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R B 4 3 3% K & 4 (carbon fibre-reinforced polymer, CFRP ) & & # £ 8% F o &
YER T o B EAAT HAn R BALH A A, X — R4 T HAEG PR A 4L
FREJRBEUFRGEEHTIENREMNEE X RAT FF A, ET CFRP & 4 # B 8k F
#H R T4 4 (finite element analysis, FEA ) # &, X Jf &£ F N & B9 = 4 Hashin X% E N, 3
SINBENAZTKBMEXR, AL 5 ERERML, BiE T FEABA N AR, BEUERX
W, EXR INTYEMB A ERAEETNAGT, AN WEEMESMAFEREZR . ¥
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EFHCFRPAGHHRERR FHEEHRRBEZRFNEERZ
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Al AVR 3 ot e 7 D S ), S AT MR TR BE L 43 )2 405 4% R 1B R BE S AR BCSE S HOTANG T 0 Rt R LA
Kotk ARV R YR SR TF R T CFRP J2 A0 ol o S 56, 3 3 s o B 5 (S0 0 0 43 o o
K FH C-scan 5 AR FI R (U8 FAE 401401 X3, #8987 CFRP JZ S AU BE R R ISR | F 405 18 2 B Ak 1 I Wi bl
il B ol R A AR AL A . SR, SE 5% T BOR BUR A DD AR B AR = B, HL R LR AR S AR
TR 2 X 3 RSB0 00 R 0 % o ) M T 3 s T4 o B A R AR A ) T BRI B T 1k R BB Ak, 4R
B AR L] A0 ORS B AT SV B2 22 3 FF, A5 BR JC 43T (finite element analysis, FEA ) J5 72 E WA S5 B 5 145 50
e FE, R4 FEA JIETE CERP & MR s P BE BT 58 vh 45 213z i 10>, {0 A E AL A
REAET B WL REHL A SRALH v A B . BRIk, FIH FEA J7i5 7 e @ sl i B (=219 CFRP &4 44
B 05 B gE B R X, A5 T ABAQUS/Explicit 2017 P % i CONWEP T2 5 8 37 48 4 % ff /5
NS A0 Fr iz 2l 531 9 FEA B, 15 28 % 7 180 B FIBE F (00 5 #4 & CFRP &2 & M RHFE i 7 b i
B 43 BITABE 10| 2 s S3 AR P O SR B = 4 Hashin 2 807 W R 24l 2 A B9 24 v R, @it A e
Vumat F 1271158 FEA A5 ; il a3 55000 25 S X Lo, 300F FEA A5 70 (4 A R ks 38 a0 B i R 01 A okt
T AR, AR el o FEE AR (5 0o e o bl 45 R CFRP J245 M W RE R (149 52 W05 3 2k vl 404k P 3 4 405
MR FE RN AR Y X 3R, 4875 CFRP & A5 MRE A [] ok 380 B2 e 0 £ 1 1) W B AL DA B 22 S AL T g
ROR BN AER A

1 HERE

i T CFRP JZ & R A AR vk . 5t im0 20 J= LI K oo o 2 A0/ 55 0 i, JHO A el bl T A9 30
BTN oy S 2% o RIS B A 5 XU, I T AL 52 & R R A (R 013 i v B R A | 5
538 A A0 R SEL ] L K 53 55 i B R, AR P52 56 T ABAQUS # 1 CFRP JZ 45 i 14 L 1 v o A6
Y, Ifim it [ 52 LAY Vumat FF2 P15 FEA B

1.1 BRTER

5T ABAQUS Witk 1Y) CONWEP 2[5 # 37 g KE 2 ff 7 F R k5 & is sl A, i & )y
B TCT IR KE AL, AT TS ] o AN IAL 1(a) B, BERY JE S M A (RP-1) RV BEZH . 75 4%
PR, H UL R ORI . YRR S AR R B S, BE AR SRR A B PG
50 mm, #EHL 500, 1 000, 1500 F12 000 g A9 TNT Y&, i 5 RF € K 20 mmx20 mm>4 mm, i F %5 FE
9 4.4 glem’®, B R 22 160K FHAE FH 32 B9k o 18] 1(b) S CFRP JZ A& MBI o 580, 322 bl i . ¥R
M2 AJ HH ., 3% ASTM 7136M HRXAE 4~6 mm A9 JE BEFRAE, 1% TAE P8R h 24 |2 47 4k /3R A

