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Table 1-1. Requirement performances of various parts®.

Parts Performance

Name Rigidity Dentability Fatigue Crash
Outer Door © O A ~
Panels
Inner Floor © A (@) @]
panel
Structural | Cross member O ©
Parts Side member © ©

Door beam (@] ©

© : Seriously important
O : Important
A : Less than O

— 7, HEBEDOERICLAME(LEIELTX, EF, T—TFT—RFT 77
[TWB ] (Tailor Welded Blank) £4i723, [X 1-5°Z7R4 X7 B S (g s < i F &
NAIINTI2>TETWAD. TWB &L, PV ARRERICEIRT LT 757 | 285
WTC, IR THORE AL HA T, TWB ZHWTT VAR EITHIZEIZLD,
OEDDT VA OF T, MEIZSUCTHRIE, ELZZE ST T 25 S5 15T
HZENWFRELTRD. HE- T, MRENVLEREITIX, B IZEME T, EmIMER
VR FTIE, B ITHEE N CE, LB/ NROmRE CME, Mtz 5795
ZEMAIREL 72D, BARMIIZIE, B4 N CHREE DS ML B2 ERALIZIE, s, BROT
S MR, FOMEALTIL, BRDT I M AFNENH WALk T, M8
DFEFE, WEZT TN CTHEMREICA DA wEATICELE L, BEbET M IEFED
HERF DN EAATRE 70L35. L ED IS, BEALTFIELL L, mimEH
WA~OMEHESLE TWB O A NBIEDITOIN TS, EZAN, el L2 L 4
PR BICRE T2 RITH RSN TE LT, il COEMBABNPEELTW
2.

FZTARBFZEICBW L, Bl FIELIZ R 288005, B IIERES 0,
OB ELE FTREE T HEMIITLRICE B Lic. 370bb, MM HaEZ M BRI & &
HICXBLT AR THS. 728, RO FEEREE L IREH A S DELZ LTI
T, WAL NI L2 BRI T2 RT, SHICRERDTENHELZIND.



Fig. 1-5. Schematic drawing of application of TWB technology to BIW*Y,

1.5 EREZLEMELZFOH TS

H 8B OfmZE R 2O R EOBLRIZIE, 1.1 BiTlR~7=d50, 77747 8—77
ALYV T =TT 4D, ZITIE, AZENRIRELI ANy T =TT 4128
REARY, TOEINBENANZ DN TIEAS.

EL PRI BT RN, ZZBHEMR O IR B HE LB O R
T X L Ig > TETWD. o, FETEEL BT 27 EAAMER DA
B, SOICIEH BV HLRIRE A AR BPEIC L > TIRESNAH LI, fha 2k
DI 2L M Lm OB DA S > TR BREEIZ 2> TE TS, & 1-2 12, H
K, TAVA, a—ay /TR D55 T B AA MO & ERmT. FEED, M2
DI E DI HG, BIHERL M EZED R AREL TWD. BIEEZE 230
Tlix, NASVA™ (National agency for Automotive Safety & Victims’™ Aid) 726 TNZ
NHTSA* (National Highway Traffic Safety Administration) TlZ, #29# ) 55 km/h
FREET, MR ANV TIZEDOFTH AT X TR TERICERD (TN Ty ) TR A
ELTWAHDIZRL T, EURO-NCAP* (European New Car Assessment Program) 725
ONZ THS™ (Insurance Institute for Highway Safety) Tl%, # OEZ25E FE L0 64
km/h OMET, HOREDO —ERRETARD VT EIE 2D (A7 1o b) B2



10 1.5 fHZe Lz DRz

EREL WA, —J7, M E 22 411%, NASVA'Y ) EURO-NCAP? B LY ITHS™ A3
B2 50 km/h C, HEIZ AT E) & EAE S T D523 EL TODDIZHIL T,
NHTSA 2CI%, 62 km/h OEZEHEETHY, NASVAYY, EURO-NCAP™, TIHS"W X0,
WVEZEGHE AR ELTWD. T bbb, & ETIRESND BENFIZE, 20X
74 [« B AR TOE LR BRI BV TH BV B 28 % M A 3 BRI 3
RDOBILTNE.

DEIZ, EURO-NCAP %fi&L THEZEL ORI FIE IOV TIERS. X 1-6
\Z, EURO-NCAP (28T 22RO AR 7. AilimE2E <, BEEs
WEE 64 km/h T, B ELIZT AIN= A LD YT DN 40%4— 3T 7 S 7= 5/
TlfZesH, MIEEZ2E T, TAIN=DLHO NI T 22 76 A2 E 50 km/h
DM, EEL BB HICE ST S, LT, ENICEY LA I— A Y0
BEOREBIOF YL OEREEZENEIVEL, BIRDOE L 2MEE DT
P95, YeDBNLWHITE, EELEMEITEN BT

LRI TIE, EREDI7amnd @22 LB A B 6+ D524 2o
fic, BEVERRIAOEIOE AT B LT, \E R OMENE P UTEYT 1)
MERINDENIT/->TET NS, 1-7 12, RCAR' (Research Council for
Automobile Repairs) (& CHill i 4V 7- BEE 22 O #HE ME 2 7R -2 @ 22 5Bk S 1R oD
X 2R d . 22T, HORE B E»S, HOEFHMICXHL, 10 deg. FMIIH
FE 15 km/h TEZELIZ5E O HAROBERE A5, ZORMEICL-T, filxiT,
Bl 7Y =X — RG-S TR EEIC S D80 FE R0, BB BEORRE
Mm%,

PLEDIHIZ, BEYEIZITBAIE S LR Z2MERED R D DAL, FFIZ, HORTE,
BN ST BRI H O &AM 121X, @ 22(55 km/h, 64 km/h)72HTN
(2R 22(15 km/WIZB W THIEFEIZHEBE T R — 2RI T 5 E RS T
. 728, ZNHERMREIL, EERBRE(LEEOITER LT IUEe b Hf AR E T
HD.



1.5 fljZgR et &2 DEANB %

11

Table 1-2. Crash assessment procedure.

Facilities Test procedure Detail conditions

NASVA Front Impact Test | Rigid Barrier, Full Lap, V=55km/h
(JAPAN) Side Impact Test Moving Barrier, F'=50km/h

NHTSA Front Impact Test | Rigid Barrier, Full Lap, F'=56km/h
(us) Side Impact Test Moving Barrier, V=62km/h
EURO-NCAP | Front Impact Test | Deformable Barrier, Offset, /=64km/h
(EU) Side Impact Test | Moving Barrier, /=50km/h

IIHS Front Impact Test | Deformable Barrier, Offset, V=64km/h
(us) Side Impact Test Moving Barrier, V=50km/h

(a) Front offset impact test

(b) Side impact test
Fig. 1-6. Procedure of impact test in EURO-NCAP*,
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10 deg. inclined rigid barrier Moving barrier

10 de\

(a) Frontal test (b) Rear test
Fig. 1-7. Procedure of impact test in RCAR".
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Fig. 1-8. Schematic drawing of structural parts to protect passenger by absorbing

crash energy when crash is happened.
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Fig. 1-9. Schematic drawing of structural design to control axial collapse mode*®.
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Fig. 1-10. Schematic drawing of Crash Box mounted with Frame.
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Fig. 1-11. Schematic drawing of the load-displacement responses of hat channeled

box during axial collapsing.
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Fig. 1-12. Schematic drawing of the comparison of cross sectional shape before and
after added axial impact load.

0y

(2) (©))
E Wavelength of plastic buckling (Pitch)
-]
/ \
/
2
o/ P
R I ro, et +| Fluctuation
1 /
/I \‘ (3) h LY \\
/ ! ! \
,’ \\ ,' \\
/,I \\ I’ ‘\
N 4 \
/ ~ z \
I, 1
/ 1
/ \
/ \
! \
Displacement

Fig. 1-13. Schematic drawing of deformation mode and load-displacement
responses of hat channeled box during axial collapsing.
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Fig. 1-15. Comparison of strain rate sensitivity of yield strength, YS between
mild steel and S90MPa-HT.
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Fig. 2-1. Schematic drawing of a thin-walled polygonal shell member (/V,=6).
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Fig. 2-2. Global FEM model of thin-walled polygonal shell member (/V,=8).
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Fig. 2-3. Partial FEM model of thin-walled polygonal shell member (=60 deg.).
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Fig. 2-4. Equivalent stress - equivalent plastic strain curve of the material

(de/dt = 107 s™.
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Fig. 2-5. Strain rate dependence of equivalent stress of the material.
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Table 2-1. Mechanical properties of the material.

Material grade JSC590Y*®
Young’s modulus E [GPa] 206
Poisson’s ratio v 0.30
Yield stress YS [MPa] 250
Cowper-Symonds D [1/5] 2.14x10°
parameter P 2.68
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Fig. 2-6. Comparison of load-displacement responses obtained by the global

analysis models with respect to the number of ridgelines, ,.
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Fig. 2-7. Effect of the number of ridgelines, /V,, on the average load, F,,./L,
obtained by the global analysis models.
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0=120 mm
(a) Cylindrical shell (b) N,=4 (¢c) N,=8 (d) N=12
Fig. 2-8. Comparison of deformation modes obtained by the global

analysis models with respect to the number of ridgelines, V,.
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Fig. 2-9. Comparison of load-displacement responses obtained by the global

analysis models with respect to the width of plane, W,.
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Fig. 2-10. Effect of the width of plane, W), on the average load, F,,./L, and the
buckling cycle, Dy, obtained by the global analysis models.
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0=30 mm

0=80 mm

0—100 mm

(@ R=60mm (b)R=120mm (¢)R=60mm (d)R=120 mm
W,=561mm W,=1122mm W,=43.0mm W,=86.0 mm
N,=6 N,=6 N,=8 N,=8
Fig. 2-11. Comparison of deformation mode obtained by the global analysis

models with respect to the width of plane, W,.
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250 —— ¢#=30deg.(L,=7.73 mm)
S s ¢ =60 deg.(L,=6.93 mm)
200: / \:K """ 7 =150 deg(Lr=207 mm)
150 i) ]
LL ] :_: B j\\
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Fig. 2-12. Comparison of load-displacement responses obtained by the partial

analysis models with respect to the arc length of ridgelines, L ,.
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Fig. 2-13. Effect of the arc length of ridgelines, L,, on the maximum load, F,,,,

obtained by the partial analysis models.
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Fig. 2-14. Comparison of load-displacement responses between dodecagon
(N,=12) and hexadecagon (/V,=—16) models.
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Fig. 2-15. Comparison of load-displacement responses between octagon (/V,=8)

and hexadecagon (/V,=16) models.
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Fig. 2-16. Effect of the width of plane, W, and the arc length of ridgelines, L,,
on the average load, F,,./L.
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Fig. 3-1. Schematic drawing of a thin-walled polygonal shell member (NV.,=—6).
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3.3.2 MEHFFIE

RATICIL, 55 2 B[R JSCH90Y'P4H 24 > 590 MPa kD44 FHART = 98 ) #ilAk 2
ABE UM BHER 2 . 26 3-1 IFEATIC WA B D — B A =

Table 3-1. Mechanical properties of the material.

