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1.3 #MERE

TEBUE AT Bt R i, 3 KA B 45 RDX KE2Y L 7K . 2573, Q235 40 FIl CERP, LA R K435l 51 Hi 45 41
BHALRY | RS R N RS

RDX 2% ] High-Explosive-Burn /& fEXE 255 AR IWL RS R ik, EESHOLE 129, H,
D NV IE, po, MIEFETE TR T, e MEANIARFRINRE, A, B. R, R, fl w N IWL RS TS %L

R 1 RDX MM EHER R IWL RS HESH
Table 1 Parameters of RDX material model and JWL equation of state”'!

Density/(g-cm ) A/GPa B/GPa R, R, w D/(m-s ™) e/(GI'-m™) Pe/GPa
1.69 850 18 4.6 1.3 0.38 8310 10 30.15

25 5 & ] Null A 8HE AR Linear-Polynomial 2k PE 2 3 OR S T FR iR, FE S8 3% 2, Horp
Cy~Cs WM Z I ARETTFESHL

®2 ESEARSEY

Table 2 Material parameters of air'”!

Density/(kg-m™) C, C, C, G, C, Cs e/(J-cm™)
1.293 0 0 0 0 0.4 0.4 0.25

KR FH Null %5 # RS A Gritneisen IR 7 BRI, BZSHO % 3P, Hor: ¢ ek, v, WIS
FEXTARTR, S, So. 851 v, A Griineisen RS 7 FEAH XS

®3 KEMRSH™

Table 3 Material parameters of water'”!

Density/(g-cm™) c/(m-s™) S, S, S, Yo Vo
1 1647 1.92 —0.096 0 0.35 1

JE A 42 )8 )2 1R Q235 X, SR Plastic-Kinematic M RME AL A, EZSHULE 422, Hop. E
W A A, VAR L, oy A IRGR B, Ep BB R, C. PN E R SHL

R4 QIS WM RS H
Table 4 Material parameters of Q235 steel™

Density/(g-cm ™) E/GPa u o,/MPa E;/MPa Cls™! P
7.83 207 0.3 235 375 40.4 5

CFRP i Enhanced-Composite-Damage £ B 18, 2B 8 i) DL g AT B 0 1E 58 45 1a] SR L, 36 H
TR EMRERL, FEM RS HOLFE 5P, o B, E, 9\ FEE m) S4B &, Gy . G MBS VB &,
Xoo X, RGN PRI R AR5 BE, Y, Y, SR 1] iz Ao R 4 5

R 5 CFRP BRI S5
Table 5 Material properties of CFRP™!

Density/(g:cm™) E /GPa E,/GPa G,,/GPa G, /GPa G,/GPa
1.53 53.81 53.81 5.8 2.9 2.9
u X/MPa X./MPa Y/MPa Y/MPa
0.04 680 741 800 728
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2 HEEE

21 BERIERER MK

R F Klaseboer %5 51 (8 7T 45 K 52 56 05 7K TR A8 X 000 280 A7 5 B R A7 S0 I . S v, 2R
TNT K24, 25480 55 g0 ROE 7 BR A 1/4 BB . K TRTT 1l K BR85S 7 m, 76 [l 0w J7 B8
FER 0.5 m A Sl KA 2 AN mise s 4.5 mo BRJE TNT 2625192148 K 19.95 mm, A2 HE 7 20k ol
B, BB AL TOKTE AT 3.5 m Ao 732G 1.0 m Y N R T4 20 WOA% o X6 R T 35¢ 5 O X PR 34
G, MR B E N TR G B . 9085 BUE 0 U B A SO R Sl AR A 2 B SR AN 1 MK 6 B,
Ho rp WAEEICEAR, 6, A OHE B R R BTl 0], T, 9 0E ksl A . v LI, BUEdy
HEER G SRR S 1

1 ms 7 ms 50 ms 85 ms 93 ms 94 ms 95ms 96 ms
(a) Experiment

0.54 m
1 ms 45 ms 50 ms 90 ms 92ms 93 ms 94 ms
(b) Numerical simulation
1 SEERP S5EUE 07 AR

Fig. 1 Comparison of experimental™® and numerical simulation results

*6 W SHEHESERHIILL

Table 6 Comparison of experimental” and numerical simulation results

Method P/ M t,,/ms T,/ms
Experiment 0.50 50 94
Simulation 0.54 45 92

Relative error/% 8 -10 —2.13

¥ ] Ramajeyathilagam 5529 (1 7K T 45 E wh ol 35 25 R B 0 52 96 360 1B 7K T 48R KR 55 45 0 1Y) Ik 11 R 5

n) A S . S TE RSN 15 mx 12 mx10 m B /K A8 H BT, 2625 10 g PEK T (11.7 g TNT) 424 .