Fragment Fixture
cluster T I
HH %
Explosion
point i Target
Fragment 3 plate
<«
®RP-1 i
y y
X 1—» z X 'L z
(a) Prefabricated fragment group model (b) Fragment-target model

K1 JLferEsy

Fig. 1 Geometric model
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G MR B, JE B2 H 4.56 mm, SREL[0/90],, 2 07 20. 3o, kg RS 800 1 52 i (i R 5 3 AR A
BE FUAE N KT 1/10), MR SFEE M 300 mmx300 mm, FE T CONWEP A& R (1) 35 45 531, I BBk
F N TR AR A ) T (v,) , 4003 BE YL T (195~392 m/s) AN [R5 TNT N A i U R E S, i
AT z J5 e A iz 3 (v=v,=0) o Je HALTR 1 AR B & R 250 mm, [8 € Je HAEAE 207 iy A 1, A
[ 2 0 A O o8 Lt o — %2 ) e T

CFRP 25 WM BS503R 1 R, Hod: p W, E|\« Ey Eyy NHEREE, 1,0 s oy FIARS
W, Gy Gy Gy HBTUIR R, Fpo Fopy Fyp ARRGREE, Fio\ Foos Fye NIRZEHRIE, S\ S)5. Sy BT UI58
FE, Gy G Gy RIBIAEIM: . o T 7 Fn e HL A WIS S K T8 A, mTiE MWIA . A7 R B C3D8R ¥
&, A SRR, SR 25 Sk A ] 3, T 1(b) s, B AR v ) 2 AR XY A% RS Sl 2 mm, A1
WA ST 6 mm, LL3E FH 2 fil S s A 400 L AR 5 e HL 22 8] A ELAE V1) 152 B BRI 0.3
AR EE A 0 5, o 1) 15 B 2 i AR

# 1 CFRP BAIRMMRSH"
Table 1 Material parameters of CFRP laminate!*!

pl(g-em™) E,/GPa E,,/GPa E,;/GPa Uy U Uy G,,/GPa
1.68 139 6.655 6.655 0.0138 0.0138 0.445 3.346
G,,/GPa G,,/GPa F,//MPa F,/MPa Fy/MPa F,//MPa F,/MPa Fy/MPa
3.346 2.302 2961 64 64 2665 127 127
S,,/MPa S,s/MPa S,/MPa Gy/(kJ'm™?) Go/(kJ'm™) Gy/(kJ'm ™)
63 63 63 62 22 22

1.2 AR

LR Y3 5 G W) 2 5 MR H O R R AS 18] R PR AR 25 JEE] CFRP & 453 bR i ity
AL AR, IR ) 4 Hashin S8 D095 0652 0y . 72 29005 R, CFRP 42 24 bPEHIY
S B 22 Lt M B0 15 T, FEeh i 0 AR R

S:S0(1+Cln|§0|) )

A, S AR E, MPa; S WIETAMEE, MPa; & N Y HTHT [H] 2 R AR 2, 57 &0 W B AR R s,
C o AR AR B TE R AL

R P EE T IS ) 25 B A S M A A A5 R0l R A R0 0 9 AR 5 AR G e o O AR e e i
T A o A I A BURR A, RS s A 7 B P S AT LRE G (i =1, 2, 3), 3 Ak 5 7 g 1)
di,=1- e iiE Ui /Gy /i
die = 1 —e it /Gy £
dr=1- e RER(=1/Go | fr
dr = 1 —e 755006 £
dy = 1 —e 785U DIGs ) £
dye = 1 — e 75 UnD/Gs
S d o FUR 305 0y 9 bR I 7 9 3K kB, MPa s BERHE) — B B8 K B4 i £ I
B L. T Z F0R M LGSR R 1 3 97, F AR OBl e S IR B 0 TR A, LA £R1 £ 4351
F R R AR T

S i Murakami-Ohno B 71§ & CFRP & 4 k148 5 8 £k, 35 L. T 1 Z J7 1l A5 45543 55

2
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Dy = max (dy, di.)
Dz = max (dr,, dr.) (3)
Dy, = max (dy,dy.)

