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Fig. 1 Cross-section of sandwich cylindrical shell Fig. 2 Composition of sandwich cylindrical shell
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Table 1 Material properties of AA6061 aluminium alloy

Density/(kg-m) Young’s modulus/GPa Initial yield stress/MPa Ultimate strength/MPa Poison’s ratio
2.7x10° 68.2 227 282 0.3
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K HE KAL) E Ty 7 %) AA6061 585 4 AT UIE, il & AR A 15, 25 F1 35 mm (92 m] H 25 il
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Table 2 Wall thickness and mass of sandwich cylindrical shells and its components

t/mm m/kg
Item
R=15mm R,=25 mm R,=35 mm R=15mm R=25 mm R,=35mm
SCS 1.00 1.08 1.11 0.102 0.103 0.103
IS 0.96 0.98 1.04 0.010 0.018 0.025
CS 0.96 1.04 1.10 0.058 0.046 0.037
(0N 0.92 1.06 1.08 0.029 0.032 0.032

TEE T A TR 40 250 F AT I 8 B A 72 B HLAB 1 I e 4 S 56 o R 4R SE S0 e 1R S FE 7 109 5 A4 H
ML Zwick Roell 2250 b il Ar. Bl ik &7 XV & 5 Rk Z 0], 3k PL 5 mm/min (418 & 3 & 46
WOF o YRR Rk o B 1 70% B, 4 ad B2 A sh & 1k o AR 40 AR T o 72 th B A ALIE 5%, T
REAT BRI I A9 1L SR AR 10 S5 It A 78 B AR 14 1 T R s B 508

& 6 5 M T S B0 A5 2 Y &8s B AE e S AR 1) 7 - A it 26, BT LR 21, J&0es [BIAE 72 19 I -0 78 i £k
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Fig. 4 Sandwich cylindrical shells and its components

5 ERSEG SRS

Fig. 5 Quasi-static compression experiment platform
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Fig. 6 Experimental force-displacement curves of sandwich cylindrical shells and its components
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Fig. 7 Finite element model of sandwich cylindrical shell with a inner diameter of 25 mm under axial compression
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(a) Force-displacement curves of sandwich cylindrical (b) Energy absorption-displacement curves of sandwich
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Fig. 8 Mesh sensitivity analysis of finite element model
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Fig. 10 Deformation processes of sandwich cylindrical shell with the inner diameter of 25 mm
and its components obtained by experiment and simulation
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Fig. 11 Force-displacement curves of the experiment

and finite element simulation for the sandwich
cylindrical shells with an inner diameter
of 25 mm and its components

044206-6

—o— OS-experiment
4| —=— OS-simulation
—o— [S-experiment
—e— [S-simulation
3 | —o— CS-experiment
—e— CS-simulation

= —v— SCS-experiment
5 5| ~¥ SCS-simulation
1
0 g :
5 10 15 20 25 30
Displacement/mm
12 SCEAA BRITEAUSARAY AR 25 mm

SR AL 72 b HAA 1 BE B O F 1 22
Fig. 12 Energy absorption-displacement curves
of the experiment and finite element simulation
for the sandwich cylindrical shell with an inner
diameter of 25 mm and its components
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Table 3 SEA comparison of experiments and finite element simulaitons of sandwich cylindrical shells and its components

Eg, for R=15 mm Eg, for R=25 mm Eg, for R=35 mm
Name Exp./J-g") Sim/(J-g") Error/% Exp./(J-g") Sim/(J-g") Error/% Exp./(J-g") Sim/(J-g") Error/%
SCS 34.82 31.70 —8.95 37.14 37.87 1.93 3291 30.50 =791
IS 30.43 29.69 —2.43 21.16 22.93 7.73 18.54 18.89 1.84
OS 15.23 15.01 —1.46 16.49 16.14 -2.17 15.48 16.45 5.93
CS 21.18 24.44 13.36 26.12 28.10 7.05 23.85 22.63 -5.39
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Fig. 13 Simulated force-displacement curves of sandwich cylindrical shells and its components
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Fig. 14 Simulated energy absorption-displacement curves of sandwich cylindrical shells and its components
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Fig. 15 Simulated specific energy absorption-displacement curves of sandwich cylindrical shells and its components
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Table 4 Energy absorption performance indicators of sandwich cylindrical shell

