL BRI AR, TR MBS, E 9] NTREE LSS
ﬁ%BW%ﬁE@E,%%ﬁ%Eﬁ%Nﬁgig?\ ST S P SRR AL SR A Y B R AR A

1.1 EARFRIE
RIS, (B EAR R

DEGE RIS o
2)RUFRREER DB LS A B o
3P RO 09 4 SEPRROTE IR+ A0 L PR PR A K B 8, At (A 7

T 6] dlt P P A
QYRR3R S,
S R

R, B KA
)8 b5 25 Z BB RS S0 T 88— R B FO R IX AR A B R s, 18 2 2 LA

P B )

1.2 WA B REsEE
Chen 255 D11 5025 28 IS K B R h SE LB A 37 T 30 R b () T L I B TP B0 X« ot

X RISE B IX = B T2 M . 36T Chen B 36416 % B (AR TRBE-L R0 RO OTAS1E, SOkt

RIATEE GG T PR BRI T, HSr T R SR AR 5 R B R A FE

YRR RS T R R AR e MR, T4 AR L RS B,

0 TR E I A S B B T T
S S R A2 12 ) AT B g B R B L YL LB 0 A0 6 P47 X G AT )

NG D METRK R, %50 <L < DR, FskRIGIFo K ERS, BRSEEmK: 4L >

DR, PHZETFYOM B R, ARSI B . R AR, B RBARHISE &7

H EZHAE RS RE PR FFAZL

R AR AT O X 5 FE B X (M e 5 A A B R L 22 18] A [ 52 LA 5%



Bk E PR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

BEIE X 0 51 R R R 2R, TR E R X . % XIS BUR G FER R R A, AT —
KRN L S BEEARFE . 55— AR W RE S BN, PSR A BUR AR T 1
FEPEINIX . 2 NP AR Ay B &@Eﬁiﬁ@ PR R .

Front craterin Damage overlay area Front (raterﬂg Damagefverlay area
1 el 0
e — =2

Eimﬁ%ﬁﬂ Hﬁ%%%i%%ﬁ%ﬁﬁ %ﬁuﬁﬁ

Oy ik X ZER BN X :
%éﬁﬁEﬁ¢ﬁ%ﬁﬁ%iEMﬁﬂ%ﬁ%E&%iﬁ I ﬁﬁﬁ“*ﬁ%%1ﬁfﬁ¢
(1A BE I 15 20 AL« \}\/i '«/

a. 5 = R IRARAZ I Ands I K AL AR T H

PSR AL AR, 140 5L DX/ A 5

ARSI HTHT BUR e L 4095 1 E BRI
%E%Eﬁ¢%%%%%%ﬁ¥ﬁ%ﬁ%5%&%‘ :

ﬂ Front cratering
l@ 3 1 B N DR

3 Schematic diagram of the damage overlay area

FEF Forrestal A T[! gkﬁﬁﬁiﬁiﬂﬁ)l BFERE N
S f.+N pV?
IMx—wkdz (=2 (5.1, p°? (1)
4k@+@hfnm0Np)
A (L fh m; FARFFYURE N kd, d NFAKE S, m; Li fl Chen ZFIOEE -T2
%@miu hd), h ARSI, my X THEE Sk N =1/[1+4(h/d)*);

S, =720/, MPa m NSRRI, ke Vo NEMEVIMRIEEE, mis; p RIBETILIEE, kg/m3;
Sor NIRRT HTR AR IR B - BE TR SRE, Pa:

A
‘ﬂ1=&ﬁ::0}~4§?3 f.= (1—§%anmos(Dj 2L —~D ] (2)

AP A NS RSRRRADNS, S E NI R0 R A, MRAE R SR AR S AT L
RZBHREE PRI, Pa 5 L NWFREIA KRR, my Ao AH R SR AT EEA N B A T
B, Ae=nD%4, m?, Agyery NWHAAITITE ST, FEEEAIIEE L RIS . 2 L>D i,



Bk E PR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

oner]ap:O’ Kl A=1; 2 0<L<DHf, #if5EinX m
D : L L
onerla = 7[_ arccos (—j _ m (3)
" 360 D) 2

X D ONFARITHLEAR, 454 SCHR[17-18]1 ) 11 AR AT H0 R #5095 B MATLAB #44:533E47 40
&, BEIFYIER D A%t E AR

> 0.41
D= 0016(078j [mv(’] 4)
d’ S,
ZBE SCRR[19-20]H0 & A B RS 5T H 52, H1ﬁ¢m%ﬁﬁAAﬁ(@ﬁ‘ ﬁﬁ ERILE 1.
MEFHITULEH, 154 R 50645 B &80T
% 1SR R TF B 6&
amete

