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Structural response and failure of projectiles obliquely penetrating
into double-layered steel plate targets
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(1. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China;
2. Beijing Institute of Space Long March Vehicle, Beijing 100076, China)

Abstract: In order to investigate the structural response and failure of projectiles obliquely penetrating into a multi-layered
steel plate target, oblique penetration tests were conducted, in which three kinds of projectiles with circular, elliptical, and
asymmetric elliptical cross-sections were employed while the ballistic trajectory and structural failure of projectiles were
recorded. With the photographs captured by high-speed camera, a pixel measuring method was used to obtain the velocity and
attitude deflection angle of projectiles. Based on the test results, the ballistic characteristics, dynamic loads and structural
response of projectiles are analyzed by using FEM code ABAQUS/explicit, focusing on the oblique penetration at initial speed
of 480 m/s and attack angle within 2°. Then, based on the free-free beam theory and the dynamic loads obtained by numerical
simulation, the distributions of axial force, shear force and bending moment within projectiles are calculated, and an analytical
method for structural strength and dynamic failure of projectiles is developed. The results show that when the projectile
horizontally penetrates a multi-layered steel plate target with positive inclined angle, there exists a critical attack angle. If the
attack angle is smaller than this critical value, the projectile will head drop and its trajectory turns downwards; when the attack

angle is larger than the critical value, the projectile will be raised and its trajectory turns upwards. In addition, the critical attack
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angle increases as the thickness of the target plate decreases. For the projectiles with high strength and low ductility, the failure
mode is brittle fracture and the distances between the fracture position and the projectile nose is 0.72—0.81 times of its length,
which is mainly due to the lateral impact load at the rear part of projectile. Moreover, by means of the dynamic model of the
projectile based on the free-free beam theory, the fracture position of projectile during oblique penetration process could be
well predicted. Also, among the three types of projectiles with the same length and cross-sectional area, the projectile with
asymmetric elliptical cross-section is easier to fracture and the position is even closer to the projectile nose.

Keywords: oblique penetration; double-layered steel plate target; structural response; failure; free-free beam theory
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Fig. 1 Schematic diagram of projectile structural parameters
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Table 1 Structural parameters of three projectiles

with different cross-sections

M 240 mm
AR L'mm h/mm  m/g
D A B
2 30 - - 180 4 5062 L
A R P2 TR =R
AxprEy - 3 189 180 4 519.5 Fig.2 Three types of projectiles after manufacture
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Fig. 3 Quasi-static tensile curves of projectile material
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Fig. 5 Typical moments for different projectiles during penetration process
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Fig. 6 Diagram for the altitude angles and cross section of the projectile in oblique penetration
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Table 2 Penetration experimental results
HEE B KA
wmsh  vimsY) AR 6/°)  6/C°)  AgC)  Ijmm  I/mm /%

WS RS EHRUEE/mm

1 8 474 425 11012 —2.64 -7.56 -4.92 180 145 81
e 2 6 425 388 7520 —4.95 —9.88 —4.93 145 145 100
1 4 445 413 6864 16.17 15.65 —0.52 180 136 75
€2 2 4 413 387 5200 13.68 11.31 -2.37 136 136 100
1 8 608 544 18432 14.68 20.81 6.13 180 133 74
e 2 8 544 453 22681 19.95 27.47 7.52 133 133 100
1 12 499 409 20430 3.15 0 -3.15 180 180 100
oo 2 8 409 348 11544 —2.23 —-13.95 -11.72 180 109 61
1 8 486 442 10208 -2.12 —6.37 —4.25 180 143 79
e 2 6 442 404 8037 -3.23 —4.85 -1.62 143 143 100
1 8 493 453 9460 0 —2.23 —2.23 180 180 100
Fe2 2 6 453 416 8038 -3.28 —8.94 —5.66 180 138 77
1 8 489 435 12474 —-1.60 —8.65 —7.05 180 128 72
Act 2 6 435 389 9476 —5.44 -10.75 —5.31 128 128 100
1 8 473 429 9922 -2.77 —9.54 —6.77 180 180 100
Ac? 2 6 429 395 7004 —7.24 —13.89 —6.65 180 133 74
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Fig. 7 Damages of projectiles
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Table 3 Material parameters of 30CrMnSiNi2AP"

pl(g-em™) E/GPa v T/K T /K A/MPa B/MPa n m c &y/s &

7.85 210 0.3 294 1760 1600 810 0.479 1 0.04 2.1x10°7° 0.05

R4 ELIR 45 MRS H

Table 4 Material parameters of 45 steel”!