ﬁlﬂff}ixﬁﬁd“”ﬁﬁ TR SRS 0.30 mx0.25 m, JEEE N 2 mm, AR RARAY . 3% 24 700 A

i [ 2 [ G AE 2 m K ERAL, KEZG AL TR AR TP VAR b, BEREAR 0.15 mo TNT FUIRAR 4K 19 44 kL 2
B 7 8.

F 7 TNTEARMRIER R JWL 5ES K™
Table 7 Parameters of TNT material model and JWL equation'

Density/(g-cm ) A/GPa B/GPa R, R, w D/(ms™) E/(GI'm™) DPe/GPa
1.63 371 7.43 4.15 0.95 0.3 6930 7 27
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£ EBAMHESH

Table 8 Material parameters of mild steel”®

Density/(g-cm ™) E/GPa U o,/MPa E./MPa
7.86 210 0.3 300 250

SIS RN 5 AR B A REAR A IR AE AN ] 2 i, Horh SF(shock factor) 3Rk vhis A . 78 F- AR 48
R, 15, 76 NI FEAL 7= A 5 A R RSB Mo . B A 2 quT A AR St n, 98 4 S B 1) AR TP
Wi, SV B ER IR (RE I Hh O 38 43 ) AL WA T 72 52 3y, 98 1 B 9 A1 30 D Bttt T A, 4N 1 2(a) B
TN o FH T2 AT I A o Rk B A RN AR, DR b, 9P e R R A A AR P A ARk, 3R R AR BT D) G
PN AP G SR A R B A G o FEREEE T, LI AR 2 AR AR TR0 B 0.04 m, B 7 B4,
9 0.038 m, AHXFIRZE N 5%, FRZERFE, R ALE J7 831550 K T 58 K X 45 04 10 88 5 oA R i Al T
bk

Displacement/cm
3.861
3475
3.089
2.703

2317
1.930

1.544
1.158
0.772
0.386
0

Large deformation
SF=0.300

(a) Deformation of target plate (b) Experiment (c) Numerical simulation
B2 KRR TR 286 AR ey 545 B A LA AL TE
Fig. 2 Target plate deformation of experiment?® and numerical simulation under underwater explosion

0T oy MoK R R K B A TR 6 JE/CFRP 2 5 2 G AR B9 Wi I, 7 AT FROTAC AL, gl 3 s . %
JE BB 0 FRE, L 1/4 KIS, 12458 20 g BRI RDX, 7 FKTH LAR 5 m b, ot B g i g o /K3
RAPEGEN 10 mx10 mx10 mo BB AR ST R 1 mx 1 m, BN 2SR, A 253K0 R AR bR i Ay IR
B h 30 mm. ALE J55A 68 FR T 33E F R % BR300 S, AR T BE O T RO 10 St . [, 50 AR 4 0 R
TET A of Rt S, AT A W T3 5. O 1 3 w03, 25 U] 0.5 m i FBL A SR A8 50 RO A Jal o %
5] WA RE EA TSSO 43 BT, 43 S LR AS RUSE 14 12,10, 9, 8., 7 H1 5 mm, e S¢S [ #5 B Ab 1 b o
P WEAE ), G5 RN E 4 s o L4 AT LUE H, N 7 mm FFAR, S AN R Eg I Ak 1% o o ok g £ g
T, VLWV BEH I 2 R T 2SI, 395 IR RS 6% 7 mm, AR 73 % AL 0.16 B9
AR AR o

Water
RDX
Water
Target plate
. 10 m getp
Air .
Air
(a) Numerical model (b) Local amplification of numerical model

B3 KRR AR A9 FROT RS

Fig. 3 Finite element model of underwater explosion on target plate
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500

—-200 mm
—o—160 mm
400 F 2120 mm
-~ 100 mm
—-80 mm

300 /0/0//0
100 - w

0

Pressure/MPa

14 13 12 11 10 9 8 7 6 5
Mesh size/mm
P 4 ASRMEREEAL ik e W T BE A R (72 4k
Fig. 4 Variation of peak pressure of shock wave
with grid size at different detonation distances

