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Abstract

Recent development speed of computer and technology of numerical
analysis has been so fast that applications of simulation to design and
development of automobile have become important. Thanks to that, virtual
development becomes more realistic recently. In odder to realize the virtual
development, investigation of analytical accuracy is necessary and important.
However, it is ordinary that there is some error between analytical results
and experimental one. It is thought that there are some factors of differences
between analytical result and experimental one, which is improper
analytical modeling, disregarded material property and forming history of
structural members.

Purpose of this thesis is improvement of analytical accuracy in automotive
structural analysis and so on. Especially, forming history to influence of
analytical accuracy is investigated by using multi step analysis in this
research, which can consider the forming history.

This thesis consists of 5 chapters. Contents of each chapter are as follows.

In second chapter, hydroforming simulation is carried out to compare
analytical results and experimental one. It is important to investigate the
analytical accuracy of THF before carrying out crush analysis. As the result,
good analytical accuracy is confirmed.

In third chapter, effect of forming on crush characteristic of hydroformed
member is investigated by using multi step analysis. Static crush

experiment and two kinds of static analyses, which are multi step analysis
* and conventional analysis, are carried out on hydroformed members. As the
result, it is verified that consideration of forming history in crush analysis is
important in order to analyze accurately, which means that multi step
analysis is very useful analytical method than conventional one. However, it
is confirmed that there is some error between analytical results and
experimental ones on material A even if forming history is considered. It is
thought to be possible that the factor depends on strain path from test of

Vickers hardness and tensile strength obtained from free bulge experiment.




However, this is not enough factor that explains this phenomenon. More
research is necessary on this phenomenon.

In forth chapter, optimal design method by using multi step analysis is
proposed. In conventional optimum method, design factors are only sizes and
material properties of member. Optimization that includes expanding ratio
of tube as new design factor is carried out in proposed optimum method. As
the result, it is verified that superior hydroformed crashworthiness member
is possible to produce by adding factors in forming process as design factor.

In fifth chapter, results of second to forth chapter are summarized.

Virtual development is becoming practicable due to development of
computer and so on recently. It could be much practically by using multi step

analysis.
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Fig.1-1 Process of THF



Fig.1-2 Engine cradle produced by THF

Table 1-1 Comparison between THF and conventional method

THF Conventional method
Number of members 6 1
Number of manufacturing processes 32 3
Material mass (kg) 18.3 8.5
Final mass of member (kg) 12.0 7.9

Fig.1-3 Automobile’s body produced by THF
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p=336 p=332

Fig.1-4 Roof side rail produced by THF (Phasel)

Hydroformed roof side rail

Fig.1-5 White body produced by ULSAB




Hydroformed member

Hydroformed member

Fig.1-7 Suspension parts produced by THF (ULSAS)
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(a) Hydroformed member for 3 point bending

70

(b) Hydroformed member for axial buckling

Fig.2-2 Shape of hydroformed member
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Table 2-1 Hydroforming conditions

Tube size (mm) ¢ 70Xt2.0X L1260
Middle cross section 3 point bending 92.8 X35
of die (mm) Axial buckling 70X 170
Mazx.internal pressure (MPa) 100

Table 2-2 Material properties of mother tube

_ Uniform Total
Material Heat YS TS ) ) n
elongation | elongation
type treatment | (MPa) | (MPa) value
(%) (%)
A Normalized | 249 331 29.2 42.6 0.275
B As rolled 334 369 18.0 37.5 0.091

2.3 FREFREICL 2 THF 47
2.3.1 THF B4 &4 |
EERCTIER L7230 2 X8 LT, 8 RILMRATE 7V 2 /ERE L THF AT 247
2720 BNTICIIBIMGBEARER 70275 4 LS-DYNA Ver.950 % 1720,
X 2-3 12 3 ST H THF SATEF VB & U THF ROEEERE TT. 3 &
g7 H THF €7 Vi THF KB L 3 mliTERZZEB L T, £BRO 1/4
(AAFEC U2, BRI 1/2) &L, it rZ2EB LR %E5 272, THF
DT AEEAE Y = VER, ST 4 8 S5 HEB AT, Belytschko-Tasy
VI VEREFERAL. WESFMOES R 2 L L, REOHAKBIUE
FEUIIENZEN 3975, 3848 TH B, REOHWER 2mm TH Y, T LRI OB
BARAEZT FREBRBRIOEONZ 0.1 & Lz, T2, M 2-4 IZ@TICBITAH
ET. NEEWEEEZ TR, ERCRAETBIUHNELFICHIH 5 BEL
TWh, T TIEBIMEERERO-OUTICRT AR —1) v FiELFicH
ETBIUAELAEMEZZAER 1L L7z,
2-5 ([ZEhEE A THF £ 7V B L O THF B OERRKRZ R, BER
- H THF ##rE 703 THF B & BEEAR 2 ERB L T, £RRO 1/4 (HAE
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FHNC 1/4) L. W2 ER LKL 5 270, THF ORI 4 B SRk
IVERVEMIX 4 8 55 BN T, Belytschko-Tasy ¥ = VEZRZHEHL.
WEAEOMA ST 2 L Lz, BEOHSES X UERRIZLER 3177,
2988 TH b, EEDOWEIL 2mm TH 5, & & R0 EBREZ FAREE A5
PHE/BSNZ007 & Lz, T2, H2-6 ICBTICBITAREEMEEZRT
HIEERE 7V CIEBETIENE MR W ERTIE 3 smiifHE 7V ERE,
NELAREMZ 1L L '

FEATICER LAREOER ) — B OTALSESIUEEEE 2-7 IIRT,
INHOMBIFER TR TEEPORFHFMICHBRFZIW OB L, 55RART
FEILAbDTH D, $7o. A LERMAETOFRRE T 5 BHHEIIZ
EALBNERZHERL TS, A MIIEER I CEBEMARE B/ S C5 80

(BEEROLL) 2fTVEETIEONTREE GREIGH - OFA) 2RV
Thbdo B HEEET 4 VHICBW CEEEOBEL B L A& T 57201
BEMEGEZTZRAPT=—VRELTBY), A OIS ITEERICEZED
BMBEZERL TWRWHETH S,

Fh, ATSOTSLDLD BREBET VT X LTI, [EEPZEHT 50
NEOEEDEZTZEB T 580 | JtedS. PRESC L 2EBEES OREIE
INIRELGVETBERZERIFRESN W] &35 27 -5 V&4 (@)
ZERIETREES At R REL T B, FO0FHETREER I IREE
WCHEL, ERRESKEVARED L ) 27— ATk, BTEEIFEFICKE
{%2TLEYe RE-DIIBWT, BERFEEETHILNEEE ©co BRORK
RESOR/ME ! Inin. HEHEBERE . E. K7V Vv BERE . p L T5%,