25 35
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Fig. 16 Simulated SEA of sandwich cylindrical shells
and its components with different inner diameters

with the inner diameter of 25 mm and its components

Item mikg E, /K] E,/J-gh p/kN .
SCS 0.106 4.02 37.87 217.36 0.59
IS 0.018 0.40 22.93 33.27 0.38
(0N 0.032 0.51 16.14 57.10 0.28
CS 0.047 1.69 28.11 92.15 0.45
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LA, IR T T AT by S St 45 40 B S M AT L2 88 o 45 R ) I RE AR
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Fig. 17 Deformation of sandwich cylindrical shell with the inner diameter of 25 mm
and its components at a displacement of 31.5 mm
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Fig. 18 Ideal folding process of a basic folding element
I RE Ey AT LSRR N
Eb = Z Mob,'ﬂo (8)
i=1

K 2 AT PATTII B, o R 2 AT R P B A E RS s b R IT B AR K B M, = ’%, Hrp,
oo IR S F1 o AHIFFE i, ol R IR 5 o, RN BR 58 B oy 14 S 4 (B 1S SR SR T B A
o= (o +0y)
0 — T
K, AA6061 515 & BT Bl 1 J] oy R 254.6 MPa.
ERAP B R ITCNIT LR, Boe e 2P, BIE 18(c) Fin il 4 A ERE MR R 900, B 45
ST A AR T AR ARL, TR 4 2 il e AT LR R N

)

044206-9



3746 AR I S B AT: T Y R A il e W R S 54

E, = 2nBM, (10)
e B I IR R S R AR R K A 25 (1) At ), AL T A B ik
RH
B=2T(R +Ro) + j(j“ VX2(6) + 72(6)d6 (11)
K X @)Y (0) 5510 X (0)F1 Y (0) % 011 T4
52 BRI EE
MEARTE RE B S5 M TR ALA . SRR ~ - 4—panell
AR TG I IR AR IE fig, AR 4 J& 08 (B A 72 114 A 1T 1
B, 4 11 BT R 43R 4 THAR £ 87T (4-panel) Fl , gl S
B .7 (circular element) PRI IEA KA. fE—4 { ‘\“‘\\
S AESE T, 4 WA M T e e sk aE by [ Y
JefaNTR o ARPEIE MR, K 4 WA ROT S
M 4 AR FA 898 1(4-panel 1) F1 4 [ Hz 1 20.5C 2(4-
panel 2) . AN[RIZEH ) P oTan &l 19 Frs . !
(1) 4 TH b ff1 B oC I B AR Y BE ‘
4 THT AR A2 B8 phy 1A 25 i A R A (59 ~— S
RALA . B S5 1 T 5 R P e T MBSl T P HE 19 ot

Circular
element

e B e 2 A A R TT N A8 B X, 9T ELT R X R Fig. 19 Types of comer element

43 P 5 2 5 A A T AR B R AT O TR, R
pH oA P e TR S s Ak F) U0 AR ) R AL T 0
SERAIAT AU R R N A 20 B R, fRTAK IS B0
4 THIAR S BT 4 A B IR ZH A

4 THI A AR BT Y R AE B U

2
gL L)
t cosf

4-panel 1

=

lSimplify

e g M8 20 s PSR Z ) B4 £, R AE
B A

(2) BB BT Y AR IE e B
X BE BT, B e A 2k o B B o0 #E 4T e 20 4 TR SICHY A fL it
?ﬁ’ﬁ?ﬁ 1‘13 ﬁﬁf':d:, E%/I\@ S0 it R s ﬁ/;$ Fig. 20 Simplify process of 4-panel element

TR B RE AR HA X Sy
MM, A2

Eﬁlrcular -
t

(13)

53 FHEERAN
FR A &S0k B AT 7 1 JUATARAE , B B> Jets Bl AR 5 43y 2 S BHE 5T . N 4> 4-panel 1 Fl N /> 4-panel 2,
Fr LA, BB RE R R N
E, =2ES"™"™ y NE , + NE,, (14)
B (10) F1=k (14) fFR A (7), 15

(15)

| Mo
pm-Z/l:—(ZTrBMo+c 0 )
n

. ¢ = 16m+ 16N + 8N (cos B, +cos3,) cosB; cos By, B Fl B, 435 4-panel 1 il 4-panel 2 XF 7 {4 & £ .

