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3 UHMWPELER TEB BT
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a. boundary condition

b. local mesh size of FSP-laminate
2 R B RS RN R B
Fig.2 Diagrams of boundary condition and element size
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a. location of cohesive interface
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S Ea
. /'4 1 6/‘3
$

1

¢. 3D stress state of cohesive element

3 Fd )RR ER
Fig.3 Sketch map of cohesive

R1  UHMWPE $LZ bR RES #L

Table 1 Material properties of single layer lamina
parameter value parameter value
E,=E,/MPa 51100 G,.=G, /km? 26
E,, / MPa 3620 Gy = G/ KM 26
Y12 0.001 X, = X./MPa 1150
Y13 0.18 Y, =Y./ MPa 1150
Y 0.499 7, =Z./ MPa 1x102
G,,/ MPa 192 S,,/ MPa 120
G, =G, /MPa 2000 S, =S,/ MPa 575
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£ 2 cohesive Bt HoCMERE S

Table 2 Material properties of cohesive interface layer

parameter value parameter value
E,/ MPa 904 G,./k-m? 0.15
E = E, /MPa 450 Gy./k-m? 0.15
N/ MPa 5.35 Gy /K m? 0.15
S=T/MPa 7.85 n 2

{8 2 B TR0 g-em ™, 3K 2 N R E MRS
B, PR BRIT Y I SRR e S 2% SOk (37 1 .
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FH 1 4a AT AT, X5 FSP it 3 R 52 305 )23 6 M 33 B

V, V3
+1.000e+05
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-5.000e+04
-1.000e+05
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-2.000e+05
-2.500e+05
-3.000e+05
-3.500e+05
-4.000e+05
-4.500e+05
-5.000e+05

0ps  60ps 100ps 200 ps 300 us
a. 10 mm thick UHMWPEL at FSP velocity of 396 m-s™

V, V3

+2.000e+05
+1.167e+05

25us  70ps  110ps  220ps 310 ps
b. 20 mm thick UHMWPEL at FSP velocity of 545 m-s™
4 5 T 5T A R R I UH MW PEL T = 151 i 3 5 A2
Fig.4 Penetration failure process of UHMWPEL when FSP

velocity approaches vy,
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AR Ty A 412 20 0 IR 4 gk R i T 00 0 o A A 5 4R
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a. 10 mm thick UHMWPEL

b. 20 mm thick UHMWPEL

B 5 UHMWPEL IR
Fig.5 Shear failure of UHMWPEL

WA TE 4 2 AF B o B I 2 IR (An
Bl 4a) I T ILF2 M sk s, wr K TR A
e rg b o i PERE . 0724 FSP L 470~985 m s =)
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B 41 985 m + s B AR ZF 35 B AR 29 15 s, A 5 O
W 7a FroR , #E AR AL AR TR AR /N, 43 J2 A4 T A 5
FL/NTE I BT . 7E 470~985 m ™ W) 1A B AR Y B Y
FSP {2140 ok A 1 J3 A5 Akl 4% 0% w5 B AH BL (1 ba) , 3%
AF O Sl e U A A [, )2 G AR AR AT I ) ML 3B AR O
B 25 H 985 m s i UHMWPEL B 35 7n 2 . [
B 2L P4 BLAE 20 mm JE UHMWPEL H, 4
Kl 6b F I 7b. 24 gt i 422 30T J2 A A 5 T8 A PR R e o
i UHMWPEL, B sl A5 fh i e 2 7 T8 K T R B,
UHMWPEL & # T H KA FE fef M, >4 5 2k W f
o )2 A B SR A B R S e AR Ak il 2R R BT
L2k v HAR %8 , UHMWPEL # 11 7 27 3 | Bl 08 4 X o
— MR PERE R DL T R AR . AT UL, Y A ok
KM UHMW PEL 5535 4 FR 3 B2 i), UHMWPEL Jaj
1512087 N 2 S O E A iR S Y= A DN N A
P 3 A A 2 78 43 K 45 DR I A8 Bt ven 42 200 B Rl R T
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1200 T
ottt L
- toop oy 3% m-s
2 800t
Z 60 N_ o _ o __ _ _
g .
S 400} Lo
200f e
0 | : ............................... TILCOOCOOT OO
-200 S1 : S2 : rebound
0.0 02 04 06 08 1.0
time / ms
a. 10 mm thick UHMWPEL
1200 F =g
1000F \ e ggg ms
“» \.\ _________________ 54_5m_-s
g 80t (- T T T TTi T
= 600f
8 ____________________________
S 400f
200} N,
o : e
ol 82 pebound
0.0 0.2 04 0.6 0.8 1.0