A= Ate=Inin/c=lmin/(/ (El p (1- v )?)) (2-1)

D) AREEEMIELNERIBNTAFHEL LT, EEEELKEL
LR EZERT AT ART =) Y TEFN STV B6),

KB TIIEEFEZ 105 5 IS &, Z Ok R %1 1/300 (2585
L7ze 72, BEFEZ 103, 102 L B I B/ HIT L4772 \», 100000 f5LLF
DEEFEEMIBIEE B LEZ W L 2R LTV,

RETIEIRBIHTHON RREREZOT IHEAT S,
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Die for THF

Mother tube
node:3975
element:3848
CPU time:1.5(hr)

Y
Y :
X
5—-—> X
; z
z
(a) Analytical model (b) Deformed shape after THF
(Quarter model) - (Full-scale model)

Fig2-3 Analytical model of THF for 3 point bending

120 20
,a— ————————————
CEL I, I £
S’ , p e
o 80 I V' ©
5 K 1128
® 60 7 7
b ’ 2
Q Y2 4 8 ©
© L V4 £
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V4 (2]
'9'5 7 : 4 6_2
= 207, — RE
’ -————®F
0 x 1 , BETE 0
0 0.5 1 1.5 2 2.5

Analytical time (sec)

Fig.2-4 History of internal pressure and press stroke

for 3 point bending model
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Die for THF

(7
PG AN
RN
N
AR
3

Mother tube
node:3177
element:2988 /&
CPU time:0.5(hr)

X

(a) Analytical model (b) Deformed shape after THF
(Quarter model) (Full-scale model)
Fig2-5 Analytical model of THF for axial buckling

120

100 r

Internal pressure (MPa)
[=,]
3

0 L ! I 1 :
0 0.2 04 0.6 0.8 1 1.2

Analytical time (sec)

Fig.2-6 History of internal pressure and press stroke

for axial buckling model
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Fig.2-7 True stress-logarithmic strain relation
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— Y = VEREH RN R ER ORI 21T BE. BRI M
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AL L, BT L LBITIZB VT Belytschko-Tasy BEE#FHLTWS, ¥
2-8 BIUH 2-9 T, IWEFMOES RBEIC L 2BITEE~NDEE., BX
V) FER (1 58ES) 2R LZBEOBITRENORE*SZD04
bETHELZZ. DTIERE LABRETVETRT,

- 4ERY 2 VER, WEFEESS S 2 ¢ Shell (2)
- AEIRY 2 VEFR, WEFMES S5 Shell (5)
- 8HIE VYU v FER., WEFHZEE 3 : Solid (3)
- 8HEIR V) v FER, WEFMZEIR 5 : Solid (5)

M2-8BIUM29LD . VY vy FEXEDHIWETMIEEIIRVE WL B,
VINVERTOREAMOBSRBICEL T RBNREENEON TN &
W2 b, ¥V FEREZMEHA LSS, BITERIEI 2 VEZD6~THEE
L. ABFED L) ICH BB 21T ) BHE RN ERZR L IEIEVE v, AR
FZOERZBIIFBITOENICAELEBENLEL LD EEZ bNBO6),
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B 2-10 BL UK 2-11 12 BHZREFEAO 3 T HE TV OERLEEFH
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CEBRHEIE TR L LTh, WEOTASHICKELRELIZREL
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B% 0.275~0.350 T TEAL X734 0% hREbE HH(C-D) DAE U 45
HRZEBEDHOE 21T LR T ZOHES MTEEERO LRI, B
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Fig.2-8 Comparison of thickness strain from C to D
between FEM and experiment for 3 point bending (Material A)
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Fig.2-9 Comparison of thickness strain from E to D

between FEM and experiment for 3 point bending (Material A)
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Fig.2-10 Comparison of thickness strain from C to D
between FEM and experiment for 3 point bending (Material B)
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Fig.2-11 Comparison of thickness strain from E to D

between FEM and experiment for 3 point bending (Material B)
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Fig.2-12 Comparison of thickness strain from C to D
between FEM and experiment for axial buckling (Material A)
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Fig.2-13 Comparison of thickness strain from E to D
between FEM and experiment for axial buckling (Material A)
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Fig.2-14 Comparison of thickness strain from C to D
between FEM and experiment for axial buckling (Material B)
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Fig.2-15 Comparison of thickness strain from E to D
between FEM and experiment for axial buckling (Material B)
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Fig.2-16 Effect of friction coefficient on distribution of thickness strain
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Fig.2-17 Effect of work hardening exponent on distribution of thickness strain
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ZAHBEEZOLNEDPOO ZOFDITERE L TEHOFIMIIC L 25088
2PN 500, THF 2i30%. TV AMITRMIPMTIC X o THREZEL.,
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& 3-1 IR DB FEOMAR K 8-2 IAEEA Lz — A TOLEFER
WFEOMEN % RT o EROMIFHETITEMINITREICHE LA I
TP ER SN TEY, ZOERNEERTLECOERLBITOREIZLZNES,
FDI-OAMRET HLEMBNFECLVBMONTEEZZE L. MIE
B ERTHLERICOVWTRETT %,

ME L2 L 912, ZNENOMBITHR TR ICEH R OREEE, RERE, &
BOEICBITAIEN, BEOTAEDOTFT— I HBETNTVDE 7 7 4 WHERS
na (& 83) TDF—FFAT) Y INy ZBTOWEEEL LTA Ty
NI T ANICTEA LR T ) Y TNy JTEIT R ) 0 SBIZATI Y TNy 7
B BOT— ¥ % ERBITODALEEL LTA 7y b7 74 VITHALER
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BAZ4T) o |

Fig.3-1 Conventional analysis

ATy TNy 7
TR

(a) Mother tube  (b) After hydroforming (c) After 3-point bending
Fig.3-2 Multi step analysis
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*NODE

15 3.09E+01 —2.36Ejl-00 5.27E+01 0 0
16 3.04E+01 -1.58E+00 5.27E+01 0 0
A NS
kELEMENT_SHELL THICKNESS
932 2 3379 3136 3164 3412
2.00E+00 2.00E+00 2.00E+00 2.00E+00
933 2 3412 3164 3200 3450
2.00E+00 2.00E+00 2.00E+00 2.00E+00
A N

*KINITIAL_STRESS_SHELL
932 1 2
-5.77E-01 -1.09E+00 3.55E-02 -1.93E+00 6.23E-01 9.65E+00
5.77E-01 -7.82E-01 4.59E-01 -2.67E+00 2.62E-01 5.97E+00
933 1 2
-5.77E-01 -1.59E+00 5.11E-01 -4.90E+00 5.93E-01 1.01E+01
5.77E-01 -1.49E+00 6.12E-01 -1.63E+00 4.97E-01 8.77E+00