pl(g-em™) E/GPa v A/MPa B/MPa n m C
7.8 210 0.33 507 320 0.28 1.06 0.064
T/K /K &5 D, D, D, D, D,
294 1760 1 0.1 0.76 1.57 0.005 —0.84
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Fig. 8 Time history curves of projectile load under different impact velocities

SRR, TRE AR (%) 52 ) S SR PR A S A S B B, X o B S B B R S e N . 7Rk
TRZEFEBY B, 1000 m/s ¥ B T A B9 2T 29 K 500 m/s 8T SRR B AT 19 2 435 7R B b, SRR AT BE
IR 5 ol il e e gl A 2 A M AT A, T R R SR A A A i R e R TR A O SN A sk G . X A
S ZE R B, PR T S B ey 22 /0Ny BB TR ) A VR L 2 s I LA S /T R ) 5 R e A T
o BEAL, iR AT SR ) 2 B BT ) B, A8 A U e R AR /N, A R AU 5 B 7 3 1 A ) 2 A
LG, DDA b A7 SR 7, S i 0 T X LA 25 it/ 5 10 45 R Wi 17 A T R 52 i 38 /0N, X 3 B 2R 500 my/s 7Y 3L
R IE AT 2 AT, XSRS /0 58 1) 25 48 i) B X AT LA S 2% (AL
23 HEHREMREERITLE S

P T R LR AR BG40, FE AL S B /NSO G Ol . (&1 9 45 1 T 3B R 480 m/s. I
FAh =20, SEARE AR 30°5% 4 T ARSI A BB B 0 A5 R, JF 5 CC-1. EC-1. AC-1 (il 45 S k17
TR E . B9 W, BRI O FLAR S A AR ] T O 100 SO 0 DL R AR RS e a4 R AR AT
B, SRS I R DR S S R e i A ARk RS

B 10~13 45 T = Fpa il s S BUE DT B R n Xt . & 10 S s pRsl B (9 6 F g5 3R, 75— ik 2%
T BT PN, A0 T2 T A ) ok e v T L P A A o 1L 11 25 Tl B O LA B A AN (] A L A
SNEELE R, T LLE B, MBI Z5EHOCRE, AEAR R 0 A ST A 0E T, A 152 35 A 1) 3 BB 45 2 b JHLAth, 19 o 3
INA13%, 18] 12 B ARSE2S A B X FE 25 51, B EC-1 BUA (a3 45 SR LA A, & A2 SR g i, [) i 6 31
HH B R DL R ] AT AR P A RS AR A . IWRAUE R TR , 2R 1 R AR S, — AR R R &
AW, LR S T 57 2 s A0 R AR M) 2 R IS AR Ak, SRR B Rt 7 WA, HilEe
ERW AR 13 A SARTR A K R A EL 2 SR, W] LUE B, B (5 Bl S Hh s AR TR A KR L 2
74% ~ 78%, Fi g 45 KA ML

FeT BRI AS R, AT WA SCR A BUE b5 B 7 2 B B 0 TSR, AT T s AR M= 1 SUZ 4N AR
F14) 235 K] i) SO R0 2 B 53T o

091408-7



ERRE KOH, GF TRRMRMISUZ AR OSSR R AR BISY %59 4

(a) CC projectile

(b) EC projectile

(c) AC projectile
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Fig. 9 Comparison of simulated and experimental results on penetration trajectories
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Fig. 12 Comparison of projectile attitude angles Fig. 13 Comparison of projectile residual lengths
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Fig. 14 Time history curves of projectile load
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