b:C,, bb:Cy, bb,Ci; 0 0 0
b”zl‘CZZ bTb2C23 0 O 0
_ biC, 0 0 0
C(D) B Sym bLTC44 0 0 (4)
bLTC44 0
bTZC66
b]_ = 1 _DL
bT =1 _DT
bZ = 1 _DZ
b_?mebmﬁ
Yl 2-Di-Dr | (5)
b _[20=Dn(-D)T
7| 2-Dy-D, |
b _[20=D)(-D)T
“ 2-D,-D,

T e i AR R, 23 R ORI R A RRNR AR JE BRI I, X R A B e ol fiE
A WF I, BCE SEPR N 0.001 mm Y PN 3R BT IRZ , SR FH 00 5 | U E T

WG, BP
ASAYIAE
(3] (2 +(3) = ©
Ao 1, o R T B IT R ] W ) 43 H, MPa; 128 SR 5 BT B 55— BT U0 5 19 1 1 43 fe, MPa; 18 N R
JITEITHYEE 8T U1 )5 ) N ) 43, MPay 10 R 15 1) ST R E, MPa; 10 55— B 17 [n] ST 58 B, MPa; 1224
55 8 U107 n] BRI 9R B, MPa.
RN T IR eR A IR B 1.0 B, BT 4G & AR 0 . S TE A 5495 1 fk B Benzeggagh-
Kenane & 5 1l
G,+G.\'
i +(os-61)| Srer) o ™
s GS A 1 it 5 W7 2R e B RO R, N/mm; GS Ry 55 — 57 U0 J5 1] i 53¢ K7 24 8 5 B i 3%, N/mm
G2 8177 [n] Ik 5 W7 24 B8 1 B AGH 2, N/mmy; G, o8 6, 89 21, mI; G2 A 21, ml; GOk e At 3,
ml; n M B RE
CFRP JZ G MR AT N R 1 e s B 2807 ik 2 iR .

%2 REAENSTHHHSHY

Table 2 Material parameters of cohesive elements'”

°/MPa */MPa */MPa GS/(N-mm ™) GS/(N-mm ™) GC/(N-mm ™) n
50 90 90 0.52 0.92 0.92 1.5

1.3 H{EWIE
ST VBB A 40 5 1 X D 25070 [ 80BT 24 780 (145 ) I S2 e T 00 64758 B0, R0 25 R 15 S iy 2%
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Frxd oo WniEl 2 Brs, 00T 15 380 RE I (-5 SOk [17] — 25, B S2 e 15 2 py B i f th 208 [), ok
WRZEEN 7.3 m/s, AXFIRIE/NT 10%. [EFF—FL A, [F]— IF 20 P9 Bl T 00 AU S ST/ T 50 B 45281,
FERGIA AT RE 2 S 50 2 A B A A8 R B L SR ) JEE X LIRS HES2 ] o A, 6 3 7R T L45 #H
i T A A o RS A o T AL SR R, WK DX BN T T, S AR TR X A
BA 8 1) 2 IR A SR AR T, BT A R R ik 5 SCHR [17] MR o S5 2R3 IA, 2A BROCEE B AR by o Atk 1
CFRP JZ 5 14 L1 o o o 57 045 O3 IR A7 00, e 1 A7 FROTAR 2 B A5 201

140

Sim. Exp.l'7)
120 v=l17m/s - --v=117 m/s
1000 — v=123m/s -~ -v=123m/s

80
60>
40}

v/(m-s™)

0 0.25 0.50 0.75 1.00
t/ms

2 BEHULS S B B A Ao L

Fig.2 Comparison of velocity history curves obtained by simulation and experiment!'”

|
P
N

Displacement/mm

227.800
209.200
190.600
172.000
153.400
134.800
116.200
97.570
78.970
60.370
41.770
23.170
4.576

Displacement/mm

14.330
13.140
11.940
10.750
9.555
8.361
7.167
5.972
4.778
3.584
2.389
1.195
0.001

