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Fig. 1 Structural forms of core layer unit
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Fig. 2 Cross-section of sandwich panel structure
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Tab.1 Relationship between grid size and center

displacement of lower panel

g g PEBTCOE /mm gy gy
7 mm R EBUE W/%  BfE/h
1 20 50.0 48.9 —2.2 6.0
2 30 50.0 48.3 —3.4 4.8
3 40 50.0 42.1 —15.8 3.3
4 50 50.0 39.5 —21.0 1.5
5 60 50.0 37.3 —25.4 0.9

P 3 R 4 300 R T R R AR R AR TE X L
PRI e 38 A2 T LB, AT ep AT L, ALE 55095 19
HUE B EE R 5 B0 25 R R — B, e R M iy 28
TR AESEA W) A, AT LUK S AS SCRCEBE AU 5 % fiE

(a) IKE SR K (b) KR A 01445 2R 1R
B3 BEREHLE

Fig. 3 Comparison diagram of overall deformation
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Fig. 4 Comparison diagram of local deformation
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Fig.5 Finite element model of sandwich panel
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Fig. 6 Flow field and explosive location Cunit: m)
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Fig. 7 Flow field finite element model
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sandwich panel
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Fig. 9 Dynamic response process of U-type sandwich

panel under explosion load
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Fig. 11 Velocity response time-history curves



5 230

IHFE: MAATHRE U R KBRS KRS Bh kit 199

0 5 10 15 20
t/ms
W12 ek e pL At A2 b 4

Fig. 12 Acceleration response time-history curves
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Fig. 13 Energy absorption curves of core layer

in sandwich panel
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Fig. 14 Energy absorption ratio of each part of

sandwich panel
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Tab. 2 Dynamic response of sandwich panel

JER BAAR/ HEEWEAE /R / M EE /]

B3 mm (mes 1) (km =+ s 2)

U i 46. 0 28.4 137.7 45 300
U-X #l 38. 8 18.6 74.2 56 720
U-w 1 40. 5 22.3 79.3 52 920
U-K #Y 45.1 17.8 89.1 55 921
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Tab. 3 Factor level table

S
KF O AGsRE BREE C EERE D F B
B /mm FZ/mm B /mm & /mm
1 70 1.5 2.5 2.5
2 80 2.0 3.0 3.0
3 90 2.5 3.5 3.5
4 100 3.0 4.0 4.0
k4 EXRBFTE
Tab. 4 Orthogonal test protocol
B KF B
i HZ A HZEB WEC WED WZEE HREHE bR F
1 1 1 1 1 1 F,
2 1 2 2 2 2 F,
3 1 3 3 3 3 F;
4 1 4 4 4 4 F.
5 2 1 2 3 4 F;
6 2 2 1 4 3 Fg
7 2 3 it 1 2 Fy
8 2 4 3 2 1 Fg
9 3 1 3 4 2 Fy
10 3 2 4 3 1 Fyo
11 3 3 1 2 4 Fi
12 3 4 2 1 3 Fiy
13 4 1 4 2 3 Fys3
14 4 2 3 1 4 Fy
15 4 3 2 4 1 Fis
16 4 4 1 3 2 Fis
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R/MEZ 2.

t e 22 0 M il 50, R, >R, >R, >R, Bl U-X
RUJE R 4 ASBETE SO0 Bt 1 B 41 8 52 1)
FWMF Rl 2R N E L R R R, -
T AR S B U-X B e 2 A s A ) ROST 4 & s J2
JEREE 1.5 mm. o 2 & 100 mm, T @A R B
3.0 mm. FEHJEE 3.5 mm. £ 6 PSITHIRE
e/ BRI RE IR 4 AR R Z 18] I A8 BAE .

%5 UXBXERERKRER
Tab.5 Orthogonal test results of U-X-type sandwich

panel

W (ifs/  WEE/ nEREE/  REMR KER BB
5 mm (mes ) (kmes 2) WAE/] i/ ke fRIGAT F

1 64.7 21.7 51.2 61 930 79.8 0. 230
2 46.8 18.9 88.1 60 300 101.1 0.272
3 39.1 19.9 82.0 52 840 122.5 0.402
4 28.9 20.3 93.8 45460 143.8 0. 537
5 44.5 22.7 71.2 62 380 92.9 0.190
6 42.9 22.5 81.9 64 060 106.8 0.268
7 37.2 18.1 82.1 50 350 120.8 0. 380
8§ 30.7 18.2 87.4 55380 134.7 0. 384
9 32.7 18.5 69.1 60 900 102.1 0.123
10 29.1 14.8 64.9 55220 116.6 0. 189
11 40.1 20.6 83.8 50 860 115.3 0. 391
12 31.0 18.5 85.0 46 240 129.7 0.428
13 30.3 15.7 60.0 61 960 99.7 0.038
14 37.2 17.2 80.3 58 520 106.8 0.215
15 30.2 17.2 90. 8 46 450 129.6 0.417
16 27.4 23.0 93.6 52 430 136.6 0. 448

