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Abstract: All-metallic honeycomb sandwich structure is a new kind of ship protection structure, which has a broad application

prospect in the field of ship protection. However, there is not enough research on the dynamic response of honeycomb

« UgFSHEHER: 2020-10-16; 1&EIHER: 2021-01-14
HEEWH: FEFARBFHE4 (11972185, 12002156, 12072250); [ -1 5 Bl 24 £ 4 (2020M671473) 5
R 2 A B A% B R G R i I K T N S O & T iR 4 (GZ2019KFO015)
F—1EH: FBTMO1996— ), B, Wi+, wzh123@stu.xjtu.edu.cn
BIEEE: BIRF(1986— ), F, {1, sufengxing@foxmail.com
FARAE(1964— ), 5, Wi, #d7, tjlu@nuaa.edu.cn

083104-1


http://dx.doi.org/10.11883/bzycj-2020-0392
http://dx.doi.org/10.11883/bzycj-2020-0392
mailto:wzh123@stu.xjtu.edu.cn
mailto:sufengxing@foxmail.com
mailto:tjlu@nuaa.edu.cn

5 41 45 BT, 5 SR RIZEHPUK T IR % 8 1

sandwich structures under an actual underwater explosion load. The dynamic behavior and protective performance of
honeycomb sandwich structures subjected to the underwater explosion load were investigated, both experimentally and
numerically. A backplane stiffened honeycomb sandwich structure and the corresponding buoyant box were designed and
fabricated for the subsequent experimental study in a large open water pool. The structural response was numerically simulated
by using the coupled acoustic-structural approach (integrated in commercial FE code ABAQUS/Explicit). The numerical
simulation results are in good agreement with the experimental measurements. Then, the deformation process and energy
absorption characteristics of the honeycomb sandwich structure subjected to underwater explosion load were investigated. The
effects of the load parameter (impact factor) and two geometric parameters (i.e., facesheet thickness ratio and core relative
density) on the dynamic response of the sandwich structure were analyzed. Finally, the Pareto optimal designs with minimize
value of non-dimensional areal density and minimize value of non-dimensional maximum deformation of the central point on
back facesheet were obtained by using the NSGA- Il algorithm. The results show that with the increase of the impact factor,
the overall deformation of the structure increases significantly. The honeycomb core is the main energy absorbing substructure
during this process, and its energy absorption ratio gradually decreases. With the increase of either face sheet thickness ratio or
core relative density, the deformation of the structure first decreases and then increases, accompanied by changes in
deformation modes. The influence of core relative density is more significant. The optimized structures obtained from multi-
objective optimal design effectively reduce the areal density and the maximum deformation, which can be used as a reference
for the future design of honeycomb sandwich structures.

Keywords: honeycomb sandwich; underwater explosion; coupled acoustic-structural simulation; optimal design
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Fig. 1 Layout of underwater explosion experimental setup
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Fig.3 Schematics of a honeycomb sandwich panel and its unit cell
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Fig. 4 Fabrication of square honeycomb cores

1.3 SCIGEAEIRIT

AR L5 B HR BRI, R IR/ N KT B 7 A B AR 0T 5 A T N 45 e, SE S iR T TNT 245 Gl Tl
IEXTREERKE . T T X B IFAS, TRAA MK 2.0 m, 5 3.3 m. B 1.0 m AR T IRFE IR ZE ¥, B Rk
FH 304 AN, VEFA B RIAR BN 12 mmo A 7 Lk TR AR AE B K vl D AR R P AR IR, AR VR A AR
A58 120 mm, JE 12 mm BINER AT, H2s WG K 5 s . SR, ST kK T BREE S A ik A A D7