044206-10



3746 AR I S B AT: T Y R A il e W R S 54

TR BT i B A A, AR P A A5 0, WT A

O0Pm
70 (16)
K (16) 153
0.5
1= (Z"CtB ) (17)

B AR (15), 15 2 B B AE FE 7R HE S 55 1F T 19~ 2 Rt ) B A =00

Pm = % \/gBo.stho_Oco.s (18)
54 IBLAXNAIIEIUE

T Sk B 2% A R K BHLIE TR (3 F- 2 1 35 7 i) 55 AR DU S 56 1) S 24 T 35 A e A, X
PSS RAN T3 5 h o A& B, PHIE TN 45 5 5 A FROTAED b S 3 45 R AT AR o 4600, BRIS T0 5 4541
YR KR 2N 5.03%, 5 5250 A RIRZE N 8.17%. I, Al RLIA A #E-S i Je ok (8 A 5e iy 1 X e 35t ) 19
HE 2 SUHAT A8 = i R

F5 ERTMNSSRE RRUERPOITLL

Table S Comparison of theoretical predictions with experiments and simulations

P/kN Error/%
R/mm t/mm
Theory Sim. Exp. Theory relative to simulation Theory relative to experiment
15 1.00 109.1 106.8 112.2 2.15 —2.76
25 1.08 115.1 121.2 121.2 -5.03 —5.03
35 1.11 116.5 114.2 107.7 2.01 8.17

6 XREHERTEHEZTHZBIRMML

AT A R 38 L A AP B IR UL AR IR, AT BT, A5 B A SOT SR T R AR A, AR
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B FbR R KL, K BEJRE ¢ INAR R, FIAME Ry E CONBCTTAE &L, DL N=12 B8 B AL 52 P58 % 42, 04T
Z HArtlAe . tefumliEie o

min f (x) = [pp(x), =Esa(x)], x =[Ri,Ro,1]"
{ 0.5mm<z<1.5mm, (19)
s.t.{ 22mm< R, <32mm,
36 MM < Rp <46 mm

T AL T M7 1% 3T (optimal Latin hypercube design, OLHD ) # F K A BURAE . 1% 5 2 A R0CR
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Table 6 Sample points and response values of sandwich cylindrical shells
No. R/mm Ro/mm t/mm P/kN Esp /g
1 23.05 37.05 0.816 154.1 43.7
2 23.58 46.00 1.079 273.3 41.6
3 32.00 38.11 0.763 129.5 40.4
4 27.79 36.53 0.711 119.2 419
5 26.74 43.37 0.974 217.1 42.5
6 31.47 42.32 0.868 170.9 40.5
7 28.32 44.42 1.500 360.6 58.7
8 28.84 44.95 0.658 142.6 34.7
9 22.00 38.63 1.237 269.4 52.7
10 22.53 41.79 0.921 208.2 40.6
11 30.95 41.26 1.289 262.3 53.8
12 25.16 39.68 0.553 104.7 333
13 24.63 43.89 0.605 132.9 30.4
14 29.89 37.58 1.184 213.8 51.7
15 25.68 36.00 1.342 249.7 60.6
16 29.37 40.74 0.500 91.6 30.7
17 30.42 45.47 1.132 258.8 473
18 24.11 42.84 1.395 337.4 52.7
19 27.26 40.21 1.447 307.0 62.0
20 26.21 39.16 1.026 203.3 48.0
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A, WA DA R T H RS B R, SORT LA 48 B () RN 7 A o fdE 3R 6 HAE A i i 18 122 o i o o] 245
SR T LR T W RE [R) A S EOR B 3RL  REBE R A 22 T 5K 3 T A% B (response surface
methodology, RSM) | 7& HL & 5 A (Kriging, KRG) . 12 [n] F& bR 4L il 25 ) 45 154 71U (radial basis function,
RBF) . SR, 3 L6 [] 0 4 BB A AR 7 S A [ i B BORs B L BB B A B AR 45 21, i TR R AL
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K R, P A Q LRI PEA I AR RS B . o R? T P S A T DURR A A R AORE B, i Q R
FH SR STAG A6 760 () Jr RS B o — k3, 4 R?>0.9, P<0.2 H 0<0.3 I, A k4 3 14 4 3008 0 ] S PR3 s,
Tl 2 TR UG BE 2SR . oK.

