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Numerical and theoretical investigations on crashworthiness
of star-shaped hybrid multi-cell tubes

KONG Zhicheng, HU Jun, GUO Zhiping
(School of Civil Engineering, Anhui Jianzhu University, Hefei 230601, Anhui, China)

Abstract: In order to develop a lightweight and efficient energy absorption device, a novel type of the star-shaped hybrid
multi-cell (SHM) tubes based on the hybrid design of polygonal cross-section and star-shaped cross-section was proposed. The
finite element (FE) models of the polygonal thin-walled (PT) tubes, the star-shaped thin-walled (ST) tubes and the SHM tubes
were established by ABAQUS, and the reliability of the FE model was verified by simulating quasi-static axial crush tests.
Then, the energy absorption characteristics and deformation modes of three kinds of thin-walled tubes under axial loading
conditions were studied by numerical simulation. Based on the simplified super folding element (SSFE) theory, the theoretical
formula of the mean crushing force of the SHM tubes under the progressive folding deformation mode is established. The
numerical results show that there is a synergistic effect between the polygonal cross-section and the star-shaped cross-section
of the SHM tubes. Compared with the PT tubes and the ST tubes, the energy absorption of the SHM tubes is significantly
improved. When the number of polygon edges N=6, the cross-section synergistic effect of the SHM tubes is the best, and the
energy absorption efficiency is the highest when N=8. Subsequently, the investigations on geometric parameters of the SHM
tubes are carried out, and the effects of wall thickness and star angle on crashworthiness are discussed respectively. It is found
that the wall thickness has obvious influence on the crashworthiness of the SHM tubes, and the crushing force level increases
linearly with the increase of the wall thickness. In addition, the change of the star angle has little influence on crashworthiness.
The crushing load efficiency and the specific energy absorption increase first and then decrease with the increase of the star
angles. When the star angle a=120°, the SHM tubes has the most excellent crashworthiness. The research results can provide
design methods and theoretical guidance for the cross-section design of multi-cell structures.

Keywords: thin-walled tubes; hybrid cross-section design; energy absorption; parametric analysis; theoretical prediction.
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Fig. 5 Comparison of experimental and finite element simulation results
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Fig. 6 Force-displacement curves of three thin-walled tubes
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Fig. 7 Energy absorption curves of three thin-walled tubes

X G APE] HAE ST, DA P [V 2000 76 W e 5 T AR AR, Bl b SCok
Asiv — (Apr + Ast)

S, = 4
App + Agr @)

e S MR L, S =0 RMIBA L DR RN, S ABBR, DUITR 45 4T B9 P R PE S5 Ay o Asy il Agiau
Ir A 2 I RS | R RE A R P RS 22 M8 A RE E IRIALEL

BIGIRG Z M B PR e T 30%, 12 18180 N=6 I 3k15 T e i BREI L, 153 T 33.43%.
IREE R, IR A U AR B PR E OV B SR T R IEIR G 2 M R W RETERE, PME L RN S 23
FEEE N A5, ZS AR5 75 A AU AR 2 18] ) 2H 51T e e A 48T DA E

L2VRAN LR T =M RE R D TS VTR AR (B . A ME R B, ERE A RO e M 5 2 B S0 B0 N 2 TEAH
SR, N, JHERE A B B KT R . 1 AR
TR BURAE T, SHMA W0 R ik 4 ®2 SHBERMmRLERE
It Xa‘ﬂ_»? N *H EJ El/‘J gﬂﬁﬁ%ﬁf%% %ﬁﬁ%éﬁf%z Table 2 Crastl;lv.vorth:;le;sst illl)dicators of three
FIZ 1 0.40 kJ, i SHM6 Fl SHMS 1) 43 51 £ 11} i

PN s b 2o EvEE F/kN F/kN 1% A/KI /(kJ kg™
0.68 F10.78 kI, {H 51 25 i, B IF Wi RESS 1 ! e 4”62 - “(86; )
. . e N PT. ) 55 25 51 }
n Eim T RIGIRG Z M, x0Eth T H F, A4
- o PT6 15.98 9.38 58.69 0.72 11.74
RS s 5, Bl rT LB, B #m BoA 3
R . Hh. PTS. STS il SHMS £ PT8 17.48 12.49 71.47 0.97 15.32
By o BT o ’ & 5 ST4 17.94 10.41 58.03 0.80 11.96
&l ik a2 1] 3 3 3 =x
P W e @ K Ol ] 5 BE AR T A B, HL ST6 2177 1652 7587 127 17.88
= fb = hp 3% fe
SHMS $ii 4 fe 14 1) BE & W o R, b fg a b sT8 P 2063 €520 159 2190
A2 ST8 Hiih 12.35%, M T PT8 Wik 1 SHM4 43.58 22.15 50.83 1.71 13.64

60.62%. [MIL, K HITR & M BT R IB IR & SHM6  50.99 3453 6173 267 20.05
JHAE R T S P RE LA, 3 A P D A SHMS 55.65 43.24 77.70 3.34 24.60
AN RE fE 2s BEAE N RYSE I R A Y
LRAMHEMEAR R A SGE
212 EHEX