083104-4



%414 BT, 5 SR RIZEHPUK T IR %8

TENTERE, TEPRAR EnEr o o e 46 00wl BE T o Cover
I, LB H S R . VR A 5 BRE 2 1l S
i 32 4> M10 SR % 4 O DRIIEJK B 1E, TR PR A
SRz B EAR AR . O PR UE IR 7Y B
A B AR O AR5 PR A i A
KA B, B Al L R AR A s il o 5341,
TETFH B R IR A 3 A T, AR
PRASTE IS R 1) 30 S8 20 ) S HE A T, AT
Bij L AE 15 P A 2 ) ) e R R B B BT . AR I
SEH R, AR EEIIREN T (AR S
B, W R AR B — 7 04 [ A, [ e A )5
BB IR AE BUE YK T ALE (2) N B & ik
S5 K g iR P BT A5 AL R 2R AR (3) BRAIESE 58 5 TFAREA

w7 o Fig. 5 Schematic of the buoyant box

2 HEEH

Ry i — 2GS AN A5 4 R W S e SR SE R AE K T BRI BT AR R B AR TR B R AR L LT S0
Hopi bk RE R RE i, AR 38 33 7L A BRIC /BT R Abaqus/Explicit, SR P R 51 6 45 44 11 3h 25 iy
N AT EAE A
2.1 ARTEE

SR FH 75 TR 5 v AT 7K K ok o 7 43 A B, SRR 14 S — Bl s A T, e i e 7R AE BT
% AR RS AR B L 328 FE 11 AIVE T, A2 7= A A%, AR R 2 DR oy 8 e TRk i o s 3 440 B e ) R 4 i
FEAKAR I, BRI A RO, E AR R, B i Oy iR A TR AR A N YT
FRR A A0 BT /K T MR KE IR, B R Abaqus $2 46 B I FR 5 e B A SORHEOE AR . M FHk A,
S 3R] 2 PR 119 25 PRI B Y AR 7 X 45 g i) SO ) S ) o AR SR SR RV A 3K TR 9 2 AR
FEFIEE R 0 MPa. B 6 45 1 T A BROTEE AL /R B, AL 3 AT a5 i A al, RIZK S, 7740 SR
TR, PR S 0 LA RS 5 SEBR— 350, (G2 4 e g e A i 7 Ak A 21, R 220 A% il 7 O 2% 11
G RATE S, AU T A B YA T -, ISR 25 3 3 2 (B] Ry BRARGE 4% . KK S8R 7 m,
N 8 mo AR K VR (2.825 m) 55 5L PR L
55 1 WUME A R o 48 FE JR A5 (source point, B
TNT 254k 0, UL E 6) 1 B K 38 2 A1 K 1E
SRR A EE 3.2 m &b (7=3.2 m), BRI N
(standoff point) 3% HUZE I 14 - 25 A R - 1T L FE 2

Facesheet

Stiffener

Bulkhead

I-beam

V0

esrrgy, ———|

Free surface

Non-reflective ource
P B 5 53U 14 5 BV RE 2 T 1 v 2, DL boundary “poin
Bl 6) . KR B N[ R, AL
T R JE S S ISR (tie) $Efi, ke
1 5 R A8 2 1 0 3 4 Sl FIAR 46 5 .
W0 537 T, S Fi AC3DA 742 U T A 51 70 % 7Kk 0§m
SR RS S 4, I -2 R R 5 THT A £ 0 A z
B, kS RS B 8 mmy 7K 0 25 17 1 PR DU N reave

R, PIA% R SF 38 60 mm., R JH S4R 7B

— gt ; - . Ko ARIuHiA
TUXIARRAFFIE R REA T WO RS 30 23, S 8 454 4 10

Fig. 6 Finite element simulation model

083104-5



5 41 45 BT, 5 SR RIZEHPUK T IR %8

R RS, R G T 2R AN [) R ks ROSF 53045 21 A i T A 0 s 2298, A 7 Bivs ol B, A RS e HC
8 mm [, FE— 2 AR S G5 AT R IR AN K, PR 355 s U RS S 20 8 mm.