22 TREE
T AE TR — SRR R T TR A S, AR 45 v 5 B N SO R AR BE J AT, BRI R Ry

d= ihipi (10)

e n A AEHE RS, p AT B BE, n 2% LA 3 mm J& Q235 MR A bR, XJ 0 iy T4 1~ T840 540
%9 B, Horb: po AR AY T

®9 TR1~-TRS5PEIRMKE
Table 9 Target plates setup in Case 1-Case 5

Case Target plate (thickness) p/(g-em™?)
1 Q235 steel (3.0 mm) 2.349
2 CFRP (5.0 mm, face plate)/Q235 steel (2.0 mm) 2.331
3 CFRP (5.0 mm, back plate)/Q235 steel (2.0 mm) 2.331
4 Q235 steel (1.0 mm)/CFRP (5.0 mm)/Q235 steel (1.0 mm) 2.331
5 CFRP (2.5 mm)/Q235 steel (2.0 mm)/CFRP (2.5 mm) 2.331

3 KTEMBIEXNARHERRNBESRNEG

3.1 RERAER T EEARAYNE R I

VAT 4 S, KT B KR A (0 o i R = A1 5 R o b i AL 4 B RE AR b e T i 23 & 4B
ST RUE SIS . BT ERE 25, 8 S A ol PR 23 A o e SETE A, PRI, AR A TR R O JC W AR
o 10 F1 20 ps B, 1 T80 AR 09 B2 54 FH, 3 30 S0 A Ak 7 b o T8 R DT 2B, B s o 3308 2 728 A 4 I 10 o
it 5 ] F 38, o D LA 3K v 8 1 T8 XV A 3 18 ] AL L 300 ps B A% 1 2 M AR A %, TR AR AR
FALER

Bl 645 T 6 AR Z] T 00 4 th & 2114 Mises I S =~ Bl . 10 ps B, oo i i Sk B a8 804, 45 )2
L P A R N T X, B )R /INIA B 877.8 MPa. Bifi 5 ity U W R AR 3R AL AR, N IX TR B G K, B
P8 4 DX 3l % 102 g e T B A ) B e AR T, S OB A /N R R SRR AR TE

300 ps B o ok Xt SRR 19 A FHBEARZ8 0, BLisE S A T 00 N AR AR A IR 7 fir s o i F o BT
T AR R T A% 195 1 e R b 2 th A 2 Y RE SR AR I, DA ) AR, DALt , SRS I ] 1 57 B AR X T S A
DB BN o BRIERI UG B B, vl 5 #tmr TR BT, 10 ps 26 47 B A M AR R 1M 5, $IHR T B 7 A 6 5
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Bt oot 0 B AR B4 AR S, AR AR ST I KA R R 2™ A (i A%, by T 0 2 B AR X e
oy B, B AR AL R A T . Hor, T 4 MR AR AR/, 300 s B L AL

—40.46 mm. BRENARTELY 70 ps IF & A= G5 BEIR , MR oo ORI B AR I C 45 0, LT 4

g2 5 v o A S AL I SRR R AR TS 2R . A8 4 RS AR AR E ik B2, R 2 CFRP A1k}
A SCEEAE R, AR RR ) T AR OLRS, PR, SRR RO AU BT, SRR o 4 5 A [T e R