VeI N=8 I}, =i e A 1 28 i R AT o0 A, 1R 8 B, SRS AL RS d W10 % 5 20 ) o AL RS 1Y
10%. 30%. 50% A1 70%, i) lobes F/n 4T B I WF5T A B, =l BEA (19 Fe 5 48 2 24 M) 4 422 fk
B b3t i A0 R, B SR VES RS AR A AT, AHAR A BERY SR BT SR I S, SRBL e U B

083101-5



ERRE Lk, % ERIRGZIE N EEAE S TR 55 8 3

AR 3 d=77 mm I, =Fhl e 5 5 A 1 AT B R A B AN [, PT8 A STS 23 il 7= A2 17 3 >l
4 DT E WL, T SHMS W B I EGA R 4~5 4>, i %) SHMS AR i R 4045 i WL, & I HAr & i
TS Bt R 5 AR T 22 (18] 56 2 IR R A0 P A 2 A BE [ I 52 s O e A P T ot PN )= Y SRR A BE X
SNZ W Z2 A BE BAT 20, BRI FCSE i S 1%, T4 A 1 3 B I, A 1 A 2 3 & i

g .

. . . ° 3 lobes
' . . ° 4 lobes
' . . ° 4-5 lobes

d=0 mm d=11 mm d=33 mm d=55 mm d=77 mm

8 PT8, ST8 fil SHMS (ATl
Fig. 8 Deformation processes of PT8, ST8 and SHM8

P9 475 L AL 1 = R BEAE TR I8 (d=77 mm) (9 TOUIT . 0 T80 A0 51 T A2 S AL 18T, DAV il LA 21D,
BEAS ™ A I & R 5 2 B BN A EE VIR R, 2 N=4 B S 08w >, N=6 i Ko Jg v, i

123
_ilobes

Tas
_ilobes

BlO =Rl RS i I5tm AT AIA

Fig. 9 Deformation views of three thin-walled tubes after collapse

083101-6



543 4 LB, 5 BIBIRG ZHE S S BT %8

M N=8 B T & i R i £ . R, VRS R Y P RSN R T AT & AR R AR ), BRI IR G 2
B WECE L 2N HEEE 2 1~2 4, MRRHRCR A WA 5 o 378 I B e 1 v RE A 1 R
IE R Y R SRR B, KT I RE R RE A A LR AR Y 2R TR, PR RIRON AE AR AR Y
PRI, VA B PN A0 2 A8 RE (Y TR 25 AR 08, DL R RE Z (B I AR L, B F 2008 8 N K
/No BEE N BTN, S 5P & A8 0 M SR OT B BEZ B £, N AMEE R i ) T RN O, (e aE T YR MR B R
B, FERCHE SRR BE ) B E R T
22 B¥HSWH
22.1 BRI ATIE G R o0

BEJELIG R/NDLE T HEREAS NI, B, A BEHIE RE R BIR IR A 2 WA T v i S e . BE LAY
AL L CAE 0.8~ 1.6 mm Z[H], BIE M o [B5E K 120°, WA 10 iR, BRIBIRAG ZHEWN F, F 42
i 5 B JEL ) 348 i 5 R R R R K ke A, B 2B R IE N A O, N, il 2k i 1 K R
Ko Hr, SHMS i F, £ BEJRE 1.6 mm Ff ik %] T ¢ 4 106.56 kN, FEALREIE 0.8 mm AT T 157.58%, i
WA AR IR o BE R B BE A5 30 T ks . aniEl 11 BioR, BEJS Bt T2 @ 2R IR A 21
nMalFFEAERIGEN . FRAHR, BIIERE ZMEE N=8 B (R BERCE I WAL T N=4 Fl N=6 i,
SHMS F4 e KAB H BLAE BEJR 1.4 mm B, S5 8 T 83.52%, ZJ5 A Fr/N, UE RS Z S Mn i L
B, 2k 252 1 o B JE2 D) AS R AR A A 4 1 AR SRR 1k o i Ah, SHMIS (1 a 76 BEJEE 1.6 mm B A i KAE
31.20 kJ/kg, LLAZEEIEL 0.8 mm B 22 T 41.68%, AHH T 7] 55 2 A% AL F 19 SHMA4 (5 11 69.03%. 7] LK,
REJEL 2o B IR G 22 M 1 R W™ A B 3 1) 5 T, 55 214 174 184 o e JEE kB 22 50 s B0 N, RS2 T
T 48P (A 80T s

120 100
—@— SHMS8 —&— SHMS8
100 - —— SHM6 g0 —&— SHM6
—0— SHM4 —0— SHM4
80 60
Z Z
= S
=~ 60 40 -
40 20
20 1 1 1 1 1 0 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 1.4 1.6
Thickness/mm Thickness/mm

10 AFBEEANF T RIBIRG Z M IR IS E R ) Fy APFXREE ) F
Fig. 10 Initial peak impact force (F}, ) and average impact force () of the SHM tubes with different wall thicknesses
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Fig. 11 Efficiency of impact load (77) and specific absorbed energy (a) of the SHM tubes with different wall thicknesses
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Fig. 14 Deformation views of the SHM tubes with different geometric parameters
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