Fig.3-3 Numerical data after THF analysis

3.2.1 THF #47

2B TR L L )T, BEOREDS THF %2\ T ERIERT % /55
5, THF IZELT ., ZEEIMILEZZF5 2 ETEOMIIC C22A. LT
Wik, FLTBYEHPEET S, K3-4 2 THF TRETHEE LKA, NI
ft. ZLTCREIEHOI Yy —MERT. SNOOMN, KAS L UMIELE
FERIEBRTOMERHENZANVFICRELSEET L, £0720., EEBFTICE
WTINOLTEROZRIIMO TEETH S, 72, THF BT TIINEI TS
BIZELEBETERIRTT2LIBRELTWE LD, BITRTHROKREIE
FRFEFICEV, TOREBLNEBNTEIORDAT v TTHEAT) VT
INY TR NEBITT 5o
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B, BDe

(a) Wall thinning (b) Residual strain (c) Residual stress
Fig3-4 Contour graphs after Hydrofoming
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— MR CERO I TE 21T ) HE. REACHEERNBEICLLRAT) Y I
vy PHRRDPBET S, M35 0T VARBEGADR T 7Ny 7B & RT, #
WOTVAREETIE, SREDRTY v 7Ny 2 BEHIE L - &R /ER
ETHY, BEFRTICEAFUIEEL LS,
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HENEIEDLDTIIWVD, ENLEEHALTRVWEERH L, LrLE
YALE MR E KT 720 —BRZIZV 2 F, A7 Y 7Ny ZBFO a3 R
MIBTRAT B X OEIEMTE & B L TRV, AT Y 7Ny J T
ThrIREBHENLD, 2B, 3.32.1 TRTHEMAEN.1 BEU, No.3 TIEX
TN Sy SRR ER L. B LEREENEZEL TV,
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(a) Before spring back (b) After spring back

Fig.3-5 Change of shape by spring back

Table 3-1 Change of lengths by spring back

Before spring back After spring back
Hoop length (mm) 235.61 235.53
Axial length (mm) 256.72 256.66

(a) Before spring back (b) After spring back
Fig.3-6 Reduction of residual stress by spring back

3.2.3 FERENT
THF B L AT 7Ny 7B 2R TELNRE, T, L

THREILDZOMEMG L LTERRBN 21T (B 3-7). EEMENT OFEM %5664
(LR ETLLARERHBE T 5o
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(a) Wall thinning (b) Work hardening (c) Residual stress

Forming history

Crush

Fig.3-7 Crush analysis of hydroformed member involving forming history
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3.3 BEHIEHTHE THF A 0 R 3 sy
AETIX THF 4 0 3 SHEITTHRTICBWCINTEE 2 ZE 3 2 LB IO
THREZ2T%9,

3.3.1 ¥Ry 3 K HITER

3.3.1.1 LB &N

THF ERTER L2813t L 8 SEITEREIT 2 o7, K 3-812 3 AT
EBREBELRT . LESOTERIUTOEY)TH S,

TE~E Rr+F TRV FEAOmMm X EX 100mm
FTRHO—IV . 2= FE40mm X E & 100mm
XA EEEEE - 200mm

TRRETEER DT ARERFEOBEIH 2\ L) I12, 8~9Imm/min & L
oo E72. ERICBVWTHBAIRHOEL % B 720 BB 1L A R — 4 — 4
AL7z, _

e L /- ¥R 3 AHRITERIC B 2 M OMTREOSM % % 3-2 1ZRT,

$7: 332 THBETAMITEGELEbEA7-0, EERLEMATIE No2 & Nod D
A T |

(a) Before 3 point béndi’ng | (b) Dﬁring 3 point bending

Fig.3-8 3point bending test equipment
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No.l: AMFEE+ AW T THF L7zREkF (THF BE#uLEEL),

No.3 : BMEE % HWT THF L/-3EkF (THF EMLEEL),

No.5 | A MEE % T THF 247\, 2 0#%EESLE %47\ THF TR

FoTHELLBEOTA - BHZEY BV R,

No.6 : B #EZE % H\WT THF 21T\, ZOHREEHRLEZITVIEE, THF
TRICE o TELLZBEOTA - BHZRY)BRWIRBRR, $/2. 20
ZAFITBMEED 72 THF TRZT TIE R, EEIRICL - TELR
BEOTALIY BRI TWE D, MHOMERFEIEB 225 A ILE
fLLTWw3B, T74bbH, No.5b & No.6 (& THF T U7-ME DA D Ak
AETFTNELR-2T WS,

Table 3-2 Experimental conditions

No | Material tt}g;)ee()f mother | .y thinning | Residual strain
1 A O Q
3 B O Q
5 A O X
o B O X
(A after THF)
3.3.1.2 EEBER

M 3-9 ICK&MD 3 miiTERL VB ONME LMl Hz., £ 33 (2
FEEMEOREHMEELZ R

Nol, 5 D&%+ % &, No.l DEEMEMIIEHMIEIZL Y THF THE
THRELZMIE{LZBREL Nob L TREREICBWTH 80%REE
ERLTWE, A HINMTELEROBMETH S 20, a—F—EiZBw
THNIWIC X 2 ERBPEOEMEA K E V, 20T~ F =57 3 KHT
BRSBTS B85 TH L0, THF BICHLEEIT o7z No.b LKL
TEEHEEIE V., /2. TDI L No.3 & No.b % LB L725HEI1 b Rk
DZEPVZ B, |

ZOLHEBICKERMT AR L. MITELICE ) EMOMEEZ KE
ETEBZ LI THE OFIEO—D L W2 2, Thbb, MIEICHLELT)
RETIEZVWILIRE) TTLEL, EHWIKREBREB LU THF 2 X 5 REH
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LEERBLIZZREORBIUREL EET A Z LT, IMIEL 2 BB IZFA
L. BHMOMEXKELMELELIENTREL DL, F/22D L) ITHIIE
fbick aEEEREICE D, BREMET 2bbLEMZMEzERTHLE
PHEL 2 B720, MEBDLMIHRSZ LATTE 500,

T/, (BEIRCIAMIE DY) FEDRETHMRETHS No3 &
B LT, No.l P"EEWEEICBVWTIIIZAETH,, TORETFHIIRTS
FERLWZ B BROZ LD KEDIRETBHM O WEREM D720 THF
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Load (kN)
)

§ —&— No.1 (Exp) ||
—0— No.3 (Exp)
4 —— No.5 (Exp) ||
2 [ —— No.6 (Exp) [
0 L 1 i 1 1 !
0 5 10 15 20 25 30