Material grade JSC590Y™
Young’s modulus E[GPa] 206
Poisson’s ratio v 0.30
Yield stress YS [MPa] 250
Cowper-Symonds DJ[1/s] 2.14x10°
parameter P 2.68

3.3.3 BEHRE&H

FEMTIZI VTR, 86 2 BORKMNTET W ERIBROEE RS2 U=, 2005
T, fEZ2amll L x il 7 Ry IS DT R To | B EE L, B e bl
IET_XTOHBEZRRLUZ. £, SBADEEEIL 160 mm &L7-. BT, K
Z3ENX 2 mmX2 mm ZFEAREL, MIDWERELDAERBLCEAIOICEELTZ. FT-,
il L= 232 130 Belytschko-Wong—Chiang'?> /L THY, HRIEFHEIZ 5 {#
DSy RER T T2, £, FEIEET OMEATIZIEDEHM O B CHEA 5720, &
FLRN XA OIS %5 8 L= il e e 23w FH L7z

3.4 FRATRERBL B L

3.4.1 RE t DFE

3-3 | ZAME M 1 £=60 mm, FERREL N=8, /& t=1.0, 1.6, 2.0 mm DHFE
DFEHTRE R AT, XIHC, BRI ENT S0 0, HElhi XA W im S 720 Off &
F/LtThD. £z, FRE, R, SBTENEIRE (=1.0, 1.6, 2.0 mm D5 OfiF
Wi B CThD. KD, RIE t=1.6, 2.0 mm OBAITIE, WO B S LIS
BOWTHOBKEDBHBETHLDOIZX LT, E t=1.0mm OLAEITIX, #iff S0 &
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=30mm LAREIZIB W TR A ST AR CHO M LB T/ NN Enbnd. Fiz,
WriE FE CHEL TWBIZH) 0 00T, K RICBITOME F/ LelE, HRIE 12k
TEALTHIED DDA,

UL EDFERDG, N AT OEBVEEE R IZ T A BB, 52 =T
Fm U7z W R R - (R N, S Eiig W, BERRE IR L) DIE), RIE (14K
{F T HZEDRALNC oo, T70bh, WM I3 A EIE L, BITH
JE AR TP AL 3 2720 Tlde<, Wk RIR O AR O 2% %
FHZEDVHIALT.

o
L

S
b

e
—_—

Load F/Lt [kN/mm2]

1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1
0 20 40 60 80 100 120 140 160
Displacement 6 [mm)]

Fig. 3-3. Comparison of load-displacement responses obtained by finite element

analyses with respect to the thickness, 7 (V,—8, R=—60 mm).
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3.4.2 tRIE ¢t LXEmEE W, D AELEH

34 | ZHMEE - £=30, 60, 120 mm, BRI V=8, HE r=1.0 mm OHE
DfFHTRE Rz, T, B IHET S22 0L 0, it IR RS 720 O EH
F/LtToD. FTo, T, R, SRIEENENME R £=30, 60, 120 mm O
B O HE R THY, %h%hIﬁi{srhm W,=21.5, 43.0, 86.0 mm |{ZFH4 5. X2
5, W,=43.0, 86.0 mm DIFAITIL, ﬁf%ﬂ@ﬁ@’ﬁjﬁ AR | B R 72 A SR DR
SRV DIZHLT, W,=21.5 mm O¥EITIE, FEBISIZHAKTHY, MRS T
DFFE F/ Lt I/Vp:43.0, 86.0 mm @iﬁ/\c HANTELSREINWIEDNDDD. 370D
L, MROWRE (=1.0 mm (2B Th, FHEEE W2 TSE2E, fEOMK R
BRI 72 2 LS HIBA L7, S AU, YRMER 2B L, S EiE W, SRR ¢ D1
7 DA T DD RS LT,

T [ T [ T [ T [ [ T [ T
— R=30 mm(W, —21 5 mm)
----- R=60 mm(W,=43.0 mm)
----- R=120 mm(,=86.0 mm)|]

Load F/Lt [kN/mmz]

1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140 160
Displacement 6 [mm]

Fig. 3-4. Comparison of load-displacement responses obtained by finite element

analyses with respect to the width of plane, W, (N.=8, t=1.0 mm).
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T, Lt DNSNZ LR DD,

VL EO#EREREEZ T, K 3-6 12K 3-5 OfE R4, SFREEEAREDOK W/ CTH
FHUIRE R AR T, 2B, M oERIRATESNIBEE THS.

F.Li= kx(W%j- | (3-1)

3-6 (R IIND, T RTCOMATHRE ROV, BN Wi FEH 70 O - i) H
FJ/Lt1X, W/t &N \FGA—=F =3 HH— Il > T TELT LML, 72
B, RE-DFD W/t 1, #HREE R ORFE = R —%2E 2 TR U7 8 i A
57 o SR ORELDESO L TRINDELFERETHY, Fim o dhi PRz %
Bl 22 D — 2> THD. F7o, REB-DHFD k1%, MEHEREEBE R S
RIFT DT A—=H—THY, ZZTIX k=0.923 Th-o7-.

L EOFERIG, AL AT ORI SRR I D N E £,/ Lt 13,
W O FHIMEE SR T DR - ThHDO IR EARE D W/t 1IT&k>T—ER
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TIHRE 2T b — L2 8ICE -, FTAOE BRI INVERER A T Dk %
KHTEXHIEDREBINT-.
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Fig. 3-5. Effect of the width of plane, W), and the thickness, #, on the average

load, F,,./Lt.

— T . T 1 r . 1 r T T
& 0.3 O N=4 |-
£ © N,=6
R ® N=8|1
Z
== 0.2F i
% I ]
LL:S
= 0.1F -
<
Q L 4
—

TR TR R R NN NN S L1

1 | 1 1 | 1
0 50 100 150
Ratio of width of plane to thickness W), /¢

Fig. 3-6. Relationship between the thickness ratio of plane region, W,/t, and the
average load, F,,./Lt (N,—4-8).
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3.4.3 WRE t LEEREHINE L OMEIER

3T NS AT o T2 B TOEM OfFEATHE Rz~ (4 3-6 DOfEFRIT N>10 Dk
RABIN) . X HC, BT R ORISR T 55 W/t THY, fitihix 6 =0~
160 mm OFEIK COHNWEFEHT-V O E £, /Lt TH5H. £z, OITHEREL
N=4, 6, 8(BEHMMINKZ £>3.0 mm), @ITFEME N=10~18 (BE#HH M Il&E
L£3.0 mm) DEFE DTSR THD. £z, FRIIXG-DTHEZONIBEETHD.
X755, BERRE IR 2,<3.0 mm OEE O RE £, /L, [ EERE b
W/t OBBEBIIE £>3.0 mm OBAITHASTROI LS. £ PR E
F,/Lt& W/t LOBRIE, L>3.0mm OFEIZITAG-DZ 2 T 5Dk, £,£3.0
mm OLGEIIFRG-DNBA DT ENR DD,

3-8 1T L,<3.0mm DEI KT DfEATHE R A I35, XIHC, B3R
HOMINE L, B M m S H -V O E F, /Lt Thb. F1-, O, O, @
[FHRIE t=1.0, 1.6, 2.0 mm OFM OENTHER TH D, Mb, BALWrEESH T D
YIRTE £,/ LT, WS ¢ R EIE L ATIRTFL, RE ¢ BERREFENE L, 23]
SWNEEIR T T 0Ze0500 5. Fio, HRAMIIE LM E F,, /Lo (2B IE TR
MR L,ORBERKEN. $7205, K 3-TIZHBWT, L,<3.0 mm O R OfFEAT 5 5
MAG-DTHEZONDHMNOI N TH R EL T, BT MINE L, 2V NSWEIRT
(X, PRRBIRATE £,/ LelE W,/ UISMIERRER IR L, DB %2 DT ThD
EEZLND.

o L,>3.0 mm(N,=4,6,8)

('\l'g 0.3+ ® Lr <3.0 mm(Nr=10,12,14,16,18)
£ 1S '
Z 00l -
= : Equation (3-1)
Y
m@
3 0.1F
g ’ >
L 1 L L ! L L L ' : ! I I ) :
0 50 100 150

Ratio of width of plane to thickness W, /¢

Fig. 3-7. Relationship between the ratio, W,/t, and the average load, F,,./Lt
(NV,=4-18).
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Fig. 3-8. Effect of the arc length of ridgelines, L,, and the thickness, 7 on the
average load, F,,./Lt.

3-91Z, MM L R=60 mm, B N,=4~18, &JE ¢=1.0,1.6, 2.0 mm D
EE OfRATRE B, RG-SO TR THBAL LTk A=

F, /Lt
Z %k — ave/ (3_2)

kx (W% j_w

BT, R IRERE OWEAE L, HEEIIHASIE 2 Chs. 7=, O, O, @IFHK
JE1=1.0, 1.6, 2.0 mm OIS OFEHTHE R THD. KH D, FERRERKTIHIFE L, OFEINZ
PRV 293 KL, L=5 mm® TIEE Z'=1 IS KZENbnd. $7hbb,
PERRE BT AR L,¢ D30 S RETAUR, MR A TR OB R AT EIE, SRR
JEE W/t DA TSN DHZEEERT D, 72720, L,i<K5 mm* TOZEE)E, HRIF ¢ 12
o THR-TEY, WE =1.6, 2.0 mm DM TIE, BIREME 21T EBWTIHAE L.
(2L CHFRIZHINL Z'=1 138 25<DIZKL T, HE t=1.0 mm O T, L=
3 mm’ TS 2= 1 A2 HENFEEL.