Table 1 Projectile and target parameters in the reference and @
Test rﬂlts\%\ Theoretical results
References d/mm m/kg fc/MPa Vo/(m-s)
\A W D/mm

381 0.0095 130 830 ) 1 14
[19] W A

3.81 0.0095 130 83 23 14
12.65 0.33 94 54 73
[20]

12.65 0.33 141 5 51 61
% R BBAKIZ g R AR
%%E%ﬁ@ﬁ@ﬁﬁ¢@ﬁ@%%@% s WP AT T AL RS FR 43

E2: (Sf +N' Vz)— (S o+ NV YH - H*~kd)

)

' |4mV;} — 7kd’ST
N\ 4m+2kdNp
XIS, miss fio F9ER R RS 5K X IR &E L PR

—Sﬁ)# Pa.

YA%H{LTL,k{XAﬁ{ NN S AR AR o TR R B L8 5 BRIt T 3R = AL T a1 1 A AR A
SR EAN D frp, KRk o SEUURSHER N BkFa I A §TRIFILER, AU RE
MR A5A5 X XK 50 2 AR B 1) D22 B, ] 4 Bis e ik, ARSCEET R AL fE
W, X Eig) XA B TR L S AP R SR BE AT 1 BEARABIE o AR AL N AL AR R BT W A

Y e B 5 VR M (R A0 5 R L 0 0 2 P BE ) 95 AR R R o ﬁﬁ%k&@ﬁﬁﬂ,i%@ﬁﬁﬁii
FEAS ) E SR, BETE AL SRR R ST (B I E R AR . IS RIPE I AR R E T RE R
JE B2 8] 3 A7 M@ﬁﬁﬁ%%EW%5%&@ﬁﬁﬁ%Tﬁﬁﬁﬁﬁiiﬁﬁﬂﬁﬁmﬂﬁﬁi
ST, ARG T DRSO HOE RIS R B A K

4 3201V}
£, = [l—e 4 ]f; _| 1o ™ [1-cos(1806/ )] f ©6)




Bk E PR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

Kb A AR, A=mad® VYAV, m2 V95 RN R, s A, JEEE
B KRR KT REES L AR T AR, 4,=86L%/[1-cos(1806/m)], m?2; O A3fAA o Lo Rl 344 S 340 5 > 5K
BA T HEER A, rad.

) 1Y

K 4 oy ikon gl

Fig.4 Schematic diagram of crack expansion
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Table3 Material parameters of the projectile and rebar

Material p/(g-em3) E /GPa 0
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Table 5 Comparison of simulation calculation results with experimental results
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Test Distance Initial velocity Test depth /m Simulation depth /m Test residual Simulation residual ~ Deviation / %
/(m-s) velocity /(m-s™) velocity /(m-s™)
1 - 596.3 0.77 0.75 0 0 2.5
2 2d 598.1 1(through) 1(through) 200.6 208.2 3.8
3 5d 598.6 0.89 0.87 0 0 2.2
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Table 6 Comparison of simulation calculation results with theoretical results
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Simulation velocity Increase over the first

Theoretical velocity — Deviation /

Simulation d/mm m/kg Distance MSE

/(m-s) projectile / % /(m-s™) %

- 0(0.75m) - 0(0.81m) 74

2d 208.2 Over 25 214.8 3.1
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XU Baowen, ZHANG Dingshan, LYU Yongzhu, ZHANG Bo, QUAN Jialin

(Xi’an Modern Chemistry Research Institute, Xi’an 710065, Shaanxi, China)
Abstract: To investigate the effects of staggered distance and projectile diameter on the
velocity variation of the second projectile during the sequential penetration of a concrete target,
a theoretical model was developed to characterize the energy loss and velocity change during
the displaced penetration process. Validation experiments were designed, and a comparative
analysis was conducted among theoretical predictions, experimental data, and numerical
simulations. The results indicate that: staggered sequential penetration can reduce the velocity
decay of the second projectile, thereby enhancing its penetration depth. As the staggered
distance increases, the beneficial influence of the first projectile on the secon rojectile’s

velocity retention diminishes. Beyond a critical dislocation distance, this
negligible. A larger diameter of the first projectile corresponds to a greatgr ‘crit aggered
distance. Under test conditions involving penetration of a 1 m thick C4Q/(ceicre

initial velocity of 600 m/s, the critical staggered distances for projec ers of 50 mm,

80 mm, and 100 mm were approximately 8d, 10d, and 14d, ges ' The maximum
deviations between theoretical predictions and experimental resylt second projectile’s

velocity were about 7.1%, while numerical simulations deyiated b roximately 3.8% from

the experimental data. ~a
Keywords: multiple projectile penetration; staggere pe\%\/a}lon; velocity variance; concrete
target
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