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Basic Studies on the Crashworthiness of Structural Elements
(Part 3) Crush tests of square tubes under axial loading

and finite element analysis

by Yutaka Toi, Member
Kazuhiko Obata, Member

Kohei Yuge, Member

Summary

The crush tests for seven specimens of square tubes under axial compression are carried
out, whose results are compared with the existing theoretical solutions and the empirical
formulas with respect to the buckling load,
the mean crushing load. And also the finite element analysis is conducted by using the
code developed in the previous report. The obtained results can be summarized as follows :

(1) As for the buckling load the existing theoretical as well as the finite element
solutions agree well with the experimental results.

(2) As for the crushing wavelength the theoretical prediction fails, however, the finite
element solutions which minimize the buckling loads are in quantitatively good agreement
The theoretical values given by Wierzbicki which minimize

the wavelength of the crushing mode and

with the experimental values.
the rigid-plastic solutions for the mean crushing stresses also agree well with the experimental
results.

(3) As for the mean crushing load there is not a good agreement between the experi-
mental results and the existing rigid-plastic solutions in which the strain hardening is
not fully taken into account, while the empirical formula given by Magee et al. using
the tensile strength instead of the yield stress has sufficient accuracy in spite of its
simple form.

(4) The complicated crushing deformations can be successfully simulated by the finite
element method. The obtained mean crushing loads are about 25% smaller on the average
than the experimental values because of the thick-walled effect, however, there is a
good agreement between them from a qualitative point of view.
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, Table 2 Dimensions of tested square
a tubes
.
e ’3 . No. H t L arsa /4
e T point 2 @ | @ | @ | @
. 2 R1 [87.364 |2.167 | 450 [757.27 [0.0248
-~ R2 |72.943 | 2.076 | 380 |605.710.0284
Pt /,——_—x R3 {86.737 |3.050 | 450 |1058.2 | 0.0351
7" point 1
gy Re |77.024 [2.007 | 400 |926.44 | 0.0390
nominal stress—
nominat strain RS |47.792 |2.163 | 250 |413.49 | 0.0453
frue stress= R6 |57.220 |2.998 | 200 |ea6.18 | 0.0524
true strain (measured)
true stress— R? {46.797 {3.068 | 250 |574.29 | 0.0855
77 true strain oximate
r frain (approximated) H : width t : thickness
L : overall length
0 €

Fig.1 Stress-strain curves obtained from a
uniaxial tensile test

Table 1 Material properties of tested
square tubes

Gy [-2% point 1 point 2

(kg/am?) | (kg/em2) |60 | &1(D) | o2 | &2(%)
R1} 31.5 41.0 36.0 | 2.00 |55.0} 22.5
R2 | 28.0 37.5 33.0f 2.50 }49.5} 25.0
R3 | 43.5 47.5 46.0 ) 1.00 |62.5] 22.5
R4 | 44.5 43.0 55.0 | 6.25 ]69.0] 20.0
RS | 37.0 45.0 40.5| 1.25 }62.5] 25.0
R6 | 34.0 43.0 37.5] 2.50 }55.0] 20.0
R7] 42.5 45.5 47.5] 2.50 |62.5| 22.5
Gy : yield stress oy s tensile strength
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Fig.2 Experimental crushing processes

Fig. 3 Ax1ally crushed square tubes
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Table 3 Results of crush tests for axially
loaded square tubes

¥o. Cer Gec/Cy Cn calGy | Ca/ou | A/M|S/A
(kg/mn2) (keg/mp2) @ | &
R1 31.330 0.994 8.254 0.262 0.201 |58.1) 78.9
R2 29.580 1.05% 8.085 0.324 0.242 }57.1| 81.9
R3 44.750 1.028 13.886 0.319 0.232 161.4| 81.1
R4 45.723 1.027 14.322 0.322 0.282 |56.8) 78.6
RS 42.914 1.158 15.934 0.430 0.354 [60.2] 84.7
RB 38.881 1.144 18.669 0.549 0.434 (61.1] 83.8
R7 47.571 1.118 24.671 0.580 0.542 |66.81 85.0
Ger : buckling stress ow : rean crushing stress
A/H @ half wavelength / width
&/A : stroke to length ratio (for half wavelength)
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Fig.4 Axial load-shortening curves (experiments)
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Fig.5 Assumed tangent modulus
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Fig.6 Plastic buckling stresses (experimental
and theoretical results)
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Fig.7 Variation of plastic buckling stresses
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Fig. 8 Axial half wavelength (experimental,
theoretical and finite element results)
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Fig.9 Mean crushing stresses (experimental
results, empirical formulas and rigid-
plastic solutions)

Im

du

06

o
o
0.4 +
I ]

02 - g o experiment
’ Magee

0 01 02 0-3 4t/H

Fig. 10 Relation between structural effectiveness
and relative (experimental
results and empirical formula)

density

LEFCRFCHIGLTED, K
KB THHTL1IbLTRERE .
Fig. 10 i1 (9a) REAEREROHE TH B, Fig 9
& OFEEY, O FHEEILIIENGGIR v HE TR
FEhTwa (2 OB% structural effectiveness &
Lz EnHBY) T &, BIUCEBIE2LTH (9a) K
DOEBIHEL relative density (BESEFEDOEBRH O
BRELNICI>THINIRIOFHOLTHY, A
BMEOBER 4[H) 72y b LTWBETH D,
SEH G DB EBRE ORO T RERC KT 558 X
DEE BT, FMKICH L b b5k hE CERTL L
THBEL D& DI, ERAE LTI Y EERELR
NEEETH B EXEMIh b,

(9b) KidffEsrg

Fig. 11 Unit area of the periodic
crushing pattern

4 ARMEOHREREERN

RETCE, AWEO (o 1) CHRE L-HEAMES
BRROBREVEEBNABRER v 5212k b,
BRNEYZT2HEMMEOEERHEMITL, & LT
FPHERAEMECE L, AERERE L HET 5,

41 BIFR=E

BIROMBEMEOHA LR, HERRES x5 —
VBT A EARAYREROA BN SE LT 5, BED
ik Fig 11 ofEMThHH, HWATRFEERE LTER
X O BONIEREET 5, & DS BMETE £ —
NIRRT 5 2 BEEREH ORI ch i (RAETHE
D0.2% BE) &#5%, BICxREELYE L LTl
HACESET S, HREKE LT, 2.1 SiEHo 3ES
R X BHMIETT - HUOTRBREZEET 5,

LABRIE O RIT O e, DETSREESER
BRETHID, B R4S LkD 3EEO—#E =
RO X ARFEEXER L,

(A) NI1IXN2=5%10
(B) N1xN2=7x14

g
Oy
1.0 (A) 5x10
(B) 7x14
08 (C) 10 x 20
06
0.4
0.2
0 02 04 06 (228

Fig. 12 Effect of mesh subdivisions on load-
shortening curves
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Fig. 13 Effect of mesh subdivisions on crushing deformations
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element analysis)
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Fig. 15 Plastic buckling stresses (experimental
and finite element results)
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Fig. 16 Mean crushing stresses (experimental
and finite element results)
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