(a) Experiment (b) Simulation

3 SEREE R0 SHRUMEE R AR L (P AN 4303878 120RF Y 1E 18] 55 7 1)

Fig. 3 Comparison between experimental results!” and simulation results (P and N represent

the front and back of the specimen, respectively)

K B AR s DR A PO AR RS 43 Sl B S 1.5 2.0 F1 3.0 mmy, X B 0 - ] it 2k AR TE IX
s, X AR W SOPEREAT TR . QTP 4 TS, 3 R AR R BB B - I R] il L AR — B AT S
AR, 3 b A T #EARAE 0.3 ms I AR TE XSRS IR 55+ o042k, v 228 W A IS BRI
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400

— 1.5 mm
— 2.0 mm
350 — 3.0 mm
Fop 300
£
X 250¢
200 r
150
0 0.2 0.4 0.6 0.8 1.0

t/ms

P4 ARG XSRS RS 43500 1.5 2.0 1 3.0 mm B o - ] 2
Fig.4 Velocity-time curves of fragments when the mesh size in the center area
of the target plate is 1.5, 2.0 and 3.0 mm, respectively

Displacement/mm

(a) 1.5 mm (b) 2.0 mm (¢) 3.0 mm
5 HUD X AR R ST 50 R 1.5, 2.0 F1 3.0 mm BHIEAR (948 TE IX S AN SR 40

Fig. 5 Deformation region and failure morphology of target plates with mesh size

of 1.5, 2.0 and 3.0 mm in the central region, respectively

2 ZR5iTiE

21 HARTEKREREEMU

% R e R BB N2 —, S M R ARG N R A EEME, N T A SCERE
Y J5 R B9 BRI, 18 )5 R X CFRP 2 A M i B 301, TEBHELET 562k H CONWEP 2 )3 X i il i
F AR KEZR AT, % AR A A TNT 2438, i LR BURR 2 B B 78 AR TNT 2458 A oo sl B8 A R AT
Ao FETBRBAET, WA BEAR S A I B AN, nTRE P AR TR SR . W 6(a) TN, ) T i R
BB A7 B AT B T, R B AR a0 B S I A AR I G MR N . AT LR B, AN R BCE R E
BB eV BT R B AR A AT (F 6(b)) o EAE, IEANE 6(c)~ K 6(f) fIF 75, 7E 500, 1000,
1500 F12 000 g i TNT 44, 8 #FHA A A A op o B, 43510 40~195., 94~293 128~350 Fl
163~392 m/s. FEAHA TNT X5~ , AR B i 7 i) ol 3B AE e W 25 5%

PR AT T 0 A R LA BE ML CAT A, WA J8 o B P (4 A T I 5 ) B8 4 3R 1) R TN
Fo WA TR, KT IR T y-z V100 x-z -0 _E 0% A -5 908 E B, 8 HoE R o F1 B, He
o, o BYIRAE K 0°, 15°, 30°H1 45°, B 2k 0°, 22.5°, 45.0°, 67.5°H190.0°, ¥t B=0°m W A [FIF 1 o W 15
i YRR AR 2 Ch S-A BURAHEE, B a=0°R AN R0 B e Fr i o A SR AR e ok S-B ALIAE, 43 Skt I
o9 . %M A 7E 500, 1000, 1500 F12 000 g i TNT 4 (155 5 33 00 58 5, 18] 8 Sy A [ {5 £
F G s S R R ) R 2R o 24 B=0°Kt, AN o B A 0 TR0 A 3 1 35 it 25 A0 R A 4 K K, T
PLINK S-A FUGRAE 38 HAT 2 00 ool o B A8 M, 181 8(a)~ 1] 8(d) firm o 9 — 5 1fiT, 24 a=0°, K%
BHE T, B R B A o B - B R ks T A, RVABES B XS I, S-B AU URE i) wrof 9 85 0% 3% U
A, anl&l 8(e)~ & 8(h) fir/R . (B4R —F&MYJE, 24 B=90°IF, 195~392 m/s 3 &£ {5 [l N A v 5 o ik 5 i
B (UL 8(h)) o TEANIRFE(R B A ILZ, 02 3, Hop v TR A5l i
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(2) (b)

