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Preliminary theoretical study on the rebound effect of projectiles penetrating
ultra-high performance concrete targets

ZHU Qing, LI Shutao, CHEN Yeqing, MA Shang
(Institute of Defense Engineering, Academy of Military Sciences, Beijing 100036, China)

Abstract: It is a developing trend of protection engineering to use high resistance materials such as ultra-high performance
concrete to construct bullet-shielding structures. The phenomenon of projectile body rebound was found in the tests of
projectile body penetrating ultra-high performance concrete. The projectile rebound effect is very important in the study of
engineering protection, weapon damage and warhead design. In order to study the rebound velocity of projectile body after
penetration and its influencing factors, the stress of projectile body from penetration to rebound was analyzed. Based on the
expression of penetration resistance given by the cavity expansion theory, a one-dimensional elastic bar potential energy model
was established from the perspective of the accumulation of deformation energy by penetration resistance, and a one-
dimensional stress wave model was established from the perspective of stress wave generated by penetration resistance. The
analytical solutions of the rebound velocity were derived from the two models respectively, and the physical quantities
affecting the rebound velocity were analyzed. Through numerical simulation, the rebound phenomenon of the projectile body
after penetrating the ultra-high performance concrete is reproduced, and the numerical results of the rebound velocity agree
well with the two analytical solutions. Through numerical calculation of the same penetration model with different material
parameters, the relationship between the rebound velocity and the material parameters in the analytical solution is verified, and
the reliability of the theoretical model is proved. The results show that the projectile body accumulates deformation potential
energy due to penetration resistance, and the projectile body bounces back due to the release of deformation potential energy
after penetration. The initial rebound velocity is independent of the target velocity, proportional to the target material, yield
strength and warhead shape coefficient, and inversely proportional to the elastic modulus and density of the projectile body.
The results can preliminarily predict the rebound velocity and provide a reference for the design of ultra-high performance
concrete protective structure and warhead.
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Fig. 1 Force state of projectile body in each stage of penetration
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Fig. 5 The pattern of elastic wave system in elastic rod and its compatibility relation
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Fig. 10 Time history curves of projectile velocity and theoretical solutions to rebound velocity
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Fig. 13 Stress cloud diagram of projectile in penetration direction

4.3 GEIRELGIE
& 14 FIE 15 439125 H T 7850-210 F1 3925-105 WG Ah A 7E 6 Fh 240400 3 F A9 B ik A 2k,

091405-10



43 % AOEE, SE TMRRIE S VERRIREE L RO BB PIHR 559 3]

[l 14(a) F1E 15(a) AT LA Y, 54K 7850-210 Fifi 25 (R AIWIEE A ], #F 0.7~ 1.2 ms 2 [A) 3R Ik 22 I )2
W BRIK 3925-105 Bl & 2 HIW) HOR[E], 76 0.4~0.6 ms Z (B BRI R, ik FF, B, e
/NS, R A, (RIIAE 185 .

—— 400 m/s
— 500 m/s
~ 0600 —— 600 m/s ~ 20
@ —— 700 m/s »
E 400 —— 800 m/s £
) )
E E
: 200\ 3 ——
0 ,,,,,,,,,,,,,,,,, gﬁ > I _20 . . ) .
Elastic potential energy  Theoretical solution
theoretical solution of stress wave
7200 1 1 1 1 1 _40 1 1 1
0 0.3 0.6 0.9 1.2 1.5 0.8 1.0 1.2 1.4
Time/ms Time/ms
(a) Velocity time history curves of the projectile (b) Locally enlarged image
P 14 SAAR 7850-210 2 2 AR 2 AL AR FITBE IS A7 A X L
Fig. 14 Comparison of velocity time history curves of numerical and theoretical solutions of missile 7850-210
300 —— 300 m/s 100 —— 300 m/s
—— 400 m/s 30 —— 400 m/s
— 500 m/s — 500 m/s
~ 600 —— 600 m/s ~ 60 —— 600 m/s
» —— 700 m/s w40 —— 700 m/s
£ 400 —— 800 m/s £ —— 800 m/s
= = 20
2 200 \ R e R N & R
2 2 20
O e e 40
Elastic potential energy Theoretical solution
200 L . . . . . ~60T  theoretical solution | of stress wave
0 0.3 0.6 0.9 1.2 1.5 0.4 0.5 0.6 0.7 0.8
Time/ms Time/ms
(a) Velocity time history curves of the projectile (b) Locally enlarged image

B 15 54 3925-105 R AR i 2R BB A AN B S A () 3 E

Fig. 15 Comparison of velocity time history curves of numerical and theoretical solutions of missile 3925-105