time / ms
b. 20 mm thick UHMWPEL

Bl6 i ahdi UHMWPEL i B 25 fk st 72
Fig.6 Velocity changes of FSPs during impacting UHMWPEL

Z R 2 A BRI K UHMWPEL 3% B 78 &2 4 #E 0
4 I S T S 1 RO A A BORH R B S
2 UHMWPEL 7 18 % BR # B2 B i, DL 7 4r & 4%
UHMWPEL (4 43 )22 8 IR J it /B2 28 JE W R e 2k

a. 10 mm thick UHMWPEL  b. 20 mm thick UHMWPEL

B 7 UHMWPEL s =) J5 0w 157 14
Fig.7 Local effects of high speed penetration of UHMWPEL

4.2 EKESREE

SR 2.0 2.2 iR 9 UHMWPEL A 44 DL J%
3.2 795 AT PR TR AR5 ) SRk 15 1350 Hh 20 mm
M 42 FSP 421 10,20 mm J& UHMWPEL J& 1) 3 4 5% 4%
WL 3 MR 4.
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R T, R

#3 10 mm/E UHMWPEL 5% 4% i 5 15

Table 3 Prediction of residual velocities of 10 mm thick UHMWPEL

initial velocity v,  experimental*®’ v, . simulated v, experimental''®) v, simulated v, error
No. perforation

/m-s™! /m-s™! /m-s7! /m-s7! /m-s™! /%
1 394.0 No —42.4 0 -
2 396.0 No —44.1 -

0.6
3 397.0 Yes 36.2 -
394.0 396.5

4 470.0 Yes 300.7 346.5 13.2
5 644.7 Yes 561.8 579.4 3.0
6 985.0 Yes 884.9 955.0 7.3

F4 20 mm/JE UHMWPEL 7% 4% i J3 15

Table 4 Prediction of residual velocities of 20 mm thick UHMWPEL

initial velocity v, experimental®) v, . simulated v, experimental' ">y, simulated v, error
perforation

/m-s7! /m-s /m-s”! /m-s7! /m-s [ %
1 620 No - 0 -
2 545 No -38 -

11.3
3 555 Yes 59 -
620 550.0

4 676 Yes 515 451 14.2
5 892 Yes 720 740 2.7
6 1054 Yes 855 865 1.2

UHMWPEL 3l 38 % FR 2 B v, i 1155 2 % GB/
T32497-2016"" Byl ZR . W & SR &l dn rpst 25
PR THHEEEART 15 m s HIFE—REBM—K
BELUAT , YO0 sk 79 2 400 et B 48 110 S5 AR S BV R J2 5 AR
S AR B v 10 mm &2 UHMW PEL U35 A PR 3
Voo BIREAE ] 394 m s BUATHE SR 396.5m s,
WZE210.6%,20 mm J5E UHMW PEL $if5E H% B B v, 1
IR 620 m-s™ HUMEHITHAE N 550.0 m-s™, 71545
RARPRESF IR ZE11.3%0 T WL AR5 T R FH A AR F A5
DL K AT BR TR A% UHMW PEL 338 A% BR 53 )32 ) 750010
K BAT — 5 AT EETE X UHMW PEL B4 REB 34T i Y

Bi it B S E M. R 3FR 4P FSPARAR L v,

HE R 45 J B(E, Fom SR g M S & A B 1)
SEF, AP 6 Y rebound BB, v IRBGE AT 5 -"%
IR ISR, AL B 00U S B E T Bt B
J2 6 I A 50T A P B DR I AN T B LS Y v i
N 3 MK 4 F R, 2R FH AR BIF 9 7 % 1 55 1) 4 o R
UHMWPEL 7€ FSP DA [R] 4] i 38 J3 42 180 53 28 o 1 3 4%
B TR 2 o KBS 15% , 5K B (W) & i, ot —
A BE T4 R B E ARy VR i T SR