FF 6 PR REAS 5 DL R N A, A S 0N B A S 1) EL I e RTIGE{E H 15t 1 ) RSMICIR 550
2 Ffr) . KRG 11 RBF 3 Flp AR AL . 36 7 R, 3 Fhs LA AL A4 af 2 T R 50 R? AR 0.9, ¥ iR 2248
INF 0.1, I HAB KRAIXF IR ZHB /N T 0.2, K FE#SAE TR P00 B 30 BBl R P, DRk, 3 A Q BASE 700 0t 12
FREEOR . 2R A g 3 MR EE ALY (X PEAY F8 bR 5 & B, RSMACHLBL RS A8, i DL ik ] RSM AQ BASE 74 F
TR 53 AT o R RSM AR BIASE 7Y A 57 fidy g o7 A8 o (1) IR 23 Ry

Esa = 155.55+0.04x, — 5.99x, +23.52x; — 0.07x% + 0.03x2 + 2.09x2 + 0.09:x, x, + 0.09:x, x5 — 0.02:x, x5 (23)

Pp = 13.06-2.98x, + 1.51x, —9.23x3 +0.09x2 — 0.02x3 +26.89x2 — 0.02x, x, — 4.33x, x3 + 7.53x,.x3 (24)
:T:EIEP: XN Xy %ﬂ X3 %%Uj’? RI‘ RO ;Fl] 1
=7 RSB IS B B0 TN B T

Table 7 Evaluation of prediction accuracy of the approximation models for sandwich cylindrical shell

R P 0
Model
Dy Egy Py Eg, Dy Eg,
KRG 0.9742 0.9687 0.0458 0.0520 0.1501 0.1354
RBF 0.9951 0.9737 0.0198 0.0476 0.0683 0.1088
RSM 0.9993 09718 0.0076 0.0494 0.0171 0.1137

NSGA- I3 3 P HE v 18 1% 305 et T8 G0 i it A5 301k, ARt 2 AR O Al Il AU, 31553 12 1 P
I LA O 1 3 3 ORG JEE EOR L [RLG, fH NSGA- T A 32 B HE a8 44 58 ok A bk RSM AR B A A
NSGA- I35 1 BAR S B B A T8 8. 5 482 W5, 152 136 il ff .
&8 NSGA-NEZSHRE
Table 8 Parameters of NSGA- Il algorithm

Population size Number of iterations Crossover probability = Crossover distribution index Mutation distribution index

12 40 0.9 10 20

K21k NSGA- 1553215 21 (4 fe AL i 4 119 Pareto R 1Y, AT LWL S e (8 1K 35t 7 A0 HE % BE 2 5 1 A
L2, AR B R 0 LL R S R A, 8 2 5 | R IR (E HR 15 T B3 . Pareto FTWY A ARl — > SUAR 2
RS, vT LA 4l S PRl 02 AT R I . 9140, 356 BRI 1R 1t ) 7E 205 KN BRFSIT 1) S5 fI0 i, 6T I 1 TS
[ 4% 5 19 LA 280k R =28.94 mm, R,=36.80 mm, =1.16 mm.

Xof 356 WU S A A R AT AL B0 AIE . 7 ABAQUS R4 v, SR FH 398 B d5e £ ik o) 17 119 2 B A 7 A A5 A
BRI, 4045 3] 1) W (1 15 17 R L e W A 45 2R 5 35 L1740 Sk X 7 1 0 1S 35 1 R0 LG 7 ek R i i
AT, N3 9 Fitzs o mT LUK I, AH LT B A0, ASSLT IR0 R AR 0 W (15 15t 70 R L B o WA 1) 352 22 433
1 1.0% 1 2.9%, Ui B AL 45 R b B -

