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Experimental and numerical:study-on the collapse behavior of double walled
tubes reinforced with inside ribs under dynamic axial loading
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ARTICLE INFORMATION ABSTRACT

Thin-walled structures are frequently used as energy absorbers in automotive, railway and aviation
industries. This paper deals with the collapse and energy absorption behavior of thin-walled structures
under dynamic axial loading Numerical modeling was performed using finite element code LS-DYNA.
In order to validate the results of finite element analyses, a square tube was collapsed using universal
test machine. This tube was then simulated in LS-DYNA, and the results were compared with those of
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Eim,‘,’g;’;ehavior experiments. There was good agreement between the numerical and experimental results. The tubes
Energy absorption with different cross-sections namely square, hexagonal and octagonal shapes reinforced with inside ribs
Axial loading as well as with different scales (ratio of sectional side length of the inner tube to that of outer tube) 0,
Dauble walled tubes 0.25, 0.5, 0.75 and 1 were simulated in LS-DYNA. To determine the suitable cross-section in terms of

Multi-objective optimization crashworthiness, multi-criteria decision making method known as Technique of Order Preference by

Similarity to Ideal Solution (TOPSIS) was employed. The results demonstrated that the double walled
tube with octagonal cross-section possessing the scale between 0.25 and 0.5 had the best
crashworthiness behavior. To find the optimum values of scale and wall-thickness, response surface
method (RSM) and D-optimal criterion using design of experiments (DOE) were utilized Moreover, the
effect of number of inside ribs (4 and 8) on the capability of absorbing energy was also investigated.
The results showed that the octagonal tube with 4 inside ribs was able to absorb more collision energy.
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Fig. 2 Schematic of finite element analysis of tubes under axial loading
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Table 2 Variations of stress-strain for AA6060-T4 [6]
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Fig. 3 Universal test machine together with a sample of quare tube
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Fig. 1 Double walled tubes with different cross-sections (a) hexagonal,
(b) octagonal and (c) square
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Table 1 Geometry specification of tubes

tmm)  b(mm) (ab) lie (5 lSal gl alaie oylets

15 48.2 0 H-0 @J_au...; 1
136 48.2 0.25 H-0.25 di_aw 2
125 48.2 0.5 H-0.5 @J_au..., 3
115 48.2 0.75 H-0.75 @J_au...; 4
214 48.2 1 H-1 @J_au...; 5
1.37 35.2 0 0-0 S-J_am 6
129 35.2 0.25 0-0.25 S-J_am 7
122 35.2 0.5 0-05 S-J_am 8
116 35.2 0.75 0-0.75 S-J_am 9
219 35.2 1 O-1 S-J_am 10
133 77.3 0 S-0 3% 11
123 77.3 0.25 S-0.25 N 12
114 77.3 0.5 S-05 3% 13
1.07 77.3 0.75 S-0.75 3% 14

2 77.3 1 S-1 3% 15

! Rigid plate

2 Belytschko-Lin-Tsay

® Automatic surface to surface
4 Automatic single surface

® Coulomb friction
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Fig. 4 (a) Collapsed tube after compression experiment, (b) collapsed
tube resulting from the FE analysis and (c) force-displacement curve
for experimental and numerical results.
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Fig. 7 Force-displacement curve for double walled tubes with cross-
sections of: (a) hexagonal, (b) octagonal, (c) square
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Fig. 8 Mean dynamic force: (a) hexagonal, (b) octagonal, (c) square
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Table 4 Decision matrix for ranking of tube