Displacement (mm)

~ Fig. 3-9 Experimental load vs. displacement curve

Table 3-3 Maximum load value

No.1 No.3 No.5 No.6

Maximum load (KN) 16.7 16.1 9.2 8.8
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Practical part on FE analysis

node:3975
element:3848
CPU time:20 (hr)

Fig.3-10 Analytical model on 3 point bending

Table 3-4 Analytical conditions

No Material i};};)eeof mother Wall thinning Residual strain
1 A Considered Considered
' Unconsidered )
2 A (t=2.0mm) Unconsidered
3 B Considered Considered
Unconsidered ;
4 B (t=2.0mm) Unconsidered
5 A Considered Unconsidered
B ) .
6 (A after THF) Considered Unconsidered
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§ 8 At —o—No.1 (FEM)
6 ——-1—e— No.1 (Exp)
4 —— No.2 (FEM)
2 —o— No.5 (FEM)
0 , , . |—@—No.5 (Exp)

10

15

20

Displacement (mm)

25

30

Fig.3-12 Analytical and experimental load vs. displacement curve
of A material

Table 3-5 Correlation of maximum load between experimental and

analytical results of A material

No.1 No.2 No.5
FEM | Exp| FEM | Exp |FEM | Exp
Maximum load
© 1 14.0 | 16.7] 12.0 9.8 | 9.2
(kN)
FEM/Exp 0.84 0.72(/No.1Exp) 1.07
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) ~5—No.6 (FEM)
0 ‘ ,  |—®—No.6 (Exp)
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Displacement (mm)

Fig.3-13 Analytical and experimental load vs. displacement curve of B

material

Table 3-6 Correlation of maximum load between experimental and

analytical results of B material

No.3 No.4 No.6
FEM | Exp| FEM | Exp |FEM | Exp

Maximum load
&N)
FEM/Exp 0.94 0.95(/No.1Exp) 1.08

15.1 | 16.1| 15.3 9.5 | 8.8
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8.4 IEJFTEMTTE THF Tkt o> e & iy il L 18

AT THF M OBERBTICB W ONIEELZ ZE T%JA%I& el NEN

HIET & FRRDOFIMETRET 21T % 9 o

8.4.1 HEFHIHLE B SEBR
3.4.1.1 EBR&H

THF EERTIER L 725040 1 LEIEEER T2 272K 8-14 ([CHhEEE
KEZRT. LEETEREIVOTAREKGEEOREN ELEVWE I I, 8~
9mm/min & L7z, 72, ERICBW TR IREOEEZ B 0B R Ik A
R—G—FHHA L7,

e Lt@%’%ﬂﬁiﬁir(ﬁ%%kb07‘%“[3*&“0)#1451 BEMEIEE 32 IWRL 3 &
MiTOEELHEKETH S,

(a) Before axial buckling (b) After Axial buckling
Fig.3-14 Axial buckling test equipment

3.4.1.2 EBRHER

B 3-15 12 No.1, 3, 5, 6 TV EBONME-EMEHNE., £37 &850

IZBIT B EEWEE LR T

Nol, 5 D&% T %, 3 MENTEROEAE L FAERIC, No.l OFBHE
EIXFLEIZ L ) THF TR CTREAE LI L EBRE L Nob L BL TR
EMEICBVWTH T0%EELFF LTS, 72, 2O 13 No.3 & No.6 it
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LA EBETH D, No.d id No.6 & ILE L CTEHMEMIIN 60%FEE
B\,

DX IERE— FHFZELL THMIMLIC X 2 A RE [ E~DZEIT
B TREV, 3 BHIFTERTHEL L2 X )12, BHERBINERH 2BV TR
IEMBEN LO-OBBHICHAVWONIEZTH S, LrL. MLELOE
WA HEARICFIZHT 20, BEERRE TMIIRETIILV, FICEERD
I REEE- FCRERBICKEROTADVELA12D, EERICKRERD
FTHRDFAE LD THMTARAE L, FOWMIC X o TEEE — FPEREEC
7 ) BAEOEIEE— FAPEO N2 WITREMED B 5 W,

BLE XY, THF I & 2 TAELIG BB OB BERILERH 1B\ TR IS
AVWOLNAEREBERZERTH A Bist L@ ) THF BT 5MIEXER
BHREZRLERETILENED S,

180

No.1 (Exp) ||
160 No.3 (Exp)
140 No.5 (Exp) |7
120 No.6 (Exp) |
g 100
o _ .
3 60 \
40
20
0 | i | I - {
0 20 40 60 80 100 120
Displacement (mm)
Fig. 3-15 Experimental load vs. displacement curve
Table 3-7 Maximum load value
No.1 No.3 No.5 No.6
Mean crash load (kN) 67.2 60.2 38.8 37.1
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3.4.2 AREFZEIC X 2 BEH KB BEMT
3.4.2.1 BAT&M

BHETEMEAT I b THF AT & Fi. BIMBMEEREEZ 702 5 4 LS DYNA
Ver.950 % i\ 7z, BHEEMENTE 7L THF 84 OER5E, THF BT L 055
NIbDEERRD V4ETFTNVEZFEDOT /AT S, /o, VLIETNVITL A8
BB BIT V., V4 EFVOFLEBERIEL TV 5, K 316 I[CHIERFTE
TV ERT, ;

% 34 LRTEMEICADETHERER (No.l, 3. 5. 6). I (No.1~6)
2TV, EEBIR, WEREZ L TR AL FITB W TEREBITO LB E
To72

node:3177
element:2988

Practical part on FE analysis CPU time: 32 (hr)

Fig.3-16 Analytical model on axial buckling
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Fig.3-17 Deformed shape in crushing in case of Nol and No.2
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Fig.3-18 Analytical and experimental

load and absorbed energy vs. displacement curve in case of Nol and No.2

Table 3-8 Correlation of mean crash load between experimental and

analytical results obtained from conditions No.1 and No.2

No.1 No.2
FEM | Exp | FEM Exp

Mean crash load
&kN)
FEM/Exp 0.93 0.67(/No.1Exp)

62.4 | 67.2 | 45.0
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No.3
(Experiment)

| No.3
(FEM)

No.4
(FEM)