140
120 ¢
g 100+
£
£ sof
=
E 60f
uq-o) —— 6mm
QO 40t —— 8 mm
—— 10 mm
20| —v— 15 mm
0 5 10 15 20
Time/ms

B 7 RIS o

Fig. 7 Mesh convergence analysis

22 MRIESH
SR FH R A 3 0 A A TR AR 4D i e 5 S ARV A 11 304 NGB, B SEUR IO : %%, 7 850 kg/m’s
FPERLE, 210 GPa; JAFA EL, 0.3; JE AR N 77, 200 MPa; ¥ MEam Ak B B (DI 265, 2 GPa. 304 ANE5H M N
AR BEAH AL, I Bl A T AR B 5 N AR 2 ] O R Y Ry
(o (8p1, épl) = K(épl) o} (3pl) 3)
Kr: oy Moy 5390 S A RHE — 52 S8V W A8 T (1) £1 304 FEGMR RS K
Bl A T IR ek 8 R o S S IR SR, e, R &y 43 5]
Shy BRIV A R A 2R 5 KAy o AR SR AH 5 PR A, H

Table 1 Strain-rate parameters of 304 stainless steel"”!

31 F1SCHR [19] A2 | oho . SR SRS m =
A B ISCIE 4L R T B 0 550 £ . .
W S, A BPRE S 8O 955, 7 850 ks N »
HEBERE, 181 GPas 1A He. 0.3 i IR 7 ), y -

400 MPa, LAk, 2 SUKIRFRL EEN 2.082 GPa,
R 1000 kg/m?, 7R K o AL R EE R 1500 my/s
2.3 K TIBIERT

SRS AT AR P, KT R K e U R R AR T RN IR R AR . RS TR S BT
STEG ST S TR D A R Heh, TNT BRIE e 25 7K TR B e i 7= A= i b ol s T 5t
DR ST /N WS § (57 =W

P €70 0<<r<<9
n= 0 \"” 1
P 038@%,-[1—(—) ] o<t1<it, @
t t
1/3 1.5
441 x10( Y 6<F<12
r
Pm = Wwis\L (5)
524x1m( ) 12<7<240
r
0.45% 10775+ (7" F<30
=1 35.20. Jlgr=009 >30 ©)
Cc

083104-6



5 41 45 BT, 5 SR RIZEHPUK T IR %8

tp=(%—%—lf%§+%+n.4)% ) 1;‘
A p(o) R E S1, Pay p,, 4 bl R g Jtof )
{H, Pas 0 Sy I 1] SEWE 4, 7275 o Bl R 1 A0 z
EE T p, FBEZE p, /e s BIITE], s5 ¢, A vhdi é 6l
U IE FE BT L, s5 W TNT 256 i £l T e
kg r A0 S R AR O R B, my v, S TNT BRIE 2% Sl
AR, my 7 IR IE S 2R 2 L s . , , , ,
e MK, —BEHUL 500 m/s; oA TNT %62) 0 02 04 06 08 10
oAb R B K TR 5 KR 2 L fimelms

'8 %t = 6 m &b FE 73 2 9 ot P P8 RIS Mt LI I B 2
Hﬁ%ﬂiﬂﬁ%ﬁ’]%%ﬁ&fil’aéﬁ%, Vﬁ%%ﬁ Eﬁ%o ﬁ Fig. 8 Shock wave pressure-time curves

at the pressure measuring point

FRICHE I, S AT A 7= 3.2 m B IE 25 Ak vl
W R 0 BRABAE, W {E R J1 M 25.81 MPa, I 8] 28085 %M 0.17 ms.

3 4RSS

3.1 LW RBEHERSH

]9 4 H W 5% e R RE R AR K T R HE il ok 8 mr VR FH T Wi/ TRTASE F O A A8 T B R gl 2 ) A AL 25
S0 28 I, ARG/ T AR PO S R AR AR TE A B 123.4 R 119.1 mm, 5 22 X% I (A 4045 R
9 120.5 F1 120.0 mm, FBEALLTT 5 7 e 6 0 A s 400 A8 T A 2 30 48 SR /0, JFG D DR ASE UL 31330 o oxe e s A
T R Ak, 2006 T Rs A 7 T8 A5 3T A kB v AR AR R AR T R PG, S BRI R 480 2 far A TR

140
120 a— s
g 100
% g0l — Simulated deformation
-% of front face
E 60| — Simulated deformation
(,g of back face
a 40+ --=- Measured permanent
deformation of front face
20 -=- Measured permanent
deformation of back face
0 5 10 15 20