bals) Gunass; o peoad mile 4 Jgo

S-1 S-075 S-05  S-025 S-0 01 0075 005 0025 00 H-1 H-0.75 H-05 H-0.25 H-0 ay
77.34 69.36 7091 71.79 7220 76.94 70.18 72.48 7313 7436 7745 67.92 72.50 73.23 75.09 Frnax
30.74 32.72 3629 39.54 3265  35.94 4127 4422 4408 3803 3352 33.7 39.6 4224 36.4 Fq
S5 e o ple siloJley 5 Jgua
Table 5 Normalization of decision matrix
S-1 S-075  S-05  S-0.25 S-0 0-1 0-0.75 0-05 0-025 0-0 H-1 H-0.75 H05 H-025 H-0 g
598147  4810.80 502822 515380 5212.84 5910.76 492523 525335 5347.99 552040 5998.50 461312  5256.25  5362.63 563850  Fy
944.94 107059 131696 156341  1066.02 120168 170321 195540 194304 144628 112359 113569 156816 1784.21  1324.96 Fq
Vij omsle 6 Jguor
Table 6 V;; matrix
S-1 S-075  S-05  S-0.25 S-0 0-1 0-0.75 0-05 0-025 0-0 H-1 H-0.75. H-05. H-025 H-0 g
0.2733 02451 02506 02537 02552 02719 02480 02562 02585 02628 02737 02401 02562 02588 02654  Fp.
0.2109 02245 02490 02713 02240 02466 02831 03034 03024 02609 02301 02312 02717 02898  0.2497 Fq
e g ote ol Jzoly s 7 Jouar
Table 7 Determine the ideal and negative ideal solutions
S-1 S-0.75 S-05 S-0.25 S-0 0-1 0-075 005 0025 00 H-1 H-0.75 H-0.5 H-0.25 H-0 ay
01093  0.0980 0.1002 0.1015 01020 01087 00992 01024 01034 01051 0.1095 0.0960 0.1025 0.1035 01061 S}
01265  0.1347 0.1494 0.1627 01344 01479 01699 01820 01814 01565 0.380 01387 0.1630 0.1739 01498 S~
sl b 4y 35 5o alold e 040,5] Cavss 8 Jou
Table 8 Calculate the separation measures for each alternative
S-1 S-0.75  S-05 S-0.25 S-0 0-1 0-075 0-05 0-025 0-0 H-1 H-075 H-05 H-025 HO g
00570 00473  0.0329 0.0202 0.0480 00363 00125  0.0064 0.0073 00270 00460 00433 00201 00110 00337 A+
00001 00140  0.0246 0.0371 0.0108 00214  0.0445 | 0.0559 0.0552 00303 00114 00181 00371 00477 00235 A~
oany3S 5l o o & (005 o omed 9 Jgo
Table 9 Determine the relative closeness to the ideal solution
S-1 S-075  S-05  S-0.25 S-0 0-1 0-0.75 0-05 0025 0-0 H-1 H-075 H-05 H-025 H-0 ay
0.0027 02286 04281 06494 01838 03704 07801 08966  0.8820 05284 01990 02955 06489 08115 04108 C;
poet5 By 4 (345, 15 10 Jgua
Table 10 TOPSIS ranking method results
S-1 S-075 S-05  S-0.25 S-0 0-1 0075 005 0025 00 H-1 H-0.75 H-05 H-0.25 H-0 g
0.0001 00320 00601l 00910 00257 00519 00909 01257 01236 00740 00279 00414 01093 01137  0.0576 sl
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Table 11 Maximum impact force, mean dynamic force, scale and
thickness

Lgio 595 Aol (S350 O N T
(kN) Sooliz (kN) 2,55 (mm)  (ah) b
40.69 68.72 123 0.25 1
44.08 73.13 129 0.25 2
42.63 71.16 126 0.26 3
41.08 68.03 120 0.34 4
47.59 76.23 1.30 0.38 5
45.25 73.55 126 0.39 6
42.15 70.28 121 0.42 7
46.73 74.76 125 0.50 8
44.22 72.48 122 0.50 9
49.15 78.43 1.30 0.50 10
46.15 71.11 125 0.40 e
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Fig. 10 Standard error of tubes for selected design space
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Fig. 14 Deformation modes of octagonal double walled tubes, (a) with
four reinforcements, (b) with eight reinforcements

s ez b () (locie ol 5 slady) Sud 59114 S

sl ca b (&)

80
g 60
3
S 40
3
£120
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140
Displacement (mm)

Ei

g. 15 Force-displacement curve for octagonal double walled tubes
hocia ooz g by gl obulams,s soe 156 SO

i Oball iz (uliae maw w0 5 e oo 5 el il
Jebos Llom ol I sguza izl 3l 5 po ladlgd ool (6551 e 3,
2@ O Sad Ghbl wgose @l i liel Cqz s S
@ @l b gaae slagile oo 5 2855 plandl (oape dlgl diseiss,
il 990 Lsiludns @l Cono 5 Z8s @il 30y w5 anlie
mady by ol @ge SOl Gl bl sl lre sgzg Lo s S )l 8
S5l iz CellB Jh sl ghatte rhan Rl Cqz b 50
siasB 0,150 b o 55 (slaaly) da s 3tand gl s o oolic
ORIl rizren S o ol oole g 4 S | (gt 555
a ol (5l iz Gl s (Suad L8, e cel ey slapls
~Cie g xbond (@05 (0.5 (alde ) ooz 50 sladls) 45 g y5b
6 500,05 00,09 caiy 4l Sulis L) colo slodlg) & cons ol
23 5 00,019 w0 1815505 5 0,55 1 Aliin G, 2 SRR oy
90 oyl uizman wisly Glai ]y (Sose) bwgie 5508 5> Rl Sy
5 kb gblis & Cons rlociin ahis b (05 (ubia L) o)
9 095 Aoy Gy 5o Gl wey 2 g aoe l ci 4 e
ale plad 1) (Soud bawsio g9y ;0 (ildl as)s 22 5 ao 0 12 S0
T Ol ) (o ojlsas Loz 93 slaalyd (Y (655 e collB oS
oo b (lociin sladlyl ol (6 S peal () mlS Bl as
il OBl i dlgd lsie 4 g 00,5 S |y Ll op 2y 0.5 50,25
5 Vb (Soabys bawsie 6955 b gl cualied 5 like (9,51 s iz
5 b g, slaghy, 4 was wix leangy @ ato 6oy
i el 5 5l ) e o oo LS b g 0 oolitl (yege -D
ok 125 colins 5 0.4 i b slocain oo 5o dly wgl,
oad aige dlol (nl (3 iz sy (el sl I bl e asbi e

9 o lesis 16 0951395 ,3T ()30 Sl (w dito

Desirability

A: Scale
B: Thickness 1207025

Fig. 12 Effects of design factors scale and thickness of tubes of both
desirability for optimization problem cause of increases energy
absorption
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