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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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Original Research Paper Thin-walled structures are frequently used as energy absorbers in automotive, railway and aviation
Received 11 June 2016 industries. This paper deals with the collapse and energy absorption behavior of thin-walled structures
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C ) under dynamic axial loading Numerical modeling was performed using finite element code LS-DYNA.
Available Online 24 September 2016

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

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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(b) octagonal and (c) square
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tmm)  b(mm) (ab) lie (5 lSal gl alaie o)lets

15 48.2 0 H-0 IR

1

136 48.2 0.25 H-0.25 ur‘l“u“" 2
125 48.2 0.5 H-0.5 u’_d..au.u 3
115 48.2 0.75 H-0.75 @J—au.u 4
214 48.2 1 H-1 @J—au.u 5
1.37 35.2 0 0-0 Sql.am 6
129 35.2 0.25 0-0.25 ns'i‘““““” 7
122 35.2 0.5 0-05 ns'i‘““““” 8
116 35.2 0.75 0-0.75 Sql.am 9
219 35.2 1 O-1 ns'i‘““““” 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
2 773 1 S-1 s 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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Table 4 Decision matrix for ranking of tube

S-1 S-0.75 S-0.5 S-0.25 S-0 O-1 0-0.75 0-0.5 0-0.25 0-0 H-1 H-0.75 H-0.5 H-0.25 H-0 Ayl
77.34 69.36 7091 7179 72.20 76.94 70.18 72.48 73.13 74.36 77.45 67.92 72.50 73.23 75.09 Frrax
30.74 32.72 36.29 39.54 32.65 35.94 41.27 44.22 44.08 38.03 33.52 33.7 396 42.24 36.4 Fq

xS o le 3o Jlay 5 Jgu
Table 5 Normalization of decision matrix

S-1 S-0.75 S-0.5 S-0.25 S-0 O-1 0-0.75 0-05 0-025 0-0 H-1 H-0.75 H-05 H-0.25 H-0 Ayl

5981.47 4810.80  5028.22 5153.80 5212.84 5919.76 492523 5253.35 5347.99 5529.40 5998.50  4613.12 5256.25 5362.63 5638.50 Finax
944.94 1070.59 1316.96 1563.41 1066.02 1291.68 1703.21 1955.40 1943.04 1446.28 1123.59 1135.69 1568.16 1784.21 1324.96 Fq

Vij o5l 6 Jguar
Table 6 V;; matrix

S-1 S-0.75 S-0.5 S-0.25 S-0 O-1 0-0.75 0-0.5 0-0.25 0-0 H-1 H-0.75 H-05 H-0.25 H-0 Ayl
0.2733 0.2451 0.2506 0.2537 0.2552 0.2719 0.2480 0.2562 0.2585 0.2628 0.2737 0.2401 0.2562 0.2588 0.2654 Finax
0.2109 0.2245 0.2490 02713 0.2240 0.2466 0.2831 0.3034 0.3024 0.2609 0.2301 0.2312 0.2717 0.2898 0.2497 Fq

e 5 oo Jlowsl Jzoly s 7 Jguar
Table 7 Determine the ideal and negative ideal solutions
S-1 S-0.75 S-0.5 S-0.25 S-0 01 0075 005 0025 00 H-1 H-0.75 H-0.5 H-0.25 HO0 g

0.1093 0.0980 0.1002 0.1015 0.1020 0.1087 0.0992 0.1024 0.1034 0.1051  0.1095 0.0960 0.1025 0.1035 0.1061 Si+
0.1265 0.1347 0.1494 0.1627 0.1344 0.1479 0.1699 0.1820 0.1814 0.1565  0.1380 0.1387 0.1630 0.1739 0.1498 Si_

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-0.5 S-0.25 S-0 O-1 0-0.75 0-05 0-0.25 0-0 H-1 H-0.75 H-05 H-0.25 H-0 Ayl
0.0570 0.0473 0.0329 0.0202 0.0480 0.0363 0.0125 0.0064 0.0073 0.0270 0.0460 0.0433 0.0201 0.0110 00337 A+
0.0001 0.0140 0.0246 0.0371 0.0108 0.0214 0.0445 0.0559 0.0552 0.0303 0.0114 0.0181 0.0371 0.0477 00235 A~

oany3S 5l o o & (25 b omed 9 Jgox
Table 9 Determine the relative closeness to the ideal solution
S-1 S-0.75 S-05  S-0.25 S0 0-1 0075 005 0025 0-0 H-1 H-0.75 H-05 H-0.25 H-0 g
0.0027 02286  0.4281 06494 01838 03704 07801  0.8966  0.8820 05284 01990 02955 06489 08115  0.4108 C;

ooetli g, & o, w10 Jgao
Table 10 TOPSIS ranking method results

S-1 S-0.75 S-05 S-0.25 S-0 O-1 0-0.75 0-0.5 0-0.25 0-0 H-1 H-0.75 H-0.5 H-0.25 H-0 Ayl
0.0001 0.0320 0.0601 0.0910 0.0257 0.0519 0.0909 0.1257 0.1236 0.0740 0.0279 0.0414 0.1093 0.1137 0.0576 )L._..,a|
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Table 11 Maximum impact force, mean dynamic force, scale and
thickness

Ly 59,5 ey Soy cubes bie oled
(kN) (sl (kN) 3,95 » (mm)  (@hb) b
40.69 68.72 1.23 0.25 1
44.08 73.13 1.29 0.25 2
42.63 71.16 1.26 0.26 3
41.08 68.03 1.20 0.34 4
47.59 76.23 1.30 0.38 5
45.25 73.55 1.26 0.39 6
42.15 70.28 121 0.42 7
46.73 74.76 1.25 0.50 8
44.22 72.48 1.22 0.50 9
49.15 78.43 1.30 0.50 10
46.15 71.11 1.25 0.40 Lov
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Fig. 10 Standard error of tubes for selected design space
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Fig. 11 Response surfaces for: (a) maximum impact force (Fiax), (b)
mean dynamic force (Fy)
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Fig. 14 Deformation modes of octagonal double walled tubes, (a) with
four reinforcements, (b) with eight reinforcements
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