3-10 12, #RJE t=1.0, 2.0mm, N.=8 EtF DOHEfar 2L § =50 mm (ZI1THZE
X Z U ORT. K05, t=1.0mm DHFA 1 =2.0mm DAL, FRkLIZ
JEJE LD DT D NSNZ LN bD. £, HRIEEdl T HR EICL->TELD
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JE ST DO Bl XN =D, (=1.0mm DA O O FERAL 51X, t=2.0mm O
BRI U ERE TR E 5. TOFEE, =1.0mm OFFEITHERESIZ
BILEEHMAUDERBIZ > THERESNRETAELS. ZhUck-T, —#k
732 B R ¥E N2 W B 9 2 il oo R AR S A e O IS FE AR T2 283 T&E T, P P A
MIZHR W TA LD IR FRE — NI WM 2 B b e o T2, > T, ikt &
(L2 D% R LD ThHD.

VL EOFERNG, AL AT OV BRI D W E £, /Lt 13,
FARMIZI, FHEEBIEBRIE L W/t 12> T BRICIRESNDL OO, FERREROM
PERIEF N NSWGAITIE, BERREErmfE L (SO T 228D BMNTR STz,
Thebb, XGB-1)TEZONOEREWIERER K T 5720121, B ORI %
TR T DM N DA E N RIBS .

L IO L
—O—r+=1.0m
-O--~=1.6 mm |
@ =2.0mm | |

*
[S—
N
— T T 7
|

Normalized load Z
-@§
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e
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T
!

o 5 10 15
Sectional area of ridgeline L ¢ [mmz]

Fig. 3-9. Relationship between the sectional area of ridgeline, L,#, and the
normalized load, Z*, defined by Eq. (3-2).



62 34 MEITIERBLOESE

[t=1.0 mm] [t=2.0 mm]

Fig. 3-10. Comparison of the deformation behaviors between 7—1.0 mm and

t=2.0 mm of octagonal models (V,=8).

3.4.4 HBASAFREIMREHEH

B\, ABFFECHEIEL 722 TOIES AT OfFATRE KA B EREEIL, BRRY
IR EHES R BIR T 2.

3-11 |2, AT RAT > T2 & TOEMICTHOWT, BB H 720 O V-1 &
FJ/ Lt % FHEEERURE L W,/ ¢ 38 L ORERERIT IS L,¢ %78 A—4 —L L TR
5. BT, O~OIXEHME F, /Lt DL~V EZNEIRT. Kb, ¥R E
B/ LV, PHEBIEHIELE W/ ¢ /NS, BERRERITTRRL L.t BREVIFE K&ELAD
IS DL DD, TVERE R AT RAE TR EA S5 W), SR OZ2I
LCEgm ORI D00, KETRST2 KOS, W,/ t=20, Lt=5 mm® FEE
\ZERRTT D28 E~ T, £, /Lt >0.20 kKN/mm® O BRI RER HHL CTE 52
ESOND.
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Fig. 3-11. Effect of the thickness ratio of plane region, W,/t, and the sectional area
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d, W, 0 3ENEINEERS, MK, MEEEATHY, L IZWE 2 EofE & T
5. F, SIFXENEIE R T AICAER o0 I KO R AN THY, F, 130
& FOnE HOMBKE, £, 1% 6 =0~120 mm fEE COME FOEEMETHS. £1-,
w I EER O S T MO ZENL T 5.
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16| 170

150
2R 2 B A 5

N

(a) Without concave (Octagon)

76 170

150

|
VI

(b) With concave

Fig. 4-1. Schematic drawing of crash boxes.

Fig. 4-2. Detail of concave geometry.
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4.3 FEATHIE

4.3.1 FRATSRAF

fEATIZ, BRI EEILH FEM =t—R LS-DYNA ver.970'"V &2 T, 3 4-11RT
MR AR T HF 7 VOB AN REAL TRFTL. 22T, s 7 m
T5 x BT, B V=15 km/h (4.17 m/s) I CRIABEA B 228, #M08A4ELS
I R e 2R A R L7

4=-3 \ZATET A O— B (M11) 27§ MR IRIZNER RS d, MR W, %
FRTA—=H—LLT, Z3F10.0~30.0 mm £, 0.0~17.7 mm F TOHEH TE%E
ATz, K 4-1 O Bl O —RATHARE2 D e 8 fAIEHM THD.

FMEIER A 0, 1%, MERS d, MIENE W, OEIZSCTRESND. 72k,
(d, , W) D 4 FEFOFMAE O (10.0 mm, 13.0 mm), (15.0 mm, 10.0 mm), (20.0
mm, 8.0 mm) , (25.0 mm , 6.3 mm) DEFEIL, MEIERA 0 D3 EBOBEBLEN A
EIRICAE 106.9 deg. L7207 —ATH D (£ 4-1 FOKT). £z, TXTO/Ir—RLY,
FERRER OB R 1T 4 mm, ARJE (1% 1.0 mm &L, HMES Z1Z 170 mm LL7-.

AT CIL, T HARE72% 8 MIEEH (3 4-1 Hh oD Bl) OJFEJH 282 B RG AR E
(ZED FEM fEATIC L TR, IRICHMIEBRS d,=20.0 mm, MEHE 1/,=8.0 mm,
WERERL A 6 ,=106.9 deg. D —A(F 4-1 1D M11) OB R 2B 2k,
PR SR 2 L AT VS TR B A D R AIS IR LT, KT, Lo —AIZ
DWCOENTEITVY, ZORERERET 22T, BEWIEREIZ KT 0%
TR DR 8% & B AIZRHI L7z, 70, YA g 2 S FE 3 Wi b D b %
TEBEMNTHIRE T 5720, SR IT 1 L@ a-a’ T LT AR O 5 Hh
N bbb’ FAL OIIR (HANVENL w) ZHEL, BEREINZ T, 728, 7Ty abRy
2N, ST OO EIS I A TV ARG TRWELT-#%, ARy MNEEEL THANLTH
ZLEEZ, AT CIREEI S OEAS 1 (Part1) EE44 2 (Part2) % 25 mm BT DSR4 T,
ARy N R L T- e — LA EFE TR A L.
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Table 4-1. List of FEA models with different concaved geometry.

Notes

Without concave

th concave

Wi

0, [deg.]

0.0
153.6
131.2

106

9
0

0

9
130

2

124.5

117

.6

106.9

90.0
106.9

90.0
115.0
110.4
106.9
105.4

90.0

90.0

W[mm]

0.0
8.
8

1
1

0
0

0
7

0
0
0

3
7

0

4
8

1

0

.

0

17.7

8.0
17.7

0.0
4.0
6.3

8.0
17.7

17.7

do[mm]

0.0
5.0

0

10

0

15

20.0

25.0

30.0

Model no.

B1

2

M3

4

M5

M6

M7

M8

M9
MI10

MI11

MI12

MI13

M14

M15

Ml16

M17

18

id-Wall

igi

Ri

V=15km/h

Fig. 4-3. Schematic drawing of new crash box for FEA.
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4.3.2 MIRHRFE

fRATICIL, 55 2 B LEL JSCH90Y' P4 24 @ 590 MPa &k O#E A #AAR = 9k 18k %
BB UM B2 . 26 4-2 [T IS WA B D — B A =

Table 4-2. Mechanical properties of the material.

Material grade JSC590Y"?
Young’s modulus E[GPa] 206
Poisson’s ratio v 0.30
Yield stress YS [MPa] 250
Cowper-Symonds DJ[1/s] 2.14x10°
parameter P 2.68

4.3.3 BERRA:

FEFTIZIW T, RIEREETERBROERZMFLEH L., WTFNOET LD, fH
Zem AN x il 7 N R oy AN DN R L, [ E S I R TOZEN AR L
Tz, Fio, WEBAROEHERIT 140 mm EU7-. fEHTET VOBV XL, 2 mm X2
mm ZEEREMEL, MWEIEL DA RBTEDLIOICEAEL. 7ok, AL
FITW P Belytschko-Wong—Chiang' V> /L THY, HEFF AN 5 HOFES A
T

4.4 FEATHERBLIOELE

4.4.1 MEADZHFE

MRS d,=20.0 mm, MJEME W,=8.0 mm OMIEHFS (M11) & 8 AIEERH (B1) O
fof B — 2SN AR A (X 4-412, AR ZENE 0 =0~100 mm (281 HENSEE DA
TEReA LR LT A R A X 4-5 ICENEAURT . X 4-4 C, BT #E0 RN 0, it
X RN RS-V ORE £/ Lt ThDd. 7o, FERRTMNERES d,=20.0 mm, MK
g W, =8.0 mm OMIEHS (M11), MHITIEARLZRD 8 A (B1) DA OfFEHT
fa REZNENHHOT . K 4-4 05, MR (M11) D13 B OffE OB KAE F,1%,
8 AL (B1) LIRIZETHH, F, ABEOFAT mENL SIZH T, B R KA
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RO EEEZRL, 8 A (B1) ORI 2 (5O E F/ Lt T I35,
F72IX] 4-5 D, 8 ATETA (B1) MSEAT SN 6 DRI E 3 TR E 22T
LOZEARTDOITHRL T, M (M1 I XE 225N ORI D L a4
T DZENDMND. T, MEE AT L TR IR & O WM L 25 B3 355
NAHZENRIES LT,

— M11(With concave)
NE 0.5H------ B1(Without concave)

1 1 1 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140
Displacement 6 [mm]

Fig. 4-4. Comparison of load-displacement responses of thin-walled polygonal

shells with and without concave.
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0—0 mm