ST EW b S B AR S 4 et TR AR 5 1) R W CRE ) R T RN 25 4 A e A RICR, B IO (R 5 g
FE 205 KN BRF3UT A9 00 Ak 15 I 04 9 005 18 Ak e (R ASE J0L 8 SR 0B A 6 L, AR S5 P fige o I 9 e i IR A2 5 6 6
1 No.20 J& 00 B A 52 (L 45 BEEA T b o DA i e e B A 52 (4 ) 00 B8 i 4% W os e 1 22 v, Bk
MIEES]F 2 10 o B 22 oR, PRkl W (e R ) JEAR AN A, Sk ) i) 71 -0 B ith 26 1) ik 2 5 AT
FRY" Ko IF 10 T LAE Y, 76 [ S (E R Bt 1 F, A B T 004k A, D8 Ak 5 Je 0 5 ke 52 19 L g i oo
BT 8.75%, FXI R SR E T 4.43%, BRI T 4.35%. FTLL, 04 JE Bl S 8 B A: 58 76 32 755 g i Wi
fiE 7 4 R B 3 21 7 98 A E A
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9 HILIKISH PCF M1 SEA 5FR ARttt

Table 9 PCF and SEA comparison between optimization results and finite element results

py/kN Esp /g Error/%
Optimization Simulation Optimization Simulation Py Ega
204.1 206.2 53.7 52.2 1.0 2.9
350 @ o Feasible design —=— Before optimization
° ° o Pareto front 200 —e— After optimization
300+
150
250 - E
g 200 E
2 i E 100
150 -
50+
100+
50 L L L L 0 L L L L L L
=70 -60 -50 -40 -30 5 10 15 20 25 30
—Es,/(3-97Y) Displacement/mm
K21 eGSR REE R Pareto HTHT 22 DRARATE Y - A th Zext
Fig. 21 Pareto front of the optimal solution set Fig. 22 Comparison of force-displacement curves
for sandwich cylindrical shells before and after optimization
R 10 RUEIERUEROITE
Table 10 Comparison of simulation results before and after optimization
Case pp/kN ESA/(J‘gil) pm/kN m/kg
Before optimization 203.3 48.0 140.0 0.092
After optimization 206.2 52.2 146.2 0.088
Change/% 1.43 8.75 4.43 —4.35
7 % e

AL SR BRI BROCEU, RGENETE 1 A& 10 B 2 B 7 S HC2H IR 1 1 ol 17 o4 o 25 T 4
TR RERRE, B LA T 458 .

(1) 70 HERE [ AT 7€ B BE B WOICRE ) 75 T, &8 AL ST 4540 LE B R R oA SR ) o BRI
7o LN e M Ah 58 BA S 4F B RE I WOCRE T, AL, SIS oe B A o A TR il 4088 58 B I & 1 T T AT 2K
i e R 5 S A B IR BRI

(2) Bl AR ROT B3N, St B AL 52 FLES 72 A9 LU RE 1 O e 38 R S5 a0, il A 5 i T8 JE AR XY
AL, 7SI L RE SRR R I8N o AR ST 2R 25 mm 14 1200 (B A 7 AR Ll Al A A2 1 e IR A e B
SR Y L RE BRI, [T, AR RUSE S 25 mm B8 52 AR LR A AR B985 58 BT B v B L BE BRI

(3) J T 18] AL 1) BB 94T B A T BRS¢ FRTR S AR AT LAV I 00 S Bl A 5 ) P 24 RS ) o
YT 41 X 5t ) 5 SR B A5 RAR LL, e KR 2258 8.17%:; BRIS TIM i1 - 34 Fe 35t 7 5 A BROCA UL 25 SR AH
L, SRR 220 5.03%. BISTINAY R QIR ZEHRTE 10% LA

(4) LA Ry\ Ro Al ¢ Dy Bt AR 45, K HU I RE e KRG 81 35¢ 77 e /MM S A FL AR, 45 321 1 Je i i A 7
[ Pareto FiT#T, P04 14 &85 BIAT 7€ [F] INF 52 30 1 O RE A9 52 T A 45 4 10 2 A

044206-14



3746 AR I S B AT: T Y R A il e W R S 54

S22 3k

(1]

(2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

JOHNSON W, SODEN P D, AL-HASSANI S T S. Inextensional collapse of thin-walled tubes under axial compression [J]. The
Journal of Strain Analysis for Engineering Design, 1977, 12(4): 317-330.