ASKH I, FAR P AT AR L RS 7 40 mm DL L

Pressure/MPa Pressure/MPa Pressure/MPa
1093.0 596.3 203.2
983.4 536.6 182.9
874.1 477.0 162.6
764.9 417.4 142.3
655.6 357.8 121.9
546.4 298.1 101.6
437.1 238.5 81.3
327.8 178.9 61.0
218.6 119.3 40.7
109.3 59.6 20.3
0.2 0 0
(a) =10 ps (b) =20 ps (c) =50 ps
Pressure/MPa Pressure/MPa Pressure/MPa
89.3 38.1 23.0
80.3 343 20.7
71.4 30.5 — 18.4
62.5 26.6 16.1
53.6 22.8 ‘ 13.8
44.6 19.0 11.5
35.7 15.2 9.2
26.8 11.4 6.9
17.8 7.6 4.6
8.9 3.8 2.3
0 0 0
(d) =100 ps (e) =200 ps (f) =300 ps
5 FEHTHWRAIK T B4tk s
Fig. 5 Shock wave pressure of underwater explosion on target plate
Effective Effective Effective
stress/MPa stress/MPa stress/MPa
877.8 948.1 880.7
790.1 853.3 792.6
Q235 702.3 758.5 704.5
614.5 663.7 616.5
steel 32077 3689 3084
face 438.9 474.0 440.3
351.1 379.2 3523
plate 263.4 284.4 264.2
175.6 189.6 176.1
87.8 94.8 88.1
0 0 0
Effective Effective Effective
stress/MPa stress/MPa stress/MPa
2195.0 1 548.0 1303.0
1975.0 I 1393.0 1173.0
|l Fit
CFRP 1317.0 9287 7820
central 1097.0 773.9 631.7
late 877.9 619.1 521.3
pla 638.4 464.3 391.0
439.0 309.6 260.7
219.5 154.8 130.3
0 0 0
Effective Effective Effective
stress/MPa stress/MPa stress/MPa
614.1 940.1 869.4
552.7 846.1 782.5
Q235 491.3 752.1 695.5
teel 429.9 638.1 608.6
S 368.5 364.1 521.7
back 307.1 470.1 4347
2457 376.1 347.8
plate 184.2 282.0 260.8
122.8 188.0 173.9
61.4 94.0 87.0
0 0 0

(a) =10 ps (b) =20 ps
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Effective Effective Effective
stress/MPa stress/MPa stress/MPa
745.6 618.1 578.8
671.0 556.8 521.1
235 596.5 495.5 463.5
Q 32270 43243 4038
steel 447.4 373.0 348.1
372.9 311.7 290.4
face 2084 250.4 2327
plate 223.8 189.1 175.0
149.3 127.8 117.3
74.8 66.5 59.6
0 5.2 1.9
Effective Effective Effective
stress/MPa stress/MPa stress/MPa
1078.0 957.0 899.5
970.1 861.4 809.5
862.3 765.7 719.6
s Gt Al 0]
central 5390 278’8 2299
plate 431.2 383.1 359.9
323.4 287.5 270.0
215.6 191.8 180.1
107.8 96.2 90.2
0 0.5 0.3
Effective Effective Effective
stress/MPa stress/MPa stress/MPa
761.9 709.5 649.3
235 685.7 638.8 584.7
Q 6096 5681 3202
steel 5334 497.4 4557
457.2 426.8 391.2
back 381.0 356.1 326.6
plate 304.9 285.4 262.1
228.7 214.7 197.6
152.5 144.0 133.1
76.3 73.3 68.5
0.2 2.7 4.0
(d) =100 ps (e) =200 ps () =300 ps

K6 T4 FREINZZS 4521 Mises h 11

Fig. 6 Mises stress of each layer of laminates at different times in Case 4

Resultant Resultant Resultant
displacement/cm displacement/cm displacement/cm
7.897 4.100 4.263
f7107 3690 3837
6.318 3.280 3410
5.528 2.870 2.984
4.738 2.460 2.558
\‘, 3.949 2.050 2.132
3.159 1.640 1.705
2.369 1.230 1.279
1.579 0.820 0.833
0.790 0.410 0.426
0 0 0
(a) Case 1 (b) Case 2 (c) Case 3
Resultant Resultant
displacement/cm displacement/cm

4.046 4211

3.041 3.790

3.237 3.369

2.832 2.948

2427 2.527

2.023 2.106

1.618 1.684

1.214 1.263

0.809 0.842

8.405 8.421

(d) Case 4 (e) Case 5
B 7 =300 ps B0 1~ T80 5 REEARAGALFS
Fig. 7 Displacements of target plates at /=300 ps in Case 1—Case 5

3.2 SIBBKENER T AR AN M 454

UMK SRR TR KEAE T 254038 52 1) 05 — R o 2 X, AR I AR AR AE 2 AP R 4, i KT
ks P AT VE BT R . 1 8 R T A 1 T AR K B i B . 0.025 ms B, A AR R R S AR AH R,
IR O 7E e B A IR BT R AR R R AR T R MBS . 0.1 ms B, FEAR R B 1T, A3 DA 1
G [ B ) BN 7 A LY = R S el 2F |\ 8 S £ s L e e 7 1 e U NG 01 O 8= 55
b RS, W R A R . AR R, ORI G B A R Rk 55, AR AR A bk s AR
P YERFAE IR SRS . 30.0 ms B, T2 R, RO B AR TR
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o5 6 1