Time/ms

B9 FEORRT, TR PO ST AR 2

Fig. 9 Deformation-time curves at the central points of the front and back faces of the sample
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Fig. 13 Acceleration-time curves at the central points of the front and back faces of the honeycomb sandwich panel
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Fig. 14 Energy absorption curves of the honeycomb sandwich panel and its constituting sub-structures
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Fig. 15 Effect of the impact factor on deformation and energy absorption of sandwich structures
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Fig. 16 Cross-sectional morphologies of sandwich structures subjected to underwater explosion for different impact factors
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Fig. 17 Effect of the facesheet thickness ratio and core relative density on deformation of sandwich structures
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Fig. 20 Flow chart of optimization methodology
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R U SEAR 7 5 SRR — 3 15 0 g e JR S AR 7 AR T IS AT BE/INAY [R] I B IS AT R/ INAY BT
T, DU e SR MR TR o s AR I S KA T i A i 6, /e FNTE % TG B 40 5 M/ (oH.) R Bl br i g, H
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(11)

(12)

Ky 5o 9 AR ARERLAE S | RRAEL 2 SR S S (E RN AR B AL () B, N R SRAE AN B AR SO L
PTG 22 2R E0CR 0.980 5, P AR IR 254 0.030 6, e K48 X E 43 FbiR 254 0.109 1, YYEn #2352 Ju il N, &
B A BRAR R AT v 2 s HARPRER 6, Ja S BETAE & w/H,. w,/H, Fl w/H, Z BB KR .

%£2 FHAREMNHOGRTENER

Table 2 Sampling points and corresponding numerical results

PRIE e wy/H, wy/H, w/H, Sl FHE RS w\/H, t,/H, w/H, -
1 0.025 0.045 0.038 0.094 31 0.109 0.041 0.063 0.060
2 0.113 0.117 0.042 0.047 32 0.038 0.041 0.023 0.093
3 0.089 0.057 0.013 0.093 33 0.061 0.129 0.054 0.053
4 0.101 0.021 0.040 0.082 34 0.033 0.093 0.025 0.081
5 0.113 0.085 0.058 0.046 35 0.101 0.045 0.044 0.063
6 0.105 0.089 0.017 0.076 36 0.109 0.065 0.009 0.096
7 0.097 0.061 0.032 0.064 37 0.049 0.113 0.034 0.065
8 0.053 0.061 0.036 0.067 38 0.121 0.109 0.011 0.084
9 0.097 0.125 0.038 0.050 39 0.069 0.053 0.032 0.069
10 0.081 0.101 0.017 0.077 40 0.017 0.089 0.025 0.114
11 0.029 0.061 0.050 0.077 41 0.073 0.025 0.023 0.094
12 0.053 0.029 0.027 0.094 2 0.077 0.041 0.021 0.084
13 0.041 0.081 0.048 0.065 43 0.089 0.133 0.030 0.057
14 0.045 0.077 0.056 0.062 44 0.065 0.029 0.067 0.072
15 0.133 0.073 0.021 0.070 45 0.037 0.049 0.019 0.096
16 0.053 0.017 0.046 0.096 46 0.085 0.097 0.042 0.051
17 0.021 0.097 0.052 0.077 47 0.077 0.057 0.050 0.057
18 0.057 0.069 0.027 0.070 48 0.081 0.109 0.030 0.059
19 0.073 0.085 0.046 0.053 49 0.029 0.049 0.061 0.078

20 0.125 0.069 0.065 0.047 50 0.093 0.025 0.007 0.120
21 0.125 0.105 0.036 0.068 51 0.061 0.081 0.054 0.055
22 0.069 0.093 0.065 0.050 52 0.057 0.105 0.036 0.061
23 0.121 0.121 0.048 0.044 53 0.041 0.073 0.040 0.069
24 0.065 0.113 0.063 0.051 54 0.021 0.117 0.052 0.074
25 0.017 0.017 0.011 0.182 55 0.129 0.021 0.015 0.096
26 0.085 0.129 0.058 0.045 56 0.049 0.133 0.034 0.064
27 0.037 0.121 0.013 0.093 57 0.033 0.037 0.015 0.116
28 0.117 0.037 0.067 0.061 58 0.117 0.033 0.019 0.099
29 0.133 0.033 0.061 0.063 59 0.105 0.125 0.056 0.042
30 0.025 0.101 0.023 0.089 60 0.129 0.053 0.044 0.058