Displacement (mm) 10 40 70

Fig.3-19 Deformed shape in crushing in case of No.3 and No.4
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Fig.3-20 Analytical and experimental load

load and absorbed energy vs. displacement curve in case of No.3 and No.4

Table 3-9 Correlation of mean crash load between experimental and

analytical results obtained from conditions No.3 and No.4

No.3 No.4
FEM | Exp FEM Exp
Mean crash load
60.5 60.2 59.5
(kN)
FEM/Exp 1.01 0.99(/No.1Exp)
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Fig.3'21 Deformed shape in crushing in case of Nol and No.2
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Fig3-22 Analytical and experimental

load and absorbed energy vs. displacement curve in case of No.5

Table 3-10 Correlation of mean crash load between experimental and

analytical results obtained from a condition No.5

No.5
, FEM | Exp
Mean crash load
38.7 38.8
(kN) _
FEM/Exp 0.99
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No.6
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(FEM)

40
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Displacement (mm) 10

Fig.3-23 Deformed shape in crushing in case of No6
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Fig.3-24 Analytical and experimental

load and absorbed energy vs. displacement curve in case of No.6

Table 3-11 Correlation of mean crash load between experimental and

analytical results obtained from a condition No.6

No.6
FEM | Exp
Mean crash load
40.7 37.1
(kN) ;
FEM/Exp 1.09

58



3.5 BREREOKE
3.5.1 BIHEFNVDEAEER

3.3HITIE 3 HEITICB VT, EER 4T, MM 6 8. 2L T34 5T
FERIZBNWTENENEROERE BT ZER L. IMLEREZEEBTICBW
TERTLIULEHIIOVWTIRIEZ TR o720 ZOFRER. ZEMBEITZERL.
EEBROMIBEELEGICADLES Z L THTBEDOMEFTRETH S 2 L IEE
=y (AN '

SRR AT E O _EASREE S 7225, 3 ST O4M No.1 1281 5 Eik
TEME., B I UCHER OSSN No.1 OREIRICBIT 2 EERFTEMEIMMOLMG LI
B L CIRATIE & EREOEDIKE { ko7,

3 HHITHIMICBYTHREZIT ). T TREERE LTHITETVOERS
g, ERETNVENEIOND, FD720, UTIRTEFE TV T THF @
iV, BIESEE 3 MBUFEAT 475 5 720

A v Y 2 fli5EE 5V ;. Shell (fine mesh)

- HREFMFES I 5 BET IV . Shell (5)

Vv FEZRETNV REFADEIE5) © Solid (5)

2y Y 2 MIFEIE FLTIE, 8 MHTRICEROK X VRSO AMSE £ 1T o
72 325 12 LEED 3 EF V. B LK 32D No.1(FEM), No.1(Exp) & h 12
Bntﬁiﬁﬁ%ﬁ%ﬁToHs&ib%iﬁ%ﬁiﬁ%ﬁ%?wwﬁﬁﬁ«
DEBITITITEL , BATEEZEDIER L IRV ERVEVE D,

18
16
14 5
12 o=
=
X 10 .
© -
§ 8 —a— Solid (5)
6 —o0— Sell (5)
4 —a— Sell (fine mesh)
9 —o— No.1 (FEM)
0 ‘ | 1 —— No.1(E>§p)
0 5 10 15 20 25 30

Displacement (mm)

Fig.3-25 Effect of analytical model on load vs. displacement curve
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Fig. 3-26 Effect of ratio of strain on stress-strain relation in case of SPCE
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Fig.3-27 Strain path of a model for 3 point bending
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Fig.3-28 Correlation between YS and Vickers hardness of mother tube
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Fig.3-29 Comparison of distribution of YS after THF between FEM and
experiment from C to D in case of No.1
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Fig.3-30 Comparison of distribution of YS after THF between FEM and
experiment from C to D in case of No.3
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Fig.3-32 Strain path of a model for axial buckling
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Fig.3-33 Comparison of distribution of YS after THF between FEM and
experiment from C to D in case of No.1
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Fig.3-34 Comparison of distribution of YS after THF between FEM and
experiment from C to D in case of No.3
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Fig. 3-35 Example of specimen after free bulge experiment
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Fig.3-36 Tensilg strength after free bulge experiment
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(a) Mother tube (b) After hydroforming

ey ﬂf

(c) After crashing
Fig. 4-2 Analytical steps
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Die

(a) Analytical model of THF

Mother tube
node: 1971
element: 1872
CPU time:0.3 (hr)

CPU time: 1.0 (hr)

(b) Analytical model of dynamic crash
Fig.4-3 Analytical model (quarter model)

Table 4-1 Material properties

Young’s modulus

E (GPa)

Poisson ratio

Strength coefficient
K(MPa)

Strain hardening

exponent n
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Fig.4-4 True stress-logarithmic strain relation
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Table4-2 Levels of design valuables

Factor Levell | Level2 | Level3
Width w (mm) 40 45 50
Thickness t (mm) 1.2 1.6 2.0
Expanding ratio of tube r* [%] 6 11 16

*r=100X (4w- 7 R)/ 7R R:FEEHFE
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Table 4-3 Assignment of design factors to an orthogonal array L27 (318)

No t W Pkw bBkw r thr ko wkr (8)  (e) wkr (&) ()
1 {12 490 1t 1 & 1 1 1 1 1 1 1 1
2 112 40 1 1 11 2 2 2 2 2 2 2 2
3112 490 1 1 16 3 3 3 3 3 3 3 3
4 12 45 2 2 6 1 1 2 2 2 3 3 3
512 45 2 2 11 2 2 3 3 3 1 1 1
6 [12 45 2 2 16 3 3 1 1 1 2 2 2
712 50 3 3 6 1 1 3 3 3 2 2 2
8 |12 50 3 3 11 2 2 1t 1 1 3 3 3
9 |12 50 3 3 16 3 3 2 2 2 1 1 1

10|16 40 2 3 6 2 3 1 2 3 1 2 3

1m]16 40 2 3 11 3 1 2 3 1 2 3 1

12116 40 2 3 16 1 2 3 1 2 38 1 2

13|16 45 3 1 6 2 3 2 3 1 3 1 2

14]16 45 3 1 11 3 1 3 1 2 1 2 3

15|16 45 3 1 16 1 2 1 2 3 2 3 1

16|16 50 1 2 6 2 3 3 1 2 2 3 1

17116 5 1 2 11 3 1 1 2 3 3 1 2

1816 50 1 2 16 1 2 2 3 1 1 2 3

192 40 3 2 6 3 2 1 3 2 1 3 2

202 490 3 2 1 1 3 2 1 3 2 1 3

2112 490 3 2 16 2 1 3 2 1 3 2 1

2|2 4 1 3 6 3 2 2 1 3 3 2 1

232 4 1 3 M1 1 3 3 2 1 1 3 2

24| 2- 45 1 3 16 2 1 1 3 2 2 1 3

2512 5 2 1 6 3 2 3 2 1 2 1 3

2612 5 2 1 1 1 3 1 3 2 3 2 1

2712 50 2 1 16 2 1 2 1 3 1 3 2

4.3.3.2 FHAfifFEME

MR PEE & L Tid, BRI RV F & % 50§ 2 451 E & U TRIREEH3 g 22
Fta7%> 5 200mm 2L L 72 S IZ B 1T 5 5 O EETEM (LLT 200mm X
M= ROFHERFMEE T5) BN L, Z0IEIPEHMEE % FMEHE
fEL LTREIR L7,
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* 4-3 OEREOEHIIEVEITETVAER L. HERICBIT A RINT
INVFEMLEBL - DRERIT2ITo72, BRIPOLEBONIERETE 44 IR
To

