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A Study on Maximization of Dynamic Crushing Energy Absorption

of Cylindrical and Square Shell Structures
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Abstract The crushing behavior of cylindrical shells subjected to an axial impact force is studied
by FEM, and a comparison between numerical results and theoretical predictions as well as a
qualitative comparison between numerical estimates and experimental results are made and dis-
cussed. Moreover, a crashworthiness maximization technique for shell structures is developed and
applied to the axial crushing problem of cylindrical shell. In the program system presented in this
study, an explicit finite element code, DYNA3D is adopted for simulating complicate crushing be-
havior of shell structures. The response surface approximation technique is applied to construct an
approximated design sub-problem in the preassigned design space by using the technique of design-
of-experiment. The approximated sub-problem is solved by the usual mathematical programming
technique. These optimization processes is repeated until the given convergence conditions will be

satisfied.
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(a) (b) Non-axisymmetric Mode
Fig.1 Deformation mode of cylindrical shell (static).

xisymmetric Mode
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Fig.2 Crushing cylinder with plastic hinges.
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Fig.3 Analysis model.
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Table1 Model dimensions.

No.| * d L e | Lir
(mm) (mm) (mm)

1.6 750 2500 46.9 3.33
2 20 750 2000 | 375 2.67
3 30 20.0 5000 6.67 25.00

Table2 Deformation modes.

Model No. Deformation
: - 1 circular wrinkle+1 triangular wrinkle
! +1 pentagonal wrinkle
5 circular wrinkles
3 Column buckling
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Fig.4 Crushing deformation of cylindrical shell.
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Table 3 Comparison of mean axial force.

Mean axial force (kN
Model No. FEM eq.((S))
1 21.64 23.33
31.65 32.87
15.88  -----

<HEHEB>x=r, x,=h 6)
< BABI¥ > f= U(r,h) — max (7
<HIWEHE>g =P (rh)/P 150 ®
' g,=M=2 7z p rhL = const. 9)

x,L =x = xlu, xZL =x,= xZU 10)

T, URAFMC Lo TRREND T HRAF, P ILFEY
ERIER S, P I ATHERERN, MIIABOHEET
HY, BHLTEOLERFEL VITTR, ERE2ERTS.
3.2 ERERN LUELoRBLEMBEZMEIIHE-T,
AR CIIRHBEMTICHELYT A b0 L LT, EREFHE
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AL,
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YriZ, BOMMECE R L L OERFERRBIIH L THE
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B, BEEHBECEENATERVOBRKRTHo7=. L
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FiEZ L DD, FERFEAEOECRIEICH LT HEERE
HcEATETHD.

Crushing time (sec)
Fig.5 Time history of axial-force and energy.

Table 4 Comparison of internal energy.

Model | Time Internal Energy (J)
No. (ms) FEM Theory
1 23 4805 4727
2 18 5295 5256
3 20 2677 eeee-
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Table5 Orthogonal array L9.

Assigning design
variables

(1) 2) 3) 4)

1 1 1 1 1

. 2 1 2 2 2
e 3 1 3 3 3
= 4 2 1 2 3
= 5 2 2 3 1
< 6 2 3 1 2
7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

7=, FENTET N, LR LT E0RIKE~DEET
FLREE L. ZEHERE LT, & 50 =r =100,
2=5h=4 (Bi :mm) OPHRIERGEHEZSZ, K60
LIHIRERBO3I KEZEZRELE.
EXRFAVTEASBLEN-IBOASDERFLT
WEFRT21To7. TOERBONEEETTNVOERZL
bOEELTRIELELDEZRTICRLE. FHEERNLY
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LIHIEsnk.
U (7,1)=6.77 - 0.054 x (r — 75.0) —0.0001 x ((» — 75.0) — 416.67)
+124 x (h—3.0) - 029 x (h—30)? - 0.67)
+0.006 x (r - 75.0) x (h — 3.0)
+0.0001x (r — 75.0) x ((h - 3.0)* = 0.67) 12)

P.(r.h) =63.21+0.492 x (r - 75.0) - 0.0018 x ((r - 750)" —416.67)

+34.66 x (h—30)+4.98 x (h—30)* -0.67)

+ 04334 x (r—750) x (h-30)

+0.0043 x (r —75.0) x ((h —3.0)* - 0.67)

+0.0002 x ((r - 750)* — 416.67) x (h - 30)

+0.0002 x ((r — 750)* —416.67) x (7 ~30)* - 0.67) (13)
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Table 6 Level values.

Design Level Level Level
variabl  No.l _ No.2 No.3
r (mm) 50 75 100
h (mm) 2 3 4
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Table 7 Deformation pattern (1st design space).
(N : Non-axisymmetric wrinkle C: Circular wrinkle)

Radius 7 Thickness i (mm) -
(mm) 2 3 4
50 4C+2N 4C 3C
75 5C 3C 2C
100 3C 2C 1C

Table 8 Absorbed energy (1st design space).

Radius r Thickness & (mm)
(mm) 2 3 4
50 6.98 8.35 9.02
75 5.31 7.03 8.05
100 4.03 5.52 6.67
Unit:kJ
Table 9 Mean axial crushing force (1st design space).
Radius » Thickness # (mm)
(mm) 2 3 4
50 25.95 51.12 74.50
75 31.63 61.14 99.15
100 33.05 67.40 124.94
Unit: kN

Table 10 Variance analysis of mean axial force.
(* : 5% superior, ** :1% superior)
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Fig. 6 Comparison of energy.
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Table 11 Optimization results in 3 cycles by DOT.
Cycle r h U g
No. mm mm kJ

Initial 75.0 3.00 6.99 | -1.20x 10"
1 50.0 3.78 8.98 1 2.00x103
2 37.9 4.01 9.78 | -2.37%x10*
3 29.6 4.14 11.38 | -2.20%x 10

Table 12 Deformation pattern (2nd design space).
(C.B. : Column-Buckling C:Circular wrinkle)

Design :
SS |[DFE v F, | Ro01) | R0.05)
variable
Radius » 946X10° | 2 [4mx10*| 348 | 180 | 694
i 93x108 | 1 [943x10°| 693* | 212 | 71m
2 2ex10 ] 1 l2gx10’| o | 212 | 17m
Thidmessh | 755X10° | 2 |377x00° | 2773+ | 180 | 694
1 749X10° | 1 |749x10°| 5508+ 212 [ 77
2 515x10' | 1 |s515x10'] 03 | 212 | 17!
Eror 544100 | 4 | 136x10°
Total 9.04x10° | 8

Radius r Thickness # (mm)
(mm) 3 4 5
20 C.B. C.B. C.B.
35 6.5C 5C 4C
50 5C 3C 1.5C
Ist Optimization 2nd Optimization
10.0 :
Y _.__._E. __:_—4-—: ——40.0
85 /
c} 4 %
S $.0fF l—.—:- doz =
g 8
g eS| : -g
& S P
) 8o B
& . —a— Objective fumction 5
&, 5 ) . {6 8
= i —e— Contraint Condition S
1.0 :
1 i N L 1 0.8
0 2 4 [ 8 10
Iteration Number

Fig.7 History of optimization.
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Fig. 8 Approximated response surface of absorbing
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Fig.9 Absorbing energy vs r/h.

[

1 I 1 1 1 1 1

0

1
200 400 600 800 1000 1200 1400 1600

rh’ (mm?®)

Fig.10 Mean axial impact force vs rk?.
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Fig.11 Simulation of the optimized cylinder.
(Absorbing energy: 11.47kJ ’
Mean axial impact force: 64.72 kN)
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