®6 EXRBEWESMNMER

Tab. 6 Range analysis results of orthogonal test

G K K, K; K, ki ks ks ky R
HZE A 1.442 1.223 1.131 1.120 0. 360 0. 306 0.283 0. 280 0. 080
H%E B 0.582 0. 944 1.591 1.798 0. 146 0.236 0.398 0. 450 0. 304
HEC 1.338 1.308 1.125 1.145 0. 334 0.327 0.281 0. 286 0.053
K% D 1.254 1.086 1. 230 1. 346 0.314 0.271 0. 308 0.337 0. 066
HEE 1.221 1.223 1.136 1.334 0. 305 0. 306 0. 284 0. 334 0. 050

4.4 IRAESSRYIE

Bz B g iR E T U-X Bk R
Bt I B RS 245 4T of A S A I A A7 BR ST A8
RUHEAT R T B KE B S A5 R L3R 7. 1k

* 7 EXRBIF

Tab. 7 Orthogonal test verification

SRR R TR
WhE/ B/ By ik
J kg  BEFEIR

56 720 102.2 0.215

U-X# i/ #EE/ o g/
FKZEHR mm (mes ') (kme s ?)

fhfkni  38.8 18.6 74.2

fbim  32.3 15.1 66. 1 63 450 95.8 0.017

Ja ) U-X BRI J2 A e 48 B 97 PR R s s 0. 017,
ANTARARHT e JZ M i, Ul AL Ak s 19 e = AROK TR
DURRE RE B e 2 ARCAT BT 48 vy 5 0 AR ) e J2 Al i
Ji e P e SR BRI T 6. 300, W 2 T R JE MR
AL AR OK.

5 &% ®

(13 Fdlet e )2 M5 It U B e J= Al A 22
FERFAEAR L, 20 AT SR < Je JR AR AR 32 B K T K A e
oy I b AR AT AR A A BT AR L e 2 AR R
T DX SRS T i K 5 U 2 45 A 7 A T A8 i O I i
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KR4 fig i, A 15 b 1 AR 2 2 A AR 0 e o A 208
JIN 5 08 2 G R B R e 2 AR G B AR L /NS IR
Pt A ) DG SR .

(2)3 P 83k e )23 M i) e 8 7 4 M B 3 A T
PE . & A i U-X B S J2 M 048 B b 1
e i, 2ot i, U-X B9 32 J2 M b 1 A A7 7% AR
b U RIS 2 TRHET 15 7%, ETHT
34.5% N E W REHE B T 25, 2%, 7E B e )2
tER G Re AL,

(D U-X B2 4 AV S5O B 8 B
PP e S e 1Y Y RS R R SRR
T AR JRE B L b TR R U-X A e 23 A A 1 R
STHARASZEE 1.5 mm B2 S E 100 mm,
THMEE 3.0 mm, FEAREE 3.5 mm. £ 5
WE LAk U-X #8320 5 4 L st Je R A e ik 1
6. 3%, /K T HUHR I AR A 5 2 At A B A B

(4) B e 23 Ml AN A B BT 2 5% R e A8 R
Y AP T HL R 3 T2 3R O6 U0
ALt e B AR A AR R AR T S B ) Al o L TR
PO B 4 45 A 1 FH 7 T B R G Y I S, 0k
JE AR B AT N A
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Structure improvement and parameter optimization design
of ship U-type sandwich panels for underwater blast resistance

WANG Xiuyong', LI Kai"', YUAN Zhijiang’, JIANG Xiaogang’, XIE Baojun’

( 1.School of Naval Architecture and Ocean Engineering, Dalian University of Technology, Dalian 116024, China;

2. Department of Navigation, Dalian Naval Academy, Dalian 116018, China )

Abstract: It is of great significance to design corresponding protective structures to reduce the
damage of ships caused by underwater explosion shock load and improve the vitality of ships. Taking
the U-type sandwich panel as the research object, the traditional U-type sandwich panel structure is
improved, three improved U-type sandwich panel structures are proposed, and the arbitrary
Lagrangian-Euler (ALE) algorithm in the finite element software LS-DYNA is used to analyze the
displacement, velocity and acceleration responses and energy absorption effect of the three improved
sandwich panels under the underwater explosion shock load. Compared with the original U-type
sandwich panel, the improved sandwich panel with the best comprehensive performance is found.
Finally, the sandwich panel with the best performance is optimized by orthogonal test, and the
priority order of the impact of the design parameters of the sandwich panel on the blast resistance
performance and the optimal size combination are analyzed. The analysis shows that the displacement
of the upper panel of the improved U-X-type sandwich panel is 15. 7% lower than that of the U-type
sandwich panel, the velocity is 34. 5% lower, and the energy absorption of the core layer is 25. 2%
higher. The comprehensive performance of the improved U-X-type sandwich panel is the best. The
optimal size combination and design parameters of U-X-type sandwich panel are as follows: the
thickness of core layer is 1. 5 mm, the height of core layer is 100 mm, the thickness of lower panel is
3.0 mm and the thickness of upper panel is 3.5 mm. It is verified that the mass of U-X-type sandwich
panel is reduced by 6. 3% after the optimization of size. and the blast resistance performance is also

significantly improved.

Key words: sandwich panel improvement; underwater explosion; protective performance; parameter

optimization design