0—20 mm

0—40 mm

0—=80 mm

0=—100 mm z ¥

(a)With Concave (M11) (b) Without Concave (B1)
Fig. 4-5. Comparison of the plastic buckling behavior of thin-walled polygonal

shells with and without concave.
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X 4-6 |Z#EA AN 0 =20 mm (2B DEMIE R RALE a—a’ TAL DELD
TR Z LB U7 AR d. [XC, Rl & 220D O E M R T 7 10 ~ DA %R
Bt x, MERNEEINENL wTHD. FTo, FERIZMIEA (M11), T 8 AIEE (B1)
DG DIENTIERZE N ENHLDT . M0n, MEH (M11) 1% 8 AEEH (B1) IZ
LA Lo D A A E DS 225 AN AL IE L TRY, FlomiNVETE ED/ NSNIEN
DD,

B4 4-7 (ZMREAF (M11) O & s I B 3 D M CoO BB E# 221255 B
L, %sz,ﬁz{u 0 =60 mm [ZF1F DEBHNE T RNLE a—a’ TA 2 (X 4-3 B R) LB
T HMEROIEIE P IRALE b-b’ TA L OIRAE el LT R~ 3. [XIC, k3
ZES AN D OE R T 5 I~ R RHERBE x, eI ANENL wTHD. Fo, EfT
a~a’ 742 (k) , EERIE b-b’ T4 (W) Z# 2 E bbb, XH O RN
DETL, BELDLONER ST ZHOH0T. Kb, thiflidsMillcmiE R4 4
C, =77, MERIZEBWTHINANCEA R 2 AT LIS L > TEE Lba ARk, %
FEL T EN NS, I, ML, Ml b~ OET N7, Hofr 2N
0 =60 mm TIXER2S 2 [BIOYEMEJEZSE T L TWDDIZKRL, M T 3 Bl yE
PEIEIEDN5E T L TCWAZER 00D, ST 1L, FilEB e 2 iUl B3 oM
FNENSOF T ANCEAETEA AL, BAWOEINEREZ R R LR NS LT
L, JEEOAAEDN S &2 AU BEE T AN TR 1/4 B B 52 L3RS
Nz, $7bb, MERLAO SR AEIE 2L UM ENME FLTCNDEE, M T
JEJERECTEST, @MW EPHER SN TODIRETHLZLEERT 5.

UL EDFERDNG, R A M IR ZE AT HZ8I0Lo T, BV
DNEBLCE, FEJE I EOWMMERERZFE N GONLEE 2D, FMERE M LIS

DENLTHR AW D EINVEI 2 H oK U7 35 B2 > T AL A TR A 03 179559
(2720, BVMETE F/ Lt ZFEBITESD. 37000, ZOMMEREE 8L > T O
WERA I Z b N WE BRI MERE MG DD,
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Out of plane displacement w [mm)]

=20 mm
T ' rer
— MI11(With concave) [
------ B1(Without concave) [l
- TR SR B
200 30 60 90 120 150

Position from impact side x [mm]

Fig. 4-6. Effect of concave shape on out-of-plane displacement, w along a-a’ line.

Out of plane displacement w [mm)]

Piled wrinkles

60

90

M T R
120 150

Position from impact side x [mm]

Fig. 4-7. Comparison of out-of-plane displacement, w between a-a’ and b-b’ lines for

model M11 at 6=60mm.
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4.4.2 VRS dOFE

4-8 |ZIVIJENE 17,=8.0 mm T, MIFPRS d,=5.0 mm DOMFERES (M2) &, d,=20.0
mm D[UERA (M11) O] B — 2507 ph#R A LB Lo d™. XC, sk S NL 0
T, MO LA RSSO E £/ Lt ThD. Fo, FEHUTMIBES d.=5.0 mm
DOMERA (M2), BEFRIEIBRS d,=20.0 mm OMERH (M11) DA OFEREEN
Zhdhob T, D, MRS d,=20.0 mm OWEF (M11) O 1 3% H O EOM A
Mt A, MRS d,=5.0 mm OMIERES (M2) LRI THL, 7, LAKE DA E F/ Lt 13
IS d,=5.0 mm OUIEH (M2) IZH_EWZER NS,

4-9 \Z[MIENE W,=8.0 mm — T, MFHES d,=5.0~25.0 mm L2 (L& 7= (1]
#EF (M2, M3, M8, M11, M16) &, [MElE W, =17.7 mm — & (MEBZRLA ¢ ,=90
deg.— &) T, MRS d,=10.0~30.0 mm EZ{LSEI=MIERHS (M5, M10, M12,
M17, M18) D& OFERAFLD TR . 7285, MIENE W,=8.0 mm QM X, 1]
RS d,=5.0~25.0 mm (6 SL T, MERZAA ¢ ,=105.4~153.6 deg. FTAEILL
TR TS, BTREIZ MRS o, HEBITATE 7 O RN & =0~120 mm
DA TONEIE F, A Wi ChRUI IR E £,/ L ThD. Fiz, Old W,=8.0
mm, @I% W,=17.7 mm OMEM OBFE OREREZNENHLLT. Fo, — S8R
(THHRDTZDITTRUTZIEAR L7212 8 AT (B1) DFER THD. Kb, HALK
BI-ODELIME F, /L1, MRS d=10.0 mm T8 BIEIMHM 2L, MRS
d,=20.0 mm TREKIEZRTZENDHD. L2AHN, MEESHEY d,=10.0 mm O
LA ORERICE B3 5L, MK W,=17.7 mm OV (K4 @) Lot 1W,=8.0 mm
DM ([T O) DI A FFEITIRN LD D, bbb, S B
TR d LISMC & 3 D TR - (MR 1, LM 0 ,) DR BAZ 15
ZENIRIRENT.

4-10 {2 d,=10.0 mm T, [HKMg W, METAA 0,23 572 HMERAT (M3, M5)
&, d;=20.0 mm DM (M11) DA 2 DBz it L ORY. K%, K 4-3 DM
R O 5 (Part1) D AEFRRLTZHO ThSD. £ T, View A (XY V) 134
Flh A NS D ZE T %, View B(YZ ) 137 kim0 & x %
ZNBIRELTH DO THS. XY LD ETZK DG, MERS d,=10.0 mm T, MEE
W,=8.0 mm OMIRAT (M3) 1%, MIEHE W,=17.7 mm OMERF (M5) 725 N W]
& d=20.0 mm DOMERE MIDIZHA, Y FFHASOEERRENZENDDD. £z
WEAF (M3) 1%, M RICBIFRZ I TR EZR AV BREAEL TNDHI LN DD,
— 5, MRS d,=20.0 mm QM (M11) IZIEH H DL /IS, MERORNT
HIZNNEEJE (B RHD 3AET CNDZERNDDD. — T, YZ FHEAOE KNI,
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RS ¢ =10.0 mm T, MG 1W,=8.0 mm DM (M3) 13, MG W,=17.7
mm D WERFF (M5) 22 ONCMBIERS d,=20.0 mm O M (M11) IR, Z JF [~
DEFRRXNZERDHS, Trbb, MRS MR A SR E OGS,
e S AU SR 50 (M3) 1, MO 2252 LT B A2 U7\ 28
RS

B b0 B, DT (b L 7= 2 4 J 061 00 B FE T 26 01k, IS R
DY BEZIHEE RS, Thbb, EYME F, /Lt ZFDHI0ITIE, HHREN
VRS d 2V LU ORIMER B B LS55,
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 —M2(d,=5.0 mm.) )
O [ M11(d,=20.0 mm) /

1 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140

Displacement 6 [mm]

Fig. 4-8. Comparison of load-displacement responses with respect to the depth of

concave geometry, d,.

0-3 T I T I T I T I T I T I
& |[O— W,=8.0mm
é --@-- Vlé=17.7 mm, &,=90.0 deg.
é 0.2 -
S
LS 0.1F -
g
S Without concave(B1) 1
] 1 ] ] 1 ] 1 ]

1 1 | 1 1
0 5 10 15 20 25 30 35
Concave depth d, [mm]

Fig. 4-9. Effect of the depth of concave geometry, d, on the average load, F,,./Lt.
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G G
View A View B
(a) M3(d,=10.0 mm, W,=8.0 mm, 0,=153.6 deg)

::__-L#I\III
=

=22 :::%:;i:::?:ﬁ?

6‘(

View A View B
(b)M5(d;=10.0 mm, W,=17.7 mm, 6,=90.0 deg)

o

=

G .
View A View B
(c)M11(d;=20.0 mm, W,=8.0 mm, 6,=106.9 deg.)

Fig. 4-10. Comparison of deformation mode with respect to the concave width and

concave depth of concave geometry.



80 4.4 MEMTHERIBIOEL

4.4.3 EIG W05

A-11 IZMEBRE d,=10.0 mm & d,=15.0 mm C, [MIJEHE W, % 8.0, 17.7 mm &
ZALSETMER RS (M3, M5, M8, M10) D1 B — Z5 A7 fi#f 2t L TR, [XT,
BT RN O, M XA R A H -V ORE F/Le Thbh. £z, KIFEMR, K
AR 1T, MRS d,=10.0 mm T, MEIE 17,=8.0, 17.7 mm OMIEAF (M3, M5) D
La O RetnZndbbl, MER, MR, MRS d,=15.0 mm T, MK
i 1,=8.0, 17.7 mm DMFEEHS (M8, M10) D& D REZZNZNHODT . Kb,
17 B O EOMKAE F13 9~ TOMI EHIRETHDA, F, LSO RN
SICHRWTIE, MRS d,=15.0 mm DA, MK 1W,=8.0, 17.7 mm OMIFIAS
(M8, M10) fC, faf & £/ Lt DFED/NSNOIZH LT, MERES d,=10.0 mm DIGE
(3, MIEIEASREV W,=17.7 mm OMERES (M5) O e F/Le 13, MEED /NS0
W, =8.0 DM (M3) IZHE R ENZ L3005,

4-12 |2 UFRRS d,=10.0, 15.0, 25.0 mm C, VIEHE W, 22 (bS5 0Ok
REFEDTORY. KFT, B Mg W, fEfhi3 e E £ OB RZEN 0 =0 ~
120 mm OFEIK CONVME £, ZWiimAE CBRUIZ BN E £, /Lt Thb. £120, O,
@3, MRS d,=10.0, 15.0, 25.0 mm DM DG4 (M3~M10, M13~M17) D
RN NHODT. Kb, BNV O VFEIMTE £, /L%, MERS
DRV d,=10.0 mm OHEITBNTE, WIEHE W, DI E R T 52 EM300
%. LEZAM, MERESHAEG d,=15.0, 20.0 mm OFFAHITIBNTIE, MR W, 0 H
IMZPES IR E £,/ Lt DZAGIT NS NI ED DD, ZAUTRTH TR L7 O
IRV S ) 2 M E S RSO RIPE D B Z L Db D EB 2 b, MESORIMEDMEY Y,
Febb, MRS WA, MR W, ORI (METEZRA 0, 2MET) (124
WU ORI 3 £ Z LK TR IR 2B S 2B L, VT 7,/ Lt D3
K35, —J7, MEWES d, DROIGEIZIE, BV EORE U B %% 4
U= ER MRS ORI Z BRI LT D72, MIEIE W, OB E 2
OIS, EHE £, /Lt DZALH/INSpoTob D EHEREND.
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o M3(d,=10.0 mm,”,=8.0 mm)
— M5(d,=10.0 mm, W _,=17.7 mm)

o \ —————— M8(d,=15.0 mm,¥,=8.0 mm)

2
|
)
o)
T

M10(d,=15.0 mm,¥,=17.7 mm)

Load F/Lt [KN/mm

1 1 1 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140
Displacement 6 [mm)]

Fig. 4-11. Comparison of load-displacement responses with respect to the width of

concave geometry, W,.