ANDREWS K R F, ENGLAND G L, GHANI E. Classification of the axial collapse of cylindrical tubes under quasi-static
loading [J]. International Journal of Mechanical Sciences, 1983, 25(9/10): 687-696.

A0, BEE AR, AETE, . R RO IR A T A M A A LR AT ST (7], SR8 124, 2012, 27(1): 77-86.

LIZ B, YUJL, ZHENG Z J, et al. An experimental study on the crashworthiness of thin-walled tubes and their metallic foam-
filled structures [J]. Journal of Experimental Mechanics, 2012, 27(1): 77-86.

ALI M, OHIOMA E, KRAFT F, et al. Theoretical, numerical, and experimental study of dynamic axial crushing of thin walled
pentagon and cross-shape tubes [J]. Thin-Walled Structures, 2015, 94: 253-272.

A, TR, BRRSHE. R [R5 M 1 B ) Bl 1) TR PERIE ST (3], HLBRL 3 5 4R, 2009, 28(4): 455-459.

JINGY L, WEN W D, WEI M X. A study of the axial crashworthiness of thin-walled straight beams with different shapes [J].
Mechanical Science and Technology for Aerospace Engineering, 2009, 28(4): 455-459.

VINAYAGAR K, SENTHIL KUMAR A. Crashworthiness analysis of double section bi-tubular thin-walled structures [J].
Thin-Walled Structures, 2017, 112: 184-193.

ZHENG G, WU S Z, SUN G Y, et al. Crushing analysis of foam-filled single and bitubal polygonal thin-walled tubes [J].
International Journal of Mechanical Sciences, 2014, 87: 226-240.

GOEL M D. Deformation, energy absorption and crushing behavior of single-, double- and multi-wall foam filled square and
circular tubes [J]. Thin-Walled Structures, 2015, 90: 1-11.

CHEN H C, ZHANG Y, LIN J M, et al. Crushing responses and optimization of novel sandwich columns [J]. Composite
Structures, 2021, 263: 113682.

A, XIS, A IR, YA E R Al ) IRAR R RERFE S 2 HARILAE (0], i TRAT B4, 2022, 36(6): 064201.

MA M J, LIU Z F, LI S Q. Energy absorption and multi-objective optimization for sandwich tubes with a corrugated core under
axial compression [J]. Chinese Journal of High Pressure Physics, 2022, 36(6): 064201.

BB, 5K 5. TR I SR HERE (B I T (7], SRR RS2 R (B ARLER), 2016, 37(5): 531-535.

GE P Z, ZHANG Y. Crashworthiness of novel thin-walled circular tube with novel corrugated cross section [J]. Journal of
Huagiao University (Natural Science), 2016, 37(5): 531-535.

IR, AR, A, 45, Jeim) H 3RS PR TEA 1 b B(ERU (9], w5 IR BISR, 2020, 34(5): 054201,

YAN D, WANG G W, SONG H, et al. Numerical simulation of radial impact on sunflower-like sandwich cylindrical shell [J].
Chinese Journal of High Pressure Physics, 2020, 34(5): 054201.

YIN H F, WEN G L, HOU S J, et al. Crushing analysis and multiobjective crashworthiness optimization of honeycomb-filled
single and bitubular polygonal tubes [J]. Materials & Design, 2011, 32(8/9): 4449—4460.

ZHANG Y, XU X, WANG ], et al. Crushing analysis for novel bio-inspired hierarchical circular structures subjected to axial
load [J]. International Journal of Mechanical Sciences, 2018, 140: 407—431.

LI W W, LUO Y H, LI M, et al. A more weight-efficient hierarchical hexagonal multi-cell tubular absorber [J]. International
Journal of Mechanical Sciences, 2018, 140: 241-249.

CHEN W G, WIERZBICKI T. Relative merits of single-cell, multi-cell and foam-filled thin-walled structures in energy
absorption [J]. Thin-Walled Structures, 2001, 39(4): 287-306.

ABRAMOWICZ W, JONES N. Dynamic axial crushing of square tubes [J]. International Journal of Impact Engineering, 1984,
2(2): 179-208.