Direction of fragment expansion

Explosion
point
N nd |

c Equivalent mass of TNT: 500 d
© o0l 4 g o (d) 300
250
1
~ >0 ~ 200
I [}
£ 100 £ 150
= =
100
50
50
0 0
t/ms t/ms
(e) 400 Equival fTNT: 1 500 ® Equival f TNT: 2 000
uivalent mass o : g quivalent mass o : g
350 po s 1 400 s 1
300 | ‘ ‘ > §
300 |
v 200 .
E 200 f >
= 150+ 6
100 | 100 -
50+
0 - . . - . 0 - . . - -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t/ms t/ms

K6 (a) PG R HE St o BARTE (AL 1 AL 6, B BRI R RSN, (b) AR A28 8 7 78
HEFEEATE R B9 AT, (©)~() 500, 1000, 1500 Fl 2 000 g TNT it T A fif
Ty e S B S (5] (¥ AR Al 2k (GRIIOLEE 1 01 6 B (1 i i BE A A A L)

Fig. 6 (a) Prefabricated fragment group and fragment location marking (from position 1 to position 6, the distance between fragment
and explosion point increases); (b) the flight attitude of fragments at different locations under explosive loading; (c)—(f) is the curve of
the impact velocity of each fragment in the fragment group with the TNT equivalent of 500, 1 000, 1 500 and 2 000 g, respectively,
indicating the impact velocity distribution of fragments at positions 1 to 6

(b)
Target Target

plate Fragment plate

@

Fragment

7 WRTE y-z M x-z I S 3EH A

Fig. 7 Inclination angles of fragments with the target plate on y-z and x-z planes
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‘3‘(5)8 N 195 m/s égg | 195 m/s ‘3‘(5)8 L 195 m/s ‘3‘(5)8 L 195 m/s
300 b 293 m/s 300 293 m/s 300 b 293 m/s 300 &‘_ 293 m/s

= 950 —350m/s| < 250 —350m/s| < 250 J’\ —350m/s| < 250 i — 350 m/s
; 200 f ~—392mi/s ; 200 392 m/s ; 200 B 392 m/s ; 200 £ 392 m/s
E Tsof—— E150p E Ts0h sl
= 100 - = 100K | 7100 R =100 H\
50 B 50 k SOF\ 50t
() — , , op~—w ] () — : () :
0 04 08 12 0 04 08 12 0 04 08 1.2 0 04 08 12
t/ms t/ms t/ms t/ms
(@) a=0°, f=0° (b) a=15°, p=0° (©) a=30°, p=0° (d) a=45°, f=0°
400 — 195 m/s 400 — 195 m/s 400 — 195 m/s 400 — 195 m/s
300 293 m/s 300 293 m/s 300 293 m/s 300 _\ 293 m/s
=~ —350mss| X —350mis| & —350mis| || — 350 ms

; 200 f 392 m/s ; 200 | 392mis| £ 200 392 m/s ; 200 L\ 392 m/s

<= < “ < =\l

=100 = 100 -\ = 100 | = 100 -\I\\

o 0'\(;7** - 0 = e ——
0 04 08 1.2 0 04 08 12 0 04 08 1.2 0 04 08 12
t/ms t/ms t/ms t/ms
(e) a=0°, p=22.5° (f) a=0°, p=45.0° (g) a=0°, p=67.5° (h) a=0°, f=90.0°
&8 NIRRT B8 (1 ok o 32 - ] T £
Fig. 8 Impact velocity-time curves of fragments at different inclination angles
3 KEEERMRREELER
Table 3 Specimen information and residual velocity results
Specimens al(®) B/(°) v/(m-s™) Ve/(m-s™)

S-A-1/S-B-1 0 0 195 -9.13

S-A-2/S-B-2 0 0 293 74.79

S-A-3/S-B-3 0 0 350 138.44

S-A-4/S-B-4 0 0 392 178.14
S-A-5 15 0 195 —12.46
S-A-6 15 0 293 61.87
S-A-7 15 0 350 122.46
S-A-8 15 0 392 169.24
S-A-9 30 0 195 —6.42
S-A-10 30 0 293 60.83
S-A-11 30 0 350 127.58
S-A-12 30 0 392 163.38
S-A-13 45 0 195 —6.75
S-A-14 45 0 293 72.79
S-A-15 45 0 350 119.09
S-A-16 45 0 392 157.46
S-B-5 0 22.5 195 -11.57
S-B-6 0 22.5 293 5.18
S-B-7 0 22.5 350 48.98
S-B-8 0 22.5 392 91.04
S-B-9 0 45.0 195 -11.90
S-B-10 0 45.0 293 -9.70
S-B-11 0 45.0 350 16.25
S-B-12 0 45.0 392 33.90
S-B-13 0 67.5 195 —13.18
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*x3 (&)
Table 3 (Continued)