0.3 T T T e e s e e e s e s
—O—d,=10.0 mm
——@——Zﬁ:ls.o mm [{

ool --@-- =25.0 mm |

Load F,,, /Lt [kN/mmz]
S

[ N P (T TR ST AT NI R
0 2 4 6 8 1012 14 16 18 20

Concave width W, [mm]
Fig. 4-12. Effects of the width and the depth of concave geometry, W,, d, on the

average load, F,,. /Lt.
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4.4.4 YRMLEEJEZEB D ISR B EALDT-D DUERER FHadt

4 4-13 IZMERERE d,=20.0 mm T, MJEIE W,=8.0 mm, [WEJERA ¢ ,=106.9
deg. DA (M11) &, MJEME W,=17.7 mm, MEERA ¢,=90.0 deg DME kA
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% B O EOMAKE £ XE 5 EL R THDHM, F, LSO SEN 0128175
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BUZERNTH, MR (M11) OF5H3, MR (M12) J0H 22 Enomnd.

4-14 1ZBWT, MEOERZEENE B 358, EALDOEMITIBW T DZE
TEZEE PR EL 2D L5, MR (M11) 1%, #AT A 2500 6 =5 mm D/hS
BB TEEN R EILHITEY, M (M12) 12RO A OHETT H3
FWZENbD, EEfHEZEN 6 =10 mm OEERICRONDEIT, MEH
(M11) (IR AL D AU D R C U] JES FR e 12 n'%w)ﬂb (1% @%Eﬂ)%ﬁﬂaﬁﬁ
HERTHZERN NG, Tribh, FUMEES d ORI TS, MEE W, [
IRTERLA 0, DRI L > TR DI T2 S HITRD, Jﬁmﬁm XA EHIC
BT, £, 5 2 B ORLEE AT EE XA AR AE LI AR TEHIEN
BAGDNZ Z2o Tz,

UL EDOFERNG, MRS d, BRWEEIZBW TS, MEE T 2RSS d,
EINEHE W, DORATF R BILR A HIH B2 L Lo T, MIEHA OB A SHIZ L
L, ElERAT EZ @O LA, MEICERPICAER TEDEE 2 5.



4.4 fRATRERIBELOELZ 83

d,=20.0 mm

T T T I T I T I T I T I T

0.6 1——M11(#,=8.0 mm, ¢,=106.9 deg.)
|- M12(W;=17.7 mm, & ,=90.0.deg)

Load F/Lt [kN/mmz]

1 | 1 | 1 | 1 | 1 | 1 1 | 1
0 20 40 60 &80 100 120 140 160

Displacement 6 [mm)]

Fig. 4-13. Comparison of load-displacement responses with respect to the balance

of concave width, W, and concave angle, 0,.
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Fig. 4-14. Comparison of deformation phase of concaved crash box geometry.
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(a)Without notch

AAAAA

(b)With notch

AAAAA

Fig. 5-1. Schematic drawing of thin-walled octagonal shell members with and

without notch.
Q
S
(a)Without notch E
n

(b)With notch at long side

&
W”’ 7 hn
. Vi
(c)With notch at short side R 5
e
N hy, Notch

Fig. 5-2. Schematic drawing of thin-walled flat octagonal shell members with and

without notch.
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Rigid Wall
V=15km/h

Fig. 5-3. FEM model of a thin-walled octagonal shell member with notch
(h,=11mm, W,,=34 mm).
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5.3.2 ARl

fEATICIE, &5 2 BELEIL JSCH90Y ! FE XS D 590 MPa kDA SkRGI Bk stk At
LT BHRRE R V2, 38 5-1 IZAHT I O T MR R I E D — A 7R

Table 5-1. Mechanical properties of the material.

Material grade JSC590Y""
Young’s modulus E [GPa] 206
Poisson’s ratio 0) 0.30
Yield stress YS [MPa] 250
Cowper-Symonds D[1/s] 2.14x10°
parameters P 2.68

5.3.3 BEASM
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#, Belytschko-Wong-Chiang'"s /L CY, IESFANT 5 (HOFESy mA T, 728, HE
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TR e RE A B I L7
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F;(Without notch) =
300— ! | | | h, |22 mm

F,(W,=Tmm) | —— W, =7 mm

250FkA T W,=21 mm
= 200 himm) - W,=34mm ||
E — Without notch{ |

F;(W,=34 mm)

..................

Displacement ¢ [mm)]

Fig. 5-4. Comparison of the first buckling load of octagonal shell members between with

and without notch.

Load F [kN]

Displacement ¢ [mm]

Fig. 5-5. Comparison of the first buckling load of octagonal shell members between with

h,=11 mm and 4,=46 mm.
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% 2501 . :
g0 B @ y
2150 - .
= _
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P T R SR T S S S S S S S S A S I
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Circumferential length at top end L,L,, [mm]

Fig. 5-6. Effect of the circumferential length at top end, L, L, of octagonal shell members
on the first buckling load, F;.
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WERH 2 B e i IR PR A TE S O LN AIREI 0 D EE A%, iz, & ~DYIR
EHEROIENI AL et AR 0D PR AR i 25 O 5B KT

1 ] I. B |~ | 1 | 1
0 20 40 60 8
Displacement 6 [mm]

0 100 120 140 160

Fig. 5-7. Comparison of the load-displacement responses of octagonal shell

members between with and without notches during axial collapsing.

W =34 mm
20 I I T I I I I n' I !

5 ------ h,=11 mm ]
= || h,=46 mm /1
2 15F |—— Without notc =7
S
e
= 10f T -
< il
> e
&0 5 — ’/” =
O
g /,
M et .-

i Loy

h | 1 | 1 | 1 | 1 1
0 20 40 60 80 100 120 140 160
Displacement 6 [mm)]
Fig. 5-8. Comparison of the energy absorption, U of octagonal shell members

between with and without notches during axial collapsing.
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(a) Before deformation (b) After deformation by impact load

Fig. 5-9. Schematic drawing of the deformation at top end of octagonal shell

members with notch.
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Fig. 5-10. Effect of the ratio of length to width in area which is notched other

than notched rejoin on crash energy absorption.
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(a) Without notch

Fringe Levels
5.000e-01
4.500e-01
4.000e-01
3.500e-01 _
3.000e-01 _
2.500e-01 _
2.000e-01
1.500e-01
1.000e-01
5.000e-02
0.000e+00 _|

(b) With notch
(h,=11mm, W,=34 mm)

Equivalent plastic strain

0=20 mm 0=60mm /=100 mm

Fig. 5-11. Comparison of the deformation mode of octagonal shell members

between with and without notch during axial collapsing.

(a) Without notch (b) With notch
Fig. 5-12. Schematic drawing of the deformation at top end of octagonal shell

members between with and without notch.
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500 L I L I L I T I L I T I T T T
L |—— Without notch ;
400l - With notch at long side _
R (| With notch at short side
g 300
m g
g 200f
)4 "
100F

1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140 160
Displacement 6 [mm]

Fig. 5-13. Comparison of the load-displacement responses of thin walled

octagonal flat shell members with respect to the notch patterns.

25 T I T I T I T I T I T I T I
— L |— Without notch .
= ool With notch at long side i
- B With notch at short side -]
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2 2
% 1 0 ~ ,’,r' 7]
%
o Or .
=
S8
| | 1 | 1 |

N R R s s
0 20 40 60 80 100 120 140 160
Displacement 6 [mm]

Fig. 5-14. Comparison of the energy absorption, U of thin walled octagonal flat

shell members with respect to the notch patterns.
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(a)Without notch

Fringe Levels
5.000e-01
4.5008-01
4.000e 01
3.500e-01
3.000e 01
2.500e-01

2.000e-01
. . " 1.500¢-01
(¢)With notch at short side g
1.000e-01
o~ F 6.0006-02
- 0.000e+00
Equivalent plastic strain

0=20 mm 0=60 mm 0=100 mm
Fig. 5-15. Comparison of the deformation mode of thin walled octagonal flat

(b)With notch at long side ﬁ

shell members with respect to the notch patterns.
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CASE11-6-L .