Table 4-4 Results of crash analyses

No Mean crash Mass No Mean crash Mass
load (kN) (kg) load (kN) (kg)
1 34.3 1.142 15 60.3 1.572
2 36.0 1.095 16 60.7 1.904
3 35.6 1.047 17 61.8 1.826
4 35.3 1.285 18 61.6 1.747
5 36.8 - 1.232 19 85.1 1.904
6 36.6 1.179 20 87.4 1.825
7 36.1 1.428 21 89.3 1.746
8 37.6 1.370 | 22 87.3 2.142
9 36.9 1.310 23 89.2 2.054
10 57.0 1.523 24 89.3 1.965
11 59.8 1.460 25 89.4 2.381
12 59.1 1.397 26 92.2 2.283
13 58.6 1.714 27 90.9 2.183
14 60.9 1.643

4.3.3.3 FEIH L #EER

AR D Lo, REFERCHT 2 M EOREE R, ikt
BICET 2 2L 2L o THBEBEROEE R SEEMRICEE L 5, T4
bh, HER (BEHE) 2ERT 2. T3, BATH 5155 MM E%
HWTHESHEIT). £ LT, TOFERIZED VT Chebyshev DERLER:
THER L KD B.,% 4512 200mm A b T — 7 B OFHEERTEIITT 55
BOWMELERT, T, K46 HEMEEICODVWTOTHANTEZ R,
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Table 4-5 Analysis of variance for mean crash load

DEGREE OF SUM OF EFFECTIVE
Factor VARIANCE F RATIIO
FREEDOM SQUARE RATIO
t 1 1 1.25E+04 1.25E+04 6.89E+04 ** 99.20%
2 1 3.87E+01 3.87E+01 2.13E+02 ** 0.30%
w 1 1 3.09E+01 3.09E+01 1.70E+02 o 0.24%
2 1 8.96E-02 8.96E-02 4.93E-01 0.00%
r 1 1 1.39E+01 1.39E+01 7.62E+01 ** 0.11%
2 1 741E+00 7.41E+00 4.07E+01 sk 0.06%
thw  1%1 1 3.00E+00 3.00E+00 1.65E+01 a** 0.02%
1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2x1 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
thr 1% 1 1.54E+00 1.54E+00 8.47E+00 **  0.01%
1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2x1 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
wikr  1x1 1 1.61E+00 1.61E+00 8.87E+00 ** 0.01%
1%2 0 '0.00E+00 0.00E+00 0.00E+00 0.00%
2% 0 0.00E+00 0.00E+00 0.00E+00 0.00%
242 0 0.00E+00 0.00E+00 0.00E+00 0.00%
ERROR 17 3.09E+00 1.82E-01 0.04%
TOTAL 26 1.26E+04 100.00%

F(0.05) = 4.45132 F(0.01) = 8.39974

82



Table 4-6 Analysis of variance for weight

DEGREE OF SUM OF
Factor VARIANCE F RATIIO EFFECTIVE RATIO
FREEDOM SQUARE

t 1 1 3.04E+00 3.04E+00 1.57E+06 ** 80.78%
2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
w 1 1 6.02E-01 6.02E-01 3.11E+05 3k 16.02%
2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
r 1 1 9.06E-02 9.06E-02 4.67E+04 * 2.41%
2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
thw  1%1 1 2.50E-02 2.50E-02 1.29E+04 sk 0.67%
' 1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%1 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
thr 1% 1 3.82E-03 3.82E-03 1.97E+03 sk 0.10%
- 1%2 0 0.00E+00 O0.00E+00 0.00E+00 - 0.00%
251 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
wkr  1%1 1 7.36E-04 7.36E-04 3.80E+02 0.02%
1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%1 0 0.00E+00 0.00E+00 0.00E+00 0.00%
2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
ERROR 20 3.88E-05 1.94E-06 0.00%
TOTAL 26 3.76E+00 100.00%

F(0.05) = 4.351242 F(0.01) = 8.095958

SO ORER L D, 200mm R b 17— 7 B EEME TIIHRE () DR
PROTRKEVWI EDDD 5B, —HHMEE IOV TIIRE®R) & 1E(w) DEEDS
KEW, DLEICEY, FEEZD ) LHISN/AHZHWT 200mm A @ —2
ROFHERBTEOHEEN | (42, L THEMEEOHEEN | X3 L 1ERK
Lo B EEIIFRFEREICHEONAMHMNE, IBLILEOEIO SEH
TAHIENRETHS2, SHEBIRENMFECORERROFTEZERL., B
ELHERICIVRE L,
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#E (200mm R b O — 7B OFYFIRTE)

Fin200=6.07 X 101+2.64 X 101X t+2.54 X t2+1.31 X w+8.78 X 10 1 X r—1.11 X 2
+5.00X 107X tXr+3.58 X 1071 Xt Xr—38.67X 1071 X wXr [kN] (4-2)
HEs (HEBRIL THF S EE)

Mmass=1.64+4.11X 1071Xt+1.83X 1071 X w—7.09X 1072 Xr
+4.57X1072XtXw—1.78 X102 Xt Xr [kg] (4-3)

ERENOHEER I L CTHRETED L RABEREERA L TR ORI
SENE L WA D15 B (BT, BATEE $5) ZIBL7
X 4-5 \CFEHEBRTEICBITABITES EEEORRN . X 4-6 [ZEME &
B BIRHE L HEEOLBRE ZREIURT e RS ORIZANEFO 45°
B ST L R L OBES SRV EERL TV, THHD
iy, BOWEEEEEIMELRTWwI WS, DL VESRA-#HEREH
W CH BRI THE 86 O BFRHREILE 1T

100

80

60 >

40

Estimated value (kN)

20

0 20 40 60 80 100
Analytical value (kN)

Fig.4-5 Comparison of mean crash load

between analytical and estimated value
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1.9 [

1.6
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1.3 -

1 1.3 1.6 1.9 2.2 2.5
Analytical value (kg)