Specimens a/(°) BIO) v/(m-s™) ve/(m-s™")
S-B-14 0 67.5 293 -12.56
S-B-15 0 67.5 350 —0.87
S-B-16 0 67.5 392 8.13
S-B-17 0 90.0 195 -9.32
S-B-18 0 90.0 293 —8.03
S-B-19 0 90.0 350 —1.54
S-B-20 0 90.0 392 —0.45
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Fig. 9 (a) Residual velocity vs. initial velocity for fragments with different inclination «;
(b) residual velocity vs. inclination @ of fragments with different initial velocities
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Fig. 10  Penetration process of laminate specimens under the Fig. 11 Penetration process of laminate specimens under the
impact of fragments with different angles of @ and impact of fragments with different angles & and
impact velocity of 392 m/s (in y-z plane) impact velocity of 392 m/s (in x-z plane)
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Fig. 12 Failure modes and deformation regions of back of laminate specimen under the impact of fragments
with impact velocity of 392 m/s and different inclination angles «
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Fig. 13 (a) Residual velocity vs. initial velocity for fragments with different inclinations 3;
(b) residual velocity vs. inclination 8 of fragments with different initial velocities
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Fig. 14 Penetration process of laminate specimens under Fig. 15 Penetration process of laminate specimens under
the impact of fragments with different angles 8 and the impact of fragments with different angles 8 and
impact velocity of 392 m/s (in y-z plane) impact velocity of 392 m/s (in x-z plane)
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Fig. 16 Penetration process of laminate specimens under the impact of fragment with impact velocity of
392 m/s and 90.0° inclination angle 3 (in y-z plane)
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Fig. 17 Failure modes and deformation regions of back of laminate specimen under the impact

of fragment with 392 m/s impact velocity and different inclination angles 8
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Numerical Simulation of Energy Absorption Performance and Failure Mechanism
of CFRP Composites under Fragment Impact after Explosion

ZHOU Zhipeng', CAO Hui’, FU Qiong', WANG Xinwen', WANG Zhiyong’

(1. Department of Public Security, Shanxi Police College, Taiyuan 030401, Shanxi, China,
2. College of Mechanical Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
3. College of Aeronautics and Astronautics, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: The application of carbon fiber reinforced polymer (CFRP) composite in protective equipment is
restricted by its complex penetration behavior and unclear failure mechanism under fragment impact. To
overcome the difficulty and high cost of monitoring the penetration process information through
experiments, a finite element analysis (FEA) model of CFRP composite under fragment impact is
constructed in this study. In this model, a strain-based three-dimensional Hashin failure criterion is adopted,
and the rate-dependent relationship of strength is introduced. The effectiveness of the FEA model is verified
by comparison with experimental results. The simulation results show significant difference in both initial
velocities and impact inclination angles under different TNT equivalents and distances from the explosion
point. The inclination angles of fragments with the target plate on y-z and x-z planes are defined as @ and .
When B=0°, CFRP composites exhibit pronounced impact velocity sensitivity in the velocity range of
195-392 m/s. The energy absorption capability and impact velocity sensitivity of specimens with different
inclination angles S are significantly different. However, the energy absorption capability and impact
velocity sensitivity of specimens with different inclination angles @ do not show significant differences.
When a=0°, the impact velocity sensitivity of CFRP composites in the impact velocity range of 195-392 m/s
gradually declines with the increase of inclination angle 8. Visualization of the penetration process and
failure area indicates that the contact area and time and deformation degree are the crucial reasons for the
differences in energy absorption capability and impact velocity sensitivity observed in CFRP composites.

Keywords: fragment impact; carbon fibre-reinforced polymer composite; finite element simulation; failure

behavior
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