Time= 0.0023999 CASE11-6- Fringe Levels

Principal Stress Vectors Time= 00024 U

shell integration p#1 Principal Stress Vectors

min=-813.323, at elem# 4850 shell Integration pti#1 6.000e+02

Max=774.026, at elemt 6274 min=-1022.53, at elenv# 5444
max=924.644, at elem# 6360

4.800e+02
3.600e+02

2.400e+02 _
1.200e+02 _

0.000e+00 _
-1.200e+02 _|
-2.400e+02 _

-3.600e+02 _

-4.800e+02

-6.000e+02
Principle stress

(a)With notch at long side (b)With notch at short side
Fig. 5-16. Comparison of the principle stress distribution of thin walled

octagonal flat shell members with respect to the notch patterns.
|
\ | TR\
¥
< =
Mﬁ% e R
[M -

(a)With notch at long side (b)With notch at short side

Fig. 5-17. Schematic drawing of the change of deformation at top end of octagonal

flat shell members with respect to the notch patterns.
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DB JE 2 ) A 20 TE SR 0L — R ERE A S D DT E N AT REL 725,
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AINBER A DAL et fnf LA T AE PR IS L E O DT E LT, 9~ U R & A
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VR R ZETE DR 77— B ] SR RE I 28 T 2R B D& TEAIZ B 59 %720, Tl far
HOANTTRNEE T HREROERERELZI N T, ARERDIENHFSND.
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UTAE, HIERERBE (825 B e U R B Y YO E &6 12280 St 45 - Dk
H e LT B2 L MO D, BRI ORISR 138 & CE L -
WU REZ AT D0 PO RDENTND, o — T, Bl EOX A L) —7a
DAL L O AN G 10 B2 D201, 3%~ ~&ED B BhHE %
M EENET2ZENROEINTND. 205, BEN BN ERWIEREEZ A
T HER A IR TRk FH T D EIR N LR EN TS, AN, T 3L — I &
VX, PR R AT O K0 A U A BRI I Lo TR ESND W, BURTIE, B
BB C Eks B | SRR U RE 2 T A2 &N CTE T, Fakdl, FillizMiKL T
BV, LiRD ZOOBEEITWNLSFUTUORN.

ZHIVETIZARMIFETIE, FEM (ZEDEEMENTZ AV, JERATE N E <, BB /IS
W BB A BB T 5720 DR EHEIICOWTEHRE TE-. 2 &, 3 =TI,
W& A TS A OWT IR 1125 B L, SR ZE 8 LIE T2 OIA 1D 2
LD, BN EREWRINMERE A R 3N 2 A T EAM Ok FHEE 2 B 5
IZL7z. 85 4 BT, 2O S Wm0 —H IV A2 A 328 LW iERN 2 £

S AR LT, SBICE b B CIE, E2mOIRICE B L, 22| Zi B IR
DENR ERZFR T HZET, PII EAARR CEN DB E R F 'O Z EEbTeb
FTIEMTEDHIEER LT, UL EDIHNT, ARV ) i for 25 & v ORI U RE 3
SR SNDE R [ 7Ty 2Ry 7 A ) DG EAITE R LS.

INHOFEHEARL, IR, MEHEIEEZ XU, EMICAECDE B EO A ST
BV THEB O/ VAR R R AR EL THENZLLTZH O ThHD. L2A), E
BROFEEEWIGHRA L, M RAE EOIRRZRD T BHRHE D E B 812,
ERERH A LD E B O AN ST NEATLZENEESND. 61T, HEIHIZ
HRINDI Ty a7 AL, BRI T MR OKRES, #3228k 25
NCEREINDE BRI MEREA 720, T O ERFHEINIZI, SSRGS
HIZXKHSFIRE THHIE, T700h, ILHMENLELSND.

ZTITARETIE, HERE 1,000~3,000 cc (VNHUHL~ KA HL) W@ H S S
TNDI Ty 2Ry I A RRELT, BIFEETOM A E AW CETM 255, JE
L, EEROME FBREE A TR E U7 8 5 DB AT O i D, Z Ok OE B,
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IHERBARREEL 7o, R ClI R s i 5 R [DWT ] (Drop Weight Test) &5 BL{Hf
BREERAATV, FEEA O VMR R A T B 2 Rl L 7e. E7e, S ARAT & 9 S
%’%?@%ﬁ ZC, EEE A AT T A DNE BN MERE I M IE T B OV TRHMIL 72, &

(2, BAFEERAL OME BV MEREIZ AT THOEHRRE, TBESRIF OB OWN T, FEhR
@Li@aﬂﬂﬁb, ST UT- B NG B D% FHE I O LA L 2 S A MRGEL T2, T,
HIRFICHE SN 0D 7 Ty ot —R D Wag 93817k ED I EBR AT T,
BAFEHAN, BRSO R A MRFELT.

6.2 7T alRy I ADREEAELBITEM

6.2.1 FEBEFHIRBLHRFEH

X 6-1 12, BEYE 7o MNZEF SNTZI Ty 2R v 7 2ADHEEIRRE DO X %
R KR T I, 7T 2Ry AL, No/R—L AT —AA T L — 1
@Fﬁ ICELESND Y. E Wi~ TiE, :r.‘/“/“‘/%&wmeemm%ﬁn%@pxnJrXf\—

IZE> Tl ZEZ T 57200 T, 7L — AR LA B AT B2 RESE 5720

V~Akﬂbmﬁ$a7bsu4£kém5 Thebb, &7y/lfy7x®@r%iﬂ”%1ﬁuwmﬁ
SHEIFI ARV N— L A T H—AANT, b)) — L, 7 —AOWiE A TE
NENHIESID. SHIZEIM OWmEIL, (T AXZRETL. 1~2. OFEF) 72
Bra i<, EFOHE, AR ThD.

Fig. 6-1. Schematic drawing of Crash Box mounted with Frame.
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6.2.2 BATI Ty aiy 7 ADEERINHEE

BATOITyy 2Ry 7 Z (1O 1-14) 120%, BT 1 G EF 7 m) (26
LCEATULAER (7728 —R) BRI TRY, Z2077y a2t —ROWimEIL
fDEAN LR T/NEL R TWD, 22T, £ FBITMICEAS TWAEE DY
Ty ot — RSP BN AT TR AT L, 7Ty a2t —RIZ IO HE B
INHEBE DT T2 BB L7,

6-2 12, HATERUEL TET L LT 6 ATRERM &, T DI F e —
RIRD I Ty 2 —REft G LM AT, 77y ab—R A 1L, V=7miZM
FERkoe —FK, 77y ab—R B 1L, V=7 mIZHEROE — R ERHEBEEIZ UV TiE
MWDK DE —REZ NI A2 TWOD. ZNHEMZ2 AW T, BifE £ TERRG E
VX x Bl IS N T, T2 x dil 5 T LA O W A 3 A P R, RO 2281 9T
F B 25, 68 2238 1% Belytschko-Wong-Chiang'®> /L, FE45 SUIARIE 7 A1
5 ff) O MM ZAT ST, FEATIZIE, BT Ty 2Ry 7 AITRIRGE H S Tnd
440 MPa & [EFRTRALTR & IR D8R VR E LT RS E AR L=, £ 6-112,
WERHE D —E 2R T, RBIRE (1%, BTV Ty ah v AiZH o 1.60 mm(Part
a), 1.20 mm(Part b):L7~.

Parta

/7

Pétb Part b

(a)Original (b)Crash bead A (¢)Crash bead B
Fig. 6-2. FEM models of current crash box with crash bead.

Partb

Table 6-1. Mechanical properties of the material for numerical analysis.

Material grade JSC440W'®
Young’s modulus E[GPa] 205.9
Poisson’s ratio ) 0.30
Yield stress YS [MPa] 333
Cowper-Symonds D[1/s] 1.56x10°
parameter P 5.67
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6-3, Xl 6-4 |2, 6 AATEEAL, ZDOFMIZI Ty L 2 —REB A LI O
BB DN — I EA LT R A 2 e hur . T, ARl
RN O, MERNIATE 7, 0 B — s AN RO IR SR S iz %
—WRINE: UTHD. Fio, FEft, ok, S, ThTh 6 A, 77y 2t —FR
AEHE, 7Ty 28 =R BEM O OTEREENENHHHT. b, 77
Tab =N OB EIL, 77y 28— R0 6 AIEEA I~ TR,
ZERbMD. FAMERLUBEIZB T, 77y 2 — RO EIL, 7Ty a
E =D 6 AIEEM I TS, ZELAR<IIRIE —E THRBR 752803005,
ZORER, KM 6-4 \TRT I, 7Ty 2t —REIL, 79y 2t —RDR 6
AR T, =L — IR UMMELS 2D,

300 . T T L
I Original ]
2500 s Crash bead A [
- n g Crash bead B |

1 | 1 | 1 | 1 |
0 80 100 120 140

1 | 1 | 1
0O 20 40 ©
Displacement 6 [mm]

Fig. 6-3. Comparison of the load-displacement responses of thin-walled

hexagonal crash boxes between with and without crash bead.
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lo———————————r——————7 71—
— [ | — Original ]
Tﬁ L — Crash bead A
o 12 e Crash bead B 7
g 10 E
§ i _
& 6__ _,_—_’_77"":'-- ]
g ol e
=3 2._/'_’.’.777 ]

I |

A ] 1 ] 1 1 ] 1 ] 1 ] 1 ]
0 20 40 60 80 100 120 140
Displacement 6 [mm]

Fig. 6-4. Comparison of the energy absorption, U of thin-walled hexagonal crash

boxes between with and without crash bead.
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L CWRWERAIZ RTINS D, §7hbb, BURDIZZy v 28 —REFIZIB W T
EEERINEREZ m O DT, HM OREEZ IS T DE O R DLEELRY, B
FALEDOMNIIREETHHEE 2 LD, SO, HMICEA 2577y 28 —RD i
R RA D NCELE ST, Wi O RES, M EREIZLo TRARDZEN TS
b, Fo, IFEO T Ty 28 —=REPEEL TWDT2D, BIZIE, Fled i moim
HRANEINIZGEX, SMICE— A MMER LY Ty 28 —RBREZE I,
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------ Original (Without crash bead)
— With crash bead

Load F

v

Displacement

Fig. 6-5. Schematic drawing of controlled the load—displacement response of

hexagonal crash boxes by crash bead.
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6-6 |2, p}n+bf_77//zT/77\@Lﬁﬁ%‘fﬂ"§" KRETHOE T E W O
SHE, ERRICEBEEICEEINTHND 7L — A5 L/\//v—@Lﬁﬁﬂ“{f%aJr
HILT, 3 FDOWraRREH-TEZ R E LT, HEXE 3,000 cc O @ TSI TVD
32 150 mm, 553 76 mm T, TAXIZ R BBEE 2.0 @thﬁﬁé:, PEX & 1,600
cc DEEED {72 A X THHEI 110 mm, 50 60 mm, 7 AT RBERBX
Z 1.8 O, ZL THER R 1,000 cc O/NMUH|ICHEE SN HE 92 mm, 534 55
mm, 7 AT RNERBIBLE L.7O/NH ThHhd. Zih 3 FRORFHErm 2% LT, Al
BEECOMBIIIESE, SEHEEE W,1% 20~30 mm 230\, M2 O — 525
ANTHREFE1To7-. BRI, j(U?@(DeSlgn A)ITVE, MEBIRE d,=20 mm O
DOOMEE ZHEANTHZET, T TOREEE W, %2 20~30 mm &L, FHHE
(Design B), /IN#rifi (Design C) (21, MRS d,=15 mm DO—-DD[HEZ “HHE A
FTHIETHEEE W, & 20~30 mm EL7-. 7235, HWrim (Design B), /i
(Design C)IZRWTIUIEES d,=15 mm EUFREIX, #hiF il o ka7 L Al

(ZE > TEM BUEN AT REL IR D Z L Z R E LT THD. T70bh, MEORERO
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WHNERDOE I A DO OEMROLIVE 7 HF R TEVMLE &L IUE R R #E -
7RBINHTHD.