Fig.4-6 Comparison of mass between analytical and estimated value

4.3.4 HBELEHE
4.3.4.1 F#Efb ’rﬁ

FIREEREL D, BRETEERSNAFP A NVFEZ 2 LoD THF M OE
E0BRETHN L TARBELMEEZRE L. 22T, BRI NATINZ A
VX EISFHEEATET 80.0kN] & L7,

EREORBECMEIRG DD L) IcEgRILEN S, BRELETEICIIERT
KRETEEZ v, RETERZEHE LTHo 2. BEILEEISBONRE
REREBREELRIEREOHAELE TR 4T, 48 1IRT, BB, F4-7,
4-8 IZIEHRBILD. QILL N BONIFHRIEDETRT,

ERib)eaE * Woeight —minimum [kgl

ZEEHIFISM: | Fmeoo  —80.0 [kN] (4-4)
HRETERITRTKEHFNE T 5,
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Table 4-7 Optimum solutions

Weight [kgl | Mean Crush Load [kN]
Proposed optimum 1.73 80.0
Optimum @ 1.84 80.0
Optimum @ 2.13 80.0

Table 4-8 Optimum parameters

t [mm] w [mm] r [%)
Proposed optimum 1.98 40.0(R=44.3) 15
Optimum @ 1.93 40.0(R=48.3)
Optimum @ 2.00 42.4(R=51.3)

4.3.4.2 BBELEHEERORE
BECEON- RSB EREL BV BT E S Ve ek L, BEAHEMRT
%ﬁoto%L%twmﬁ\&6ﬁrmlﬁﬁ%%ﬁbfm&w%?w ERRAS
LR ERTORERMEORIERZ N L2GEOREREKERTE 49

cgm’a“o

BEALORER, EENERZHHT L 2 L CRROTEM & L T 19%
DEHER., TREWELLRAERL LTCERE L2V EORER &I
BLTH 6% DEMBEELITETH S,

Table 4-9 Optimum solutions

) Mean Crush
Weight [kg] Load [icN]
Proposed optimum 1.73 80.0
Recalculation of proposed optimum 1.73 85.5
Recalculation of optimum @ 1.84 | 79.1
Recalculation of optimum @ 2.13 78.8
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RETIIRHERTMTESEZRAER L LERORBEHRETFEICH L, W
TROFENERLEFERICMA HFAR#ELETo 2. ZORKRE, MIE
BrERTHILTREANT A—YDE. BLUREEBEIERDORBERE
FHICIDBONbOLEED, Thbb, ERORERIFETREL
7o BREOFEMESE D, MIBEEOZRIIBETH ORFHIBWTE
BTHb, £72. MITOELADNNT A—F 2 H#ELORTERE L TERET
5 LT, &) EZEEEICEN I ERATEETH S,

UEDHERLY, BELILEEREFIFHEOEMEIRIE I N L VWR B,

4.4 MIHELFEOREEHEENDOELE

441 BUDIC

B CREEOME % EE L TEHM OTIRT 5% Blifk L=A5, TRk E
BADNT > 2L ) EERWENET 52 L00, REOMIELEED
W BB EROBRICOVTRITT 2 LEND 5,

RETIF, FEEER). WEGQ., EEWER0. £ L TMIBEERO)ICL
HIEHEZ KD, Thh 5% n . KEETEBCPYERFEISRKL %2
AREFEWERL KO FHELRET 2,

4.4.2 MERE

?*&@*}ig\ HEE, %LTbﬂlﬁflﬁ#ﬁ%ﬂ%ﬂ@%ﬂo&/\b’é‘kﬁL MR
IANFERARIEEDL-DDOPWERLRDLIEZENE T o RELREIES
HmE L,

4.4.3 BITET IV
432 LRI, T TIXEKRT S,

4.4.4 HEERW
4.4.4.1 REIERE L ERXRENOHHT

HAERE LT, ZEOREW., EE0EER), ESLERQ, #LTNT
LB D 4 BER & Uiz, n LA BT 2 MRS K 135 ORI
VEFICRELSZEEZRITT, L2ALERELERITZFILAERENENEER
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bNB7z0, HiFiFEEE T00MPa &5 %, KEIIRK 2 KT TOHRERIMERT
&5 3KERODERERT Az, LX), BXE L2760 HHTLI L L
L7zo 410 ICRRET RN & T OKEELRY . B 47 CENZROMITHRIEL
DT 5 BN 3O ARE 2 RS, Tz, BERRIOST 2 BEREMN T
BREERAILIIRT, 2B, EWOFVIOKHFERBIETZRLTBN, 70
HE 3R E S ST 2R EROKEOHMAEGLEERL TV 5,

ABEIIBVWTD 4.3 LFERIC. BERREOLTTE N BTHNABEER DK
DALAE D EITHE 27X 3=81 W DFNT 2 IT R o 720 T 7. BERMORENER X
RE () & I TRE LR E (). WE®) L IEEE@IIDOWTER L,

FEREITTHERETITHREEE 4-11 TR T, 28, EROFIOHE
IR ESERLTEY, BTORFRIBNES T 2 RFFEROKBED
WAEDbEZERL TV,

Table 4-10 Levels of variables

Levell | Level2 | Level3

Radius R [mm] 48 51 54
Thickness t [mm] 1.2 1.6 2.0
Expanding ratio of tube r [%] 6 13 20
Work hardening exponent n 0.1 0.25 0.4

800

700

= 600 &

o ID/D/T
= 500
3 //
400

g 300 ?/‘
i...
200 ‘ —o—n=0.1

100 —0—n=0.25 {
—tr— n=0.4

o

0 0.2 0.4 0.6 0.8 1

lLogarithmic strain

Fig.4-7 True stress-logarithmic strain relation
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Table 4-11 Assignment of design factors to an orthogonal array L27 (313)