43 ETF NSGA-I EZXr% BArfiik
TE R Dy A AR B TR 2 J5 A9 R 3K SZ B HE P 1845 Bk (NSGA- T ) SR fif £ B br A 4k ] 8
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Parcto i 18 21 FF . AT FL B B 6,0 1 (pHL) 3 TS AA TS 3005 500

A; ) —57.477( Al-ll ) +56.028(

Cc

Omax =0.328-3.907 M + 22.047(
a H

C

7\
C Hc) (13)

2 AP 18 E REL(RY) 2 0.999 8, & LAUL B HMERE . 30 UE bR OR fb 25 5 0 v ff 1k A A
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P Z R 22N T 3%, RIWIPLALZE J T . 7R SO S 00 45 44 1) 1F1 9% B TC it 40 i M/ (pH,) R 0.167, )5 1
Bt s BB B RAB TC i A E 6/a 7 00920 Ry T XHRAL G BO S5 #E 5 IR 45 A HEA 70 1L, TE & 21 kg
W T SIS RE R TR L A a5 . R R AT DL Y, A3 FE S S SRR 1 A R ) B4 S AR PO A R KA TE 1)
TEOLT, T 25 B AR SE AR08 T 31.1%, s 4 765 SEIRAE (R 3 A AR W) 0% 1 %% B8 A 00 T, i T Al P
SR RARTE AR LI I T 26.1% 0 AL 45 3 FHAS 4 oo (B] A9 R X D S B0 A A2 () B 22 B 7 B /)
) TR 45 A T M R T, S RS 448 A ) S TC i, T Pareto AT L T2 XA S SRS I RE 1 G IR S
fit . P22 451 T Pareto FefL 45 3 N IHAS & w/H, wy/H, Ml w/H, 5 BFr&E 6, /a Z AR R .
FE T AR R B, ) e Se MR U R 1 2, i 5 R 1) T % B IC i AN e M/ (p L) 350HE 323 FRL N 1 Jie o R AR JE TG
WG S, /a, BT R AR R S5 S, DA AR A DL ARG #a) o B A, 2500 s 15 34t 44 T 2
MY T i B M [ (pH,) 9 0.15, AT B el G & 21 A=K (13) 3K A0 A 28 A8 X 7 1) J T Al e R 728 TG k49
Sy FAE N 0.072, 2350 3 ] 22 4% %F Ry (0 8 A8 B w /H . wo/H, A w /H, (EUE, 53514 0.051,
0.052 1 0.035, i 45 2 By 314 RE e L 2548 i) LA R 280, P Al 2t SR X e 5 e 2 25 A ) i AV — 1 5
W {H.
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Fig. 21 The Pareto fronts for the present multi-objective optimization problem

®3 MUERSEULERIIEE

Table 3 Comparison between optimization solutions and numerical results

O/
TR w/H, wy/H, w/H, W/(pH,)
i A BR/%
1 0.017 0.017 0.007 0.043 0.197 0.195 1.02
2 0.133 0.133 0.067 0.359 0.037 0.038 -2.70
3 0.039 0.041 0.023 0.115 0.092 0.094 -2.17
4 0.058 0.063 0.031 0.167 0.068 0.067 1.47

083104-14



5 41 45 BT, 5 SR RIZEHPUK T IR %8

0.20 0.20

0.15} Lﬁ 0.15} l

3 . = s

£ 010} k%h £ 010} l"@&‘
iy, M,

0.05F S 0.05F e, o

0 0.02 0.04 0.06 008 0.10 0.12 0.14 0 0.02 0.04 0.06 008 0.10 0.12 0.14
wy/H, wy/H,

0.20

0.15F \;a
ok

%
M"‘h*

0.05F P~

o/

0.10 1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
wJ/H,
P20 SBRARAERE L w,/H, . wylH, B w/H, 5 6,/ Z %5

Fig. 22 Relationships of w /H_, w,/H and w/H_ with §,./a obtained from corresponding optimization solutions
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