ML 14(b) AL 15(b) 14 Jey 5 A 1w, ol LA S i i BT b X025 810452 100 18 B o S 22 22 Ji ) S st 3 iy
2o BRTERWISE RS D7 T RN B B, B J5 2 Wk i 18 i ROl . BSOS i i L Bk
B /N LA, B SN BN . R R AT e A B SE R A iR R s 2 (9) MK (13) 11545 2 P S A
(7850-210 F1 3925-105) (14 Jiz 7L 38 i 2 figp (3 T i v S BB RN O 7 I 308 ) o N BHIR i BB T T 45
TF LA B rpon] DA S, T2 SR 1 19 10 2 W & -

16 K B T E 325 5 DA (R B8 HOS TE 2C 45 1, T B 000 b LA R i S BB ) 22 5% 0 VAR
A, BE TSRS FS WONE M) A8 o T ERS AR Rl A R A4 T 114 3 25 BEL o 3 (R T ) 22
w, DRI B A P AT AR A0 0T, sz e B P 1 5 25 M R TE O, B TR A R T A Y, R A
S5 B R B W 7E R BT R RS, A BT BB TR A R SRR R R 25 7 AR Y IR R o, BUE A
PP AR AR 7 A 28 BH 7, 10 2 5 80 FR R R AR B0 B2 — g IE AR JCOC R FOR, SR A B A7
TR 22, BT LR AR T 45 R S R0 i — o IEAH E G R IF L R RSl 0 R B O AR b
1RAYIA) S in T B B R, R A T LR BT e R RN

23 T R B ) RIE T B S SRR BN, A28 BN T 500 m/s B, BUE TR ZE SR/

091405-11



43 % AOEE, SE TMRRIE S VERRIREE L RO BB PIHR 559 3]

T RS AR, RO & T 500 m/s iF, BUE TSRS B B0 T o o A B, 25 2 IR
i, R i e S A T IT SR BE, RBIBLIIAE LRI 24, A BEE A AR IRE 1320 5, 5 B AR o i
BHL g A5 2 S A 24 A A0 B8 A g o, B 3 A2 100 o BE A LA AR D) 14 T2 BB BE, T — 9 BEAR A0 BHL T3 ARG
FasE , 5 BB W) & Ry, Bl i PSR v g BEL AR

70 - ® Simulation 70 @  Simulation

=~ el Elastic potential energy model T Elastic potential energy model

‘;’ ---- Elastic wave model » ---- Elastic wave model

£ sof £ sof

2 2

8 40t 840k

< 30 5 30k

§ 20 § 20 - -

el ey [ T el B

& = . = & "

10F g n 10+
0 1 1 1 1 1 1 0 1 1 1 1 1 1
300 400 500 600 700 800 300 400 500 600 700 800
Penetration velocity/(m's™) Penetration velocity/(m-s™")
(a) 7850-210 (b) 3925-105
K16 Sk B A E M AR R S5 R Z A C R
Fig. 16 The relationship between numerical and theoretical solutions of rebound
velocity and initial penetration velocity
3 REERENBETEERMIELTUNE
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3925-105

600 342 28.25 384 —20.0 10.9
700 37.1 28.25 38.4 -30.2 3.40
800 337 28.25 38.4 -18.3 12.2

MR (9) M= (13) 45 H 0 e 3ol B B i 3R, IO v, 55 \/Ep, U L, R 3 s ik
3925-105 B S 3 B B I R 7850-210 A9 2 48 . 181 17 45 11 T 1 21 s R S 590 okt 3 001 o0 45 SR 1
L, TEAH RN E R, 3925-105 S i BE A (A 15 45 R ek 7850-210 B9 2 A%, Sk 1 #Ls A X
SCSRTE v, 5\ /Ep, UL ILIOEHR

g LTI, S R T SR B T () 5, 38 O R T3 Y SRS E o, R
PR E, B00E T BS A U SOl v, 5 RS HCZ R0 5 R, 26 B BRI AR Y T LA g i e g S e 30
QIR S v, AT U

091405-12



43 % AOEE, SE TMRRIE S VERRIREE L RO BB PIHR 559 3]

40| H3925-105 371
—~ 7850-210 .
A L 34.2 33.7
% 30}
E oas5 258
S
o -
2 20 163 17 1670 159
§ 10.6 g
§ 1018.2 :

300 400 500 600 700 800
Penetration velocity/(m-s™)

P17 ISR YR 5 3 2 Y X EE

Fig. 17 Comparison of penetration velocity and rebound velocity of two types of projectile bodies
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