UL EDIONZERFT LT 2 OWrm X, #5 RANC KT O % G I3 O R &7 %
B N & 24 AL, lE, NWiE O5A IR N 16 [fA T 5% A TN
&%,

—7,=5.1

2
With notch;
I
" !
\ !
\ !
_________ NS
i Z
(a) Design A for large cross section v
X
| 110
W =24 w,=24
S S

T =125 deg.
Wy=14

(b) Design B for medium cross section (c) Design C for small cross section

Fig. 6-6. Schematic drawing of crosses sectional shape of designed crash boxes with

concave.
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FREFLTEMETPIRIR L, 85 3 32, & 4 = CORLERH T A—F—ZHE R,
TOBRIFRZIK 6-T~[X 6-10 [T~ BEFLIZITiE O HFRIE W, ORIFICKT T 5k
W/t 1%, %1 20~30 OFIFAL 72> TRY, FEAMMINE L,13>3.0mm T, &5
ZERERROWITASE L,¢ 13 3~6 mm® DFIFHE/R>TWAD. 708, BHICHWZRE 13,
ARECTEMBEUWEICHE AL 0.8~1.2 mm OFPHEL TS, £/, Wil AL
HOWRS &1, 15, 20 mm T, MEIE W, 1% 8~14mm OFLFHE/2> TV, ZHHDK
MBI, WbV E £,/ Lt 2R HRI AR R L T0D. EBIZ, KIS
MIAZBIL I, 9IRS AT BT D 7280 123 5 B T LN A1 R A SR L, feb A\
SEHEHBICIES h,=10 mm OYIREHEEAL(K 6-6 D(a) T O KARROFEL). 3F
HABIE, AT ORUESRE, BMEMT R DEZATRT.

PLEDXOIT, AR EHEALL, Fx ORESOBEFHIE IR L TLE AT B0
A A ZALSEDZLT, BHIANET DR EFHEEED LN ATRETHY, YL
BATNDLEERD.

Designed range
LSS SIS L S L S I S N

O L.>3.0 mm(N.=4,6,8)
® [ <3.0mm(N=10,12,14,16,18)

0.3

g
£
£ 02 |
3 ' Equation (3-1)
e
i -t 3
—g 0.1 I~
g ° °]
1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 50 100 150

Ratio of width of plane to thickness W), / ¢

Fig. 6-7. Design range of the thickness ratio of plane region, W,/t of crash boxes with

concaves.
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Designed range
T T il_ﬁ T T T I T T T T
—O—=1.0 mm
« 150 -©--t=1.6 mm

o

T

D=

o

3

3
Ao

° Ja— P/t

Normalized load Z
%
®
®

©
bl
X
7\
N
~
N—
=}
“w
M

0.5-

Sectional area of ridgeline L,¢ [mmz]

Fig. 6-8. Design range of the area of ridgeline, L, of crash boxes with concaves.

Designed range

o
[

<
b

<
p—

Load F,,, /Lt [kN/mm®]

0 5 10 15 20 25 30 35
Concave depth d, [mm]

Fig. 6-9. Design range of the depth f concave, d, of crash boxes with concaves.
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Designed range
-

0.3 | | | | | |||||||||
—0O—d,=10 mm
o5 mm |

ool @ =25 mm |

Load F,,, /Lt [KN/mm]
o

| T I I P T P T
0 2 4 6 8 10 12 14 16 18 20
Concave width 7, [mm]

Fig. 6-10. Design range of the width of concave, W, of crash boxes with concaves.

6.4 M BUEBIOEZEBRSEF
6.4.1 fLEHF

#* 6-2, & 6-3 12, 6.3 i CFILIZMWTiE 7 Ty Y 2Ry 7 2O EM EHEICH W
FEEAR DAL AR S, JISH BakBR A I KD IEE A 7 o5 iR a2 2
AT ARFERRICIE, BEYEAEMLICEAII TS 10 FEOM, 2~4 FEEORE
D727 RO Z . 8 AL, sEeBEsilc TROES T =7 N ELFE G
DIRIRT AIFVRE OCTHY, B 1L, A LRI =T A NEARMRECH D03,
F1D C, S, N 2t e LTS, i ICERE 2 C, S, N 2Bl LR
2B (HERE W) MK R % IF (Interstitial free) 8l 2V T 5. £7=, 440MPa,
590MPa # D E R A EMR ELTIE, 8l C 1%, Mn OEVEFRILZFIHL CTHREZ &7
440MPa #% [E s b R S 8A 10, S D, B, BEEETRIISINZ, Nb 2N UG
72T I (NDONZ & o THEN. OB BNV A I 5 2 & TR EE A 6D 7= 440MPa, 590MPa
AT H s bR E AR 18R VT D, E51Z, 590MPa, 780MPa, 980MPa #k D EiE )
FREL UL, 8 F, H, ] 14 —ATFADS~ T A MR T D275
LT, BT 2 FAMEEEE 7~ VT A MAZ G T AR E L8 Ak
RIGH K * TDPJ (Dual Phase) T&HV, 8 G, I (300 T35 2 88 ¥ % T TRIP |
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(Transformation—induced plasticity) ® % 455 E A4 — AT F A Mk THH. 2B
PR O IE, WmEEAER, BEX/eEUREHATT T EETHY, Aelbiamtiitnd
~>& WIGA] (Galvannealed ) % DR EHALFRITHEL TVRU,

A BRI W2 IR O 5 BRFFMEE, 3R 6-3 1R T LD RRIRIRE YS=180~
710MPa, 5IHEFREE 75=300~1,100MPa, TN EL=15~53%D#iH ThD. F/-fHik
DFFEZ LT, 8 A IZREWV 8, 80 G, HEFE—REDOHM E, FZ25TNIHH H (2
EEATEW EL Z7rL TV, 7238, 3R 6-3 1 n BN T bda3, v fHixZ7 77

F—REEZHLDL, ZIVEI 5-15%, 15%fH NI T

AL 725 TH 2.

Table 6-2. Chemical compositions of the materials for this study. (mass %)

Standard Steel type C Si Mn P S Others
A | ISC270D'® Al killed 0.043 | 0.010 | 0.170 | 0.012 | 0.006 B
B | JSC270D'" | Interstitial free | 0.0028 | 0.010 | 0.100 | 0.016 | 0.006 | Ti,Nb
C | JSC440W'™ | Solid Solution | 0.100 | 0.040 | 1.040 | 0.015 | 0.002
D | JSC440R'™ | Precipitation | 0.064 | 0.120 | 0.360 | 0.029 | 0.007 | Nb
E | JSC590R'™ | Precipitation | 0.095 | 0.780 | 1.410 | 0.014 | 0.004 | Nb
F | JSC590Y'® Dual phase 0.075 | 0.060 | 2.380 | 0.009 | 0.002
G | 590TRIP'® TRIP 0.094 | 1.330 | 1.460 | 0.006 | 0.001 Al
H | JSC780Y"® Dual Phase 0.097 | 0.660 | 2.540 | 0.007 | 0.001
I | 780TRIP'® TRIP 0.180 | 1.720 | 1.490 | 0.007 | 0.001 Al
J | JSC980Y'™® Dual Phase 0.150 | 0.120 | 2.540 | 0.007 | 0.001 | Mo,V
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Table 6-3. Mechanical properties of the materials for this study obtained by JIS.

No.5 specimen. [Transverse direction =90 deg.|

t YSp.20 N El | nsisy | Tisey
[mm] [MPa] [MPa] | [%]

Al 0.78 189.6 323.1 | 46.0 | 0.233 | 2.33
A2 | JSC270C 0.98 188.9 3145 | 48.1 | 0.233 | 2.39
A3 1.18 221.3 336.5 | 443 | 0.190 | 1.87
Bl 0.80 160.3 3064 | 504 | 0.270 | 2.51
B2 | JSC270D 1.00 156.0 301.8 | 52.2 | 0.276 | 2.39
B3 1.20 160.1 291.0 | 52.7 | 0.272 | 2.26
Cl 0.79 347.7 467.1 | 36.8 | 0.196 | 1.37
C2 | JISC440W 1.00 390.9 452.0 | 34.8 | 0.203 | 1.23
C3 1.18 338.6 4477 | 39.9 | 0.205 | 1.39
C4 1.61 330.3 461.3 | 37.4 | 0.191 1.25
D1 0.80 411.3 4572 | 343 | 0.158 | 1.03
D2 | JSC440R 1.00 390.9 452.0 | 34.8 | 0.203 | 1.23
D3 1.19 343.8 446.8 | 35.6 | 0.181 | 1.36
El 0.79 472.8 602.7 | 32.1 | 0.189 | 1.06
E2 | JSC590R 1.00 464.6 608.6 | 28.6 | 0.170 | 1.06
E3 1.20 425.0 604.2 | 324 | 0.188 | 1.14
F1 | JSC590Y 1.00 409.8 628.8 | 309 | 0.169 | 0.94
F2 1.21 436.4 652.2 | 35.8 | 0.189 | 1.36
G1 | 590TRIP 1.01 404.9 636.4 | 380 | 0.217 | 1.24
G2 1.22 408.8 632.6 | 38.5 | 0.208 | 1.38
H1 | JSC780Y 0.81 518.4 876.2 | 233 | 0.164 | 0.87
H2 1.20 505.0 861.0 | 22.7 | 0.156 | 0.84
I1 780TRIP 0.82 490.8 842.5 | 343 | 0.238 | 1.13
12 1.02 507.9 804.5 | 37.3 | 0.243 | 1.23
I3 1.23 488.7 804.5 | 37.1 | 0.250 | 1.21
J1 JSCI980Y 0.99 710.0 1086.7 | 16.3 - -
J2 1.18 707.4 1102.6 | 15.0 - -
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6.4.2 FEJEINT, #AN. THiE