No | t r thr tor R rkn__(e) thn  n _ tkn  (e) rkn (e)
1|12 6 1 1 48 1 1 1 o1 1 1 1 A
2 (12 6 1 1 5 2 2 2 025 2 2 2 2
3|12 6 1 1 5 3 3 3 04 3 3 3 3
4 |12 13 2 2 48 1 1 2 025 2 3 3 3
5112 183 2 2 5 2 2 3 04 3 1 1 1
6 |12 13 2 2 5 3 3 1 01 1 2 2 2
7112 20 3 3 48 1 1 3 04 3 2 2 2
8 (12 20 3 3 5 2 2 1 01 1 3 3 3
9 [12 20 3 3 5 3 3 2 025 2 1 1 1
10 | 1.6 2 3 48 2 3 1 025 3 1 2 3
1| 16 2 3 5 3 1 2 04 1 2 3 1
12 | 1.6 2 3 54 1 2 3 01 2 3 1 2
13(16 13 3 1 48 2 3 2 04 1 3 1 2
1416 13 3 1 5 3 1 3 o1 2 1 2 3
15 (16 1 3 1 5 1 2 1 025 3 2 3 1
16|16 20 1 2 48 2 3 3 01 2 2 3 {
1716 20 1 2 5 3 1 1 025 3 3 1 2
18|16 20 1 2 54 1 2 2 04 1 1 2 3
19 | 2 3 2 48 3 2 1 04 2 1 3 2
20 | 2 3 2 5 1 3 2 01 3 2 1 3
21 | 2 3 2 5 2 1 3 025 1 3 2 1
2|2 1 1 3 48 3 2 2 01 3 3 2 A1
232 13 1 3 5 1 3 3 025 1 1 3 2
24| 2 13 1 3 5 2 1 1 04 2 2 1 3
25 2 20 2 1 48 3 2 3 025 1 2 1 3
26| 2 20 2 1 5 1 3 1 04 2 3 2 1
27| 2 20 2 1 5 2 1 2 01 3 1 3 2

4.4.4.2 FHEFFEME

MEAEMEAE L L Cid, RN A VFEZ MY 245 ME & L CRMREE ) %e
FRiAD> 5 200mm ZE07 L 7B 512 81T 5 2R O E & =48 (LU 200mm A
M= RBOFEHERFTEL T5) 2BIRL 7, K4-11 OEREKROEFITIZH
WIRHTE TV AR L. BRI BT AN RV FHE 215 5 - ORISR
BT o7 FORRIIE 412107 T,
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Table 4-12 Results of crash analyses

No Mean crash No Mean crash
load (kN) load (kN)

1 51.2 15 66.2

2 39.1 ‘ 16 73.1

3 29.8 17 63.9

4 39.2 18 55.4

5 32.6 19 72.0

6 49.8 20 126.7

7 32.5 21 95.6

8 45.6 22 118.7

9 38.5 - 23 97.4
10 64.4 24 - 80.0
11 48.4 25 93.7
12 86.7 26 81.2
13 52.5 27 112.4
14 80.5

4.4.4.3 G LHEER

RN RE D LT, REFERIC T 2 5 MFEEORE LR, Ihxifiat
RICIE T 2 2 LIl o THEFAROIE 2 ZHAEURICE SR b, T4
bi, #HERN (OEHE) 2ERT 2, £3°. Bird 5170 W MiFEE%:
FAWTHEOHEIT ) £ LT, ZDORKRIIED VT Chebyshev DERXZFIEN
THERZRDSL, £ 41312 200mm A b T— 7 BEOFHMERTEICHT S
SETHERZTRY .

SEOMOER LV, 200mm R b O — 7 EOFHEERE TIIRECQORE
PO TRENT EWbDD, —FEMEEIZD W TIIRER & 1E(w) DRED
KEW, DRIZKY), FEEH Y LHM S NEHZHWT 200mm X PO —2
ROFHEEMEOHELN | 45 Z/ER L,
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Table 4-13 Analysis of variance for mean crash load

DEGREE OF SUM OF
Factor VARIANCE F RATIIO EFFECTIVE RATIO
FREEDOM SQUARE

t 1 1 1.50E+04 1.50E+04 8.19E+03 ** 76.55%
2 1 5.36E+01 5.36E+01 2.93E+01 *x* 0.26%

r 1 1 1.72E+01 1.72E+01 9.40E+00 0.08%
2 1 1.03E+01 1.03E+01 5.63E+00 * 0.04%

R 1 1 1.62E+01 1.62E+01 8.87E+00 ** 0.07%
2 1 6.76E+00 6.76E+00 3.69E+00 0.03%

n 1 1 3.76E+03 3.76E+03 2.06E+03 ** 19.22%
2 1 2.03E+01 2.03E+01 1.11E+01 ** 0.09%

thr %1 1 1.02E+00 1.02E+00 5.58E-01 0.00%
1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%

2x1 0 0.00E+00 0.00E+00 0.00E+00 0.00%

252 0 0.00E+00 0.00E+00 0.00E+00 0.00%

rkn %1 1 2.29E+02 2.29E+02 1.25E+02 ** 1.16%
1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%

2%1 0 0.00E+00 0.00E+00 0.00E+00 0.00%

2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%

tkn %1 1 - 443E+02 4.43E+02 2.42E+02 ok 2.25%
1%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%

2x1 0 0.00E+00 0.00E+00 0.00E+00 : 0.00%

2%2 0 0.00E+00 0.00E+00 0.00E+00 0.00%
ERROR 15 2.75E+01 1.83E+00 0.24%
TOTAL 26 1.96E+04 100.00%

F(0.05) = 4.543076 F(0.01) = 8.683117

HEA_(200mm A PO — ZEEDFHEEFE)

Fi200=6.6 X 101+2.89 X 101 X t+2.99 X t2—9.78 X 10" 1 Xr—1.31 X r2
+9.5X10"1XR—1.06 X R2—1.45X 101X n+1.84 X n2+4.37 XrXn
—6.08XtXn [kN] (4-5)

CORERIIH L TERETED 2R ERMEERA L THEL R HEM L
EEIAT & 18 & N-SHESME) 2R L7z, B 48 K PWERWEICB
HBREE EMOLENRT, ZORIIEITFD 45° # I WIT EEFT
BEREEE DEENP VI L RRL TV, SORIY, BOEEHES
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Fig.4-8 Comparison of mean crash load
between analytical and estimated value
4.4.5 THF ROFRERELEHE

FEORE., PE, 2L UNTHEIERBEIATEEZEZ SND, 20720,
TNENOHAG LRI L, BN A VFE RS LS D OREIEE
TRODLIEZEHWETIRBEMERRE L2 LEROEELEEITHG6)D
) ERLINn S,

H A%  Fnooo — Maximum [kN]
ZEEHIFSEY  t,Rn— fixed in all kinds (4-6)
BRETERIZ TN CAEHERNE T 5,
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IEEEA*ZR L - RBEEEERLRETAILICLD, REFECEN
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it\l4w¢%mlﬁm&ﬁkkwfvﬁﬁ%fmé@t% DFHEE
WEEOHERZ R T . I FILEEOFYEEREELLEE 6B IZBITHF
BEBNEMTEY ., ERLLEEZRL TS, ORI ) INTELIEEAS
0.2 UTOBEIIRERIICLAWERIVEFNLTHEICL 2MEENEZ L
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%@tb REOEBERNDERARRICTIEHT 2D 49 TRLZEIH IS
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uifu#Aﬁk SV R ) DEHBETIEEE 6% 0HE& LB L TFYE
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Fig.4-10 Change of average load ratio
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