5 %51t

5T ABAQUS F & it 47 A 1 3h B o R F B F

Chinese Journal of Energetic Materials, Vo0l.29, No.2, 2021 (132—140)

VUMAT ) =R FF &, B I8 T 53 AR R ik, e 17—
P& T =45 6 MORHZ G R o o A= 0053 0 HUfE S
Bk AL T 3 T Wi BE 1 UHMWPEL Hi (= 1A BR
JCAH R R B T RSP ot S bR A 450 40 B R i
RO 0000 T S A 0 B A R T E A A A B T A
IE, EELEIE N

(1) R IE 38 4% 1) 5 1 (% 50 )2 WA #4 . Cohe-
sive-Zone Zf M A1 JZ DL K 3 T K7 24 40 M 461 4 AL 19
A AR 7 RRAE E B T UHMW PEL /728 JE i IR
R KRR

(2) 4 H A B /0 B AR YT 10 mm J& UHMWPEL
SLH A B B R 22 29 R 0.6%, X 20 mm JE
UHMWPEL 3l i 1% B 8B 70 2 25 29 0 11.3%. X
LA B A R U ) e R R 25 AN M 14.2% .

(3) A4 S5 78 T UHMWPEL 5542 04 F HL
o506 B S 0k E /N T B R
UHMWPEL 5t 18 A PR 380 B2 B, S Al 1 o o e I o 72 R
ALY ) TR B R L B — B B R )2 A e B IR K
Jri B, 5 B BE R KA R B A Ay 2 DL R £
YR R . Y R B B R T UHMWPEL #ift 15
A L T3 B, AR e o B R R SRy R — 1 58 0B M o
YIZEAL , A6 FLR AR /N BBl T iR 38 43 )2

(4) AR T (LR 4E i) L K 43 2 3R & UHM -
WPEL Ji4 #& 34K 3 fiE i 2207 X, Ktk UHMWPEL 3
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A R4 300 w8 /)N 90T A B R A A b o
A B i 2 M UHMW PE 303E B B 3 5 1), 831 £
RN A BURE AR T 20K UHMWPEL AR S 75 4 4 B
SRACHT AR Y B b 2 UHMWPEL H 2211
) 7 1 o
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Numerical Method of Penetration Resistance of Ultrahigh Molecular Weight Polyethylene Laminate

CAO Ming-jin'?, CHEN Li*’, FANG Qin'
(1. State Key Laboratory of Explosive Shock Prevention and Disaster Mitigation s Army Engineering University of PLA, Nanjing 210007 , China; 2. Engineering
Research Center of Ministry of Education for Explosion Safety Protection , Southeast University ; Nanjing 211189, China)

Abstract: To predict the resistance to penetration of the ultrahigh molecular weight polyethylene laminate(UHMWPEL) accurate-
ly, a three-dimensional finite element simulating method of composite structures laminate based on the ABAQUS/Explicit solver
platform was developed. A user-defined subroutine VUMAT was proposed to define material behavior by dividing the laminate
into two parts with orthotropic lamina and cohesive interface. The lamina and cohesive interface utilized the Hashin criterion
and the quadratic stress criterion as the damage initiation criterion separately, while both of them adopted the bilinear constitu-
tive model and the damage evolution method derived from fracture toughness. The residual velocities and damage states of UHM-
WPEL with thickness of 10 mm and 20 mm penetrated by wedge-shaped steel fragment simulation projectile (FSP) with different
initial impact velocities were simulated. The results show that, compared with the existing experiments, the prediction errors of
ballistic limits of 10 mm and 20 mm UHMWPEL are 0.6% and 11.3%, respectively, and those of all residual velocities of FSP
are less than 14.2%. During the damage and failure process of UHMWPEL, punching failure and local bulging occur in the first
stage, followed by large-scale bulging, large-area delamination and fiber tensile failure. This two-stage characterization is similar
to that observed in existing experiments, which verifies the reliability of the proposed simulating method.

Key words: ultrahigh molecular weight polyethylene laminate(UHMWPEL) ; penetration; VUMAT ; cohesive element
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