S OBUWESFIEE LTI, KRB O FH a2 Z N EN TV ARIEL, TNH0
PR AL N CH— R TR RIRE L CE 2 . F9 M E 7L Ak
FEINTLT, WIS Sz msE L Gl Wi 28 358 &L, T D %ML TH
fn DB ZE 72 5 ONT S B 29 | S i 2 R 2 L Coe Sz, 7L AN TR L OSNE T
DXL, AFEMR DN ANDOBLEDD, TV ARIEIIAM EHEE O B4 7a i
I EL, RO LM/ AR NAHEE FEARE U=, 7035, ARy NERZ, VN
FELRWMAlE 27 ME 5V tmm, BT 25 mm OFMTITo72. F72, bt ot
ZEumDOuAR Y, KW (Design A), /N (Design C) DA X, FEESIC A B)E#
(B SNIIRRERAREL, U R — LD &2 X 570 O A2 BEL 7214, fT
T T — 788U, HBErE (Design B) D&E1X, /73 —I1THL
BROBUHTORTREMERZ 2, SMITHTL 10 O AR Olta 7 — 7L THRWY
PG 7= PR T A BRATENC 10 deg.). —J7, [T 22| L B3 B ~ D Bft
FRMEICE D, UL EOINTEWELT-7 Ty 2Ry 7 A%, ) 6-11 DXHIT/RD.
F72, KA (Design A) OEZEHHIZIL, 5 5 BECTESLNIZ MR SEE 0%
IR T, UIR EHEAEALTND. ks, M ES HIL, tRELTCIEE M LIRIER,
KW b (Design A) 1% /=170, 200 mm, "FHrHE (Design B) (% /7=190 mm, /Nt
[ E A (Design C) 1% =120 mm EL7-. 512, B INIEREIC T IR BRI D
WABIZOWTGHAET A0, ARy F % 35 mm, 45 mm S22 LSE 7= KW Eh
¥ (Design A) &, ARy MIROVEREAEHE THD YAG L—HF —IZL > THAL TR
Wrim i A4 (Design A) 2B LTz,

YR &

e i

(a)Design A for large size (b) Design B for medium size (c) Design C for small size

Fig. 6-11. Exterior of developed crash boxes with concaves.
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6.4.3 EERINMEREFMN T A
(1) 7% SR T B2 2R

6-12 (2 VBl RY fl BERRBR O X A7~ 3. FEBRIE, E AT Ol 5 M M- T
TEXWHIEARSLMLE, EREOEETELLIRD HF LD EANNEZBE LD
EIRRMFCEMR L. BRI, KITRT I, BELZ7 Ty afRy 7 A%
BRI VN THRiAE LT-1%, 850kg DEEIR (/X374 —) Zfli 22 EE 23 km/h(6.39
m/s) DA TRERIARIZ BT 2 FHO TS E S, ZO/SIL> TEM AL
ZYRME R R ST DR A FHIL CREM L 72, 72 BRI EZERME, 7Ty 2Ry A
OWriE T, FBMIHTNIZ 10 deg MT 7o Feff TRBIRICIRO T HZETHEBILE. £
7o, HhEE (BPEEIRZAT) R om B F IR FEICBOfTH EEROr—R
BT, #im RN 01TV — P —ELEH R WA o F—BE R A 2 Z
AEHAIL 7=, X 6-13 (2 Mk & AW T2l Bk O — B 2~ d-. BB gL L1
ARG B—=INTARL — V> THH%E FLUGRBRIRIZHEZE T 5. 20K 37
A —NHE LU TCWALE =RV — X, MDA T 58I A U iﬁ%
BLLTHESH, 127X —13E1ET5. ZORBRICE T, R 5 1M1
PR A T2 AT, BEREIRIC R LR LS.

Drop hummer (Impactor)

Initial velocity at impact=23 km/h (6.39 m/s)
Weight at impact=850kg

]
(0]
|~ Specimen ———f| ©
]
]
]

N A\
(a) Front view (b) Side view ) (¢) Side view

[Horizontal impact load] [10 deg. inclined impact load]
Fig. 6-12. Schematic drawing of drop weight testing, DWT to evaluate impact

energy absorption of crash boxes.
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(a)Before DWT (b)After DWT
Fig. 6-13. Appearances of specimen before and after testing by DWT.

Q) B EAEEER

H BN E 22958, BIEICE-> T, 3—A L 7RIy F o 7T — A M4
U%. 372bb, FEEOMZRICBW T, HHERERO IR EA D —E F IR
ESNT, BEFIZEDOHRNENTD. FZC, R EEHKBROMIZ, FEEEOE
ZEZRIL T2 S 23 1 D WA RE DRI 21 T > 72

6-14 |12, A HEAERIZROBX K E 7. ZRIE, fHICEEL7Tv a
RO I RB N IN—= L AT = AR REEBIZOAHT, 206 A TS TR
NYTIE RS T2, B/ =L AT 3 —AANE, RetBrim s R e 51
IREEFEDS D% V=, 72 B30T 51%, RCARPOE ZE R BRICHEILL 7=b D L LT=.
FERIPERE DO G L, — RISV TWAEREICH D, A AUT I
BWTEHIS VI Amr EAE I SAE180 DS TT AV Z U AL ZATUWEEAI L 72

Wall Barrier
/ Specimen (Bumper reinforcement and crash box)
Load cell ]
Wawwn)
\I_T

Initial velocity at impact
=15.5 km/h (4.31m/s)

A\

Fig. 6-14. Schematic drawing of sled crash test to evaluate impact energy

absorption of crash boxes.
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6.5 EEMENT FFIE

HAEAFATIE, LS-DYNA ver.970°% V>, KITIEHES (Design A) YR i 24 )
(2R E R AT E A ) 7 M DB DUV TR L 7=

6-15 (ZAEATET L OMBLATR . BEATE T L DS, FEIAM ERERICER
S h,=10 mm, H§ W,=75 mm OUIREH 2w T 7. 22T, HEERIEE IR AR
(2, ERATHN T 1A~ JE A AR E LI AR M REEL, SO Ze2HE LT 10 deg.d
b OMIARBER, SIS ZeS W7o, B28E T, PR R CIL, £
R EEAR R 2 ME T 272012, #EFREEEHVTHEBHIZBERATRALF =1
23km/h (6.39 m/s) CEREL7=AY, FUEFIH TIL, HRELF 2l —al DRMAETHEN
15 km/h (4.17Tm/S)DMFE L LTz, Fiz, ZNORHABEO BB &I, W Iub ik s
A 140 mm LU7z. SRATIC IS8T DB R AT, BTE £ CTOBALART SAFLIRIERIS,
oAl x T RSy LIS O ZEAL 2R L, BIE SS9~ TOLENLZH
R DML, EERSENT 4 mm X4 mm B2IEARSMEL, HEOR
ERDBERMEIZB N TIESHICMA L. RBHEALEZERITVN T L
Belytschko-Wong—Chiang®y /L CHY, HRIEIT AN 5 HORESy mA7R T2, SHIZ
BN OFEGENL, 25 mm By F CARY NEBEA MR L /-8 — AR T HENLE A
AU, TSRO B L, 56 2 BB 5 B CTHRV-T-b D LRIBEDIR
JZ 1.0 mm @ 590MPa ##8 S AL EI R (3 6-3 thod F1 LA —) &L7z. 3K 6-4 [T
MR AR R D — B2 27" T

Spot pitch=25 mm

\ Rigid wall Rigid wall Rigid wall

\
10 deg.

(a)Horizontal direction (b)Optional direction A (c)Optional direction B
Fig. 6-15. FEM models of designed crash box to evaluate the effect of direction of

impact load on crash energy absorption.
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Table 6-4. Mechanical properties of the material for numerical analysis

Material grade JSC590Y'®
Young’s modulus E [GPa] 206
Poisson’s ratio v 0.30
Yield stress YS [MPa] 250
Cowper-Symonds D [1/s] 2.14x10°
parameter P 2.68

6.6 FEEAER
6.6.1 VSR fETER SEBRE R CBUE MRS R D Lhigk

6-16 (2, KW ME AEA (Design A) D% SER B2 25 ) FEM fi#bTIc kb
FF5 07 1a7 B R IR 35 D ONE P R S A TR 14 O TR REZ LEER Lo d™. W= BB 1T, AR
JE t=1.0 mm @ 590 MPa #k# A #EFHA = 0E SRR (R 6-3 O FOTRYEL7ZH D
THY, HHE HIX 170 mm THDH. £z, FEEIEERICI> TEUTZLDOEEORHNIL,
6-17 |23 EIIZ, B O BRI A SCE S O 1% 5 TEIWTL, SR PN )
LD REE B LT,

(X755, T I W R4 O F BB B IR 13, V5 ERMRLETBE 328R 35 LY FEM fi# AT U
FTNOBAITEB DT ELEEHNNSNZERNDND. T2, EBRICL->TELNLE
FEEIE, BT LI TIE RS THAIENDDD. BT, BBk BR RO T
LbOBREZ IR 5L, WTHORERELIZ DM VEF LDE AR L THDHT
ENOMND. THUE, HlT M OE R EIC Lo TEEE OB ERE A A U2 E
WL, EVVEREE R CEENEITLEZE2EAMNTAL DO ThHS. £, BT
e Rl L, IR L DO EHIC B W TH ERERLFE THLZ L b5, s,
AT T - T BAR RN T 11E, frE72