2

(a) t=0.025 ms

(g) =4.0 ms
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Fig. 8 Bubble pulsation process in Case 1
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Fig. 9 Bubble pulsation process in Case 4
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Fig. 10 Change curve of center deflection of target plate
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displacement/cm displacement/cm displacement/cm
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(a) Case 1 (b) Case 2 (c) Case 3
Resultant Resultant
displacement/cm displacement/cm
4275 5.482
3848 11933
3.420 4.380
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B LR ZI T8 1~ 100 5 P REERR AL RS
Fig. 11 Displacements of target plates at the termination time in Case 1—Case 5
< JB/CFRP 525 24 M 520 T OR47 LA PN R 2544 , 11 355 i o 90 28 1mr 0 HE )™ A )52 i, DALt W
RORJEVFHAIL B P PERE A 248 AR . & LT NS My
E

_ 11
4 E steel ( )

o Eo AN RE, W36 10 IT7R; Egea M 00 1 HEREIMRII NBE(5691.3T )

F10 TR 1~T55PHERM AR
Table 10 Total internal energy of target plate in Case 1-Case 5

Case Target plate (thickness) E /] v
1 Q235 steel (3.0 mm) 5691.3 1
2 CFRP (5.0 mm, face plate)/Q235 steel (2.0 mm) 5287.4 0.929
3 CFRP (5.0 mm, back plate)/Q235 steel (2.0 mm) 5985.5 1.052
4 Q235 steel (1.0 mm)/CFRP (5.0 mm)/Q235 steel (1.0 mm) 6022.4 1.058
5 CFRP (2.5 mm)/Q235 steel (2.0 mm)/CFRP (2.5 mm) 49179 0.864

BL12 45 T 5 Fb 00N AR Hh #OHRJZ A CFRP JZ BN BE S L i [ o 2 S B T80, AR = A9 I RE
i HL YRS CFRP JZ B RE 5 EL, DI JR S B M Q235 400 T 2 AEAA #t . X M0 CFRP 58
B, Aoy KA, M AE AR e il AE 1T 29 AER . ki oy CFRP (9 T80 2 AT 5
J2 G AR N BE AT T A5 T 5 B2 A5 R T B0 AR B AR, b AL 5 R OR AU A I R /NI S 5 BT
DL AR, T ELE N BEWR AR o 7RO 3 FIAL 4 Hh, SR IR I B4 5 BE A R AN AR, Ud D Y TR R Y
CFRP JZAEMS 4 THZ A A S 07 1 B (1 B e P RE . DA Lo Bir R W], 755 T EE i i 00 T, T80 4
FOHI/CFRP/EN 3 J2 Je 54 (Y 4 RE fie o, DU RE A 1
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65% 14.35%
28733)
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(d) Case 4 (e) Case 5

P12 T 1~ T 5 A SRR RE B L
Fig. 12 Internal energy and its proportion of each layer of the target plate in Case 1—Case 5

4 KTEMBIEXNAREEERSWAES
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Table 11 Target plates setup in Case 6—Case 10

Case Target plate (thickness) p/(g-em™?)
6 Q235 steel (1.3 mm)/CFRP (2.0 mm)/Q235 steel (1.3 mm) 2.342
7 Q235 steel (1.1 mm)/CFRP (4.0 mm)/Q235 steel (1.1 mm) 2.335
8 Q235 steel (0.9 mm)/CFRP (6.0 mm)/Q235 steel (0.9 mm) 2.327
9 Q235 steel (0.7 mm)/CFRP (8.0 mm)/Q235 steel (0.7 mm) 2.320
10 Q235 steel (0.5 mm)/CFRP (10.0 mm)/Q235 steel (0.5 mm) 2.313

41 KTEMEBEEERATAIREEERESRIERSME

FUI3 45 T T 6~ 150 10 AT AE Ol . AT WL, S Rl [REBE (9 2 A B A& 7= A ik R #iE: . [
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%*ﬁfﬁ%ﬁﬂmﬂﬁ)‘ FRAT I /N, (AR T3 2 0k 2 1 SR S ik sl R v, R AR AR A T
BERAS; Hoax 4 M2 A b, 2 Bk shad F op, $EARASE 5 3.2 WSS R — 3, R BN R - R 2
GG . 182 AP b, B2 R (360, CFRP 2 K K BE5R 1 25 0 (0 B K8 B, TG Ak T 1]
BHWS,Z.E&EU(u,,\u%zjvl\iﬁzﬂjw N B R AR Y i R vk SN, UL N CFRP 1 5 B
REAT U AR 45 4 1 e
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5 PSR JZ S B SN BE E, Ay Nk 12 Fron . 00 6 MLOL 7 v, 2 Fh S A/ N 25 H Y
SR REAR 22N R, HLYR T A5 1 2R A T AR, v 20 o 1,104 7111130 S, R0 E M R
B A G R B BN T R AR . 00 8~ AL 10 W )RS AR B I RE /N TRR B AR . BVJREJE e R T
B 10 HZE G AR B S BE SO BRI 65%. X T-4/CFRP/H 45 1, BEA B MR JZ J58 B2 B st /), 5T g
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WIRMRFEAR, 5 3.2 95 h Q235 - EE WG REA BLIY 4518 — 2, CPRP 7R RE i 2 b R A B 1E T, %
KA SCPEGG 9NV B

Resultant Resultant Resultant
displacement/cm displacement/cm displacement/cm
6.319 4.638 3.567
13687 bi173 3211
5.055 3.711 2.854
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(d) Case 9 (e) Case 10
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Fig. 13 Displacements of target plates at the termination time in Case 6—Case 10
F12 T 6~TR 10 hERIRAY 2 ARE
Table 12 Total internal energy of target plate in Case 6—Case 10
Case Target plate (thickness) E /] Y
6 Q235 steel (1.3 mm)/CFRP (2.0 mm)/Q235 steel (1.3 mm) 6285.6 1.104
7 Q235 steel (1.1 mm)/CFRP (4.0 mm)/Q235 steel (1.1 mm) 6336.2 1.113
8 Q235 steel (0.9 mm)/CFRP (6.0 mm)/Q235 steel (0.9 mm) 5599.5 0.984
9 Q235 steel (0.7 mm)/CFRP (8.0 mm)/Q235 steel (0.7 mm) 4841.1 0.851
10 Q235 steel (0.5 mm)/CFRP (10.0 mm)/Q235 steel (0.5 mm) 3697.1 0.650
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Protective Properties of Metal/ CFRP Composite Laminates
Subjected to Underwater Contact Explosion

ZHAO Yuxi, YUAN Haotian, WANG Xumin, ZHANG Zhifan

(State Key Laboratory of Structural Analysis for Industrial Equipment, School of Naval Architecture,
Dalian University of Technology, Dalian 116024, Liaoning, China)

Abstract: Carbon fiber-reinforced polymer (CFRP) with excellent blast-resistant performances is gradually

applied in the anti-shock design of warships. In order to investigate the protective performance of

metal/CFRP composite laminates subjected to underwater contact explosion, a fluid-structure coupling

numerical model was established based on arbitrary Lagrangian-Eulerian (ALE) method. The deformation

and energy absorption characteristics of laminates were analyzed, and the effect of layup types on the blast-

resistant performance was compared. The results show that steel-CFRP-steel structure had better blast-

resistant performance. On the basis of this structure, the optimal thickness ratio was given as 1.1 : 4.0 : 1.1.

Keywords: carbon fiber-reinforced polymer; contact underwater explosion; laminate; blast resistance

performance; energy absorption

065101-14


https://doi.org/10.3969/j.issn.1003-1480.2020.04.013
https://doi.org/10.3969/j.issn.1003-1480.2020.04.013
https://doi.org/10.3969/j.issn.1003-0999.2019.09.003
https://doi.org/10.3969/j.issn.1003-0999.2019.09.003
https://doi.org/10.3969/j.issn.1003-0999.2019.09.003
https://doi.org/10.3969/j.issn.1003-0999.2019.09.003
https://doi.org/10.3969/j.issn.1003-0999.2019.09.003
https://doi.org/10.1017/S0022112005005306
https://doi.org/10.1016/j.ijimpeng.2003.01.001

	1 基本理论
	1.1 水下爆炸冲击波载荷
	1.2 气泡脉动模型
	1.3 材料模型

	2 数值模型
	2.1 数值验证及模型网格
	2.2 工况设置

	3 水下接触爆炸对不同铺层方式层合板的毁伤
	3.1 冲击波作用下靶板的响应特性
	3.2 气泡脉动作用下靶板的响应特性

	4 水下接触爆炸对不同厚度层合板的毁伤
	4.1 水下接触爆炸作用下不同厚度层合板的变形特性
	4.2 水下接触爆炸作用下不同厚度层合板的吸能特性

	5 结　论
	参考文献