LANGSETH M, HOPPERSTAD O S, HANSSEN A G. Crash behaviour of thin-walled aluminium members [J]. Thin-Walled
Structures, 1998, 32(1/2/3): 127-150.

ZHANG Y, CHEN T T, XU X, et al. Out-of-plane mechanical behaviors of a side hierarchical honeycomb [J]. Mechanics of
Materials, 2020, 140: 103227.

TRAN T, HOU S J, HAN X, et al. Crushing analysis and numerical optimization of angle element structures under axial impact
loading [J]. Composite Structures, 2015, 119: 422—435.

LI Z C, RAKHEJA S, SHANGGUAN W B. Study on crushing behaviors of foam-filled thin-walled square tubes with different
types and number of initiators under multiple angle loads [J]. Thin-Walled Structures, 2019, 145: 106376.

0442006-15


http://dx.doi.org/10.1243/03093247V124317
http://dx.doi.org/10.1243/03093247V124317
http://dx.doi.org/10.1016/j.tws.2015.04.007
http://dx.doi.org/10.3321/j.issn:1003-8728.2009.04.008
http://dx.doi.org/10.3321/j.issn:1003-8728.2009.04.008
http://dx.doi.org/10.1016/j.tws.2016.12.008
http://dx.doi.org/10.1016/j.ijmecsci.2014.06.002
http://dx.doi.org/10.1016/j.tws.2015.01.004
http://dx.doi.org/10.1016/j.compstruct.2021.113682
http://dx.doi.org/10.1016/j.compstruct.2021.113682
http://dx.doi.org/10.1016/j.ijmecsci.2018.03.015
http://dx.doi.org/10.1016/j.ijmecsci.2018.03.006
http://dx.doi.org/10.1016/j.ijmecsci.2018.03.006
http://dx.doi.org/10.1016/S0263-8231(01)00006-4
http://dx.doi.org/10.1016/0734-743X(84)90005-8
http://dx.doi.org/10.1016/j.mechmat.2019.103227
http://dx.doi.org/10.1016/j.mechmat.2019.103227
http://dx.doi.org/10.1016/j.compstruct.2014.09.019
http://dx.doi.org/10.1016/j.tws.2019.106376

3746 AR I S B AT: T Y R A il e W R S 54

Quasi-Static Axial Energy Absorption Characteristics and Optimization of
Sunflower-Like Sandwich Cylindrical Shells

NIU Lingeng'?, YAN Dong’, WANG Genwei**, SONG Hui'*, GUO Meiging'~

(1. College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Shanxi Key Laboratory of Material Strength and Structure Impact, Taiyuan University of Technology,
Taiyuan 030024, Shanxi, China;

3. Hongyang Electromechanical Company, Process Technology Center, Xiaogan 432000, Hubei, China;

4. College of Aeronautics and Astronautics, Taiyuan University of Technology, Jinzhong 030600, Shanxi, China)

Abstract: Experiments, theoretical analysis, and numerical simulations were conducted to investigate the
energy absorption characteristics of sunflower-like sandwich cylindrical shells under quasi-static axial
loading. Firstly, quasi-static axial compression experiments and numerical simulations were conducted for
sandwich cylindrical shells with three inner diameters and for their components. It was found that the
specific energy absorptions and crushing force efficiencies of all sandwich cylindrical shells are greater than
those of their individual components, and those of the sums of the individual components. The combination
of cylindrical shell and corrugated core shell can effectively improve the energy absorption efficiency of
thin-walled metal structure. Then, the theoretical formula of the axial average crushing force for the
sandwich cylindrical shell was derived based on the simplified super folding element theory. The axial
average crushing force predicted by the theoretical model was compared with the experimental and
simulation results. It was found that the errors are within 10%. Finally, a multi-objective optimization design,
with the objectives of maximum specific energy absorption and minimum peak crushing force for the
sunflower-like sandwich cylindrical shell, was carried out. The Pareto front of specific energy absorption and
peak crushing force of the sandwich cylindrical shell was obtained. The optimized sandwich cylindrical shell
structure was improved in terms of specific energy absorption, average crushing force, and mass.

Keywords: sandwich cylindrical shell; energy absorption characteristics; sandwich design; theoretical
prediction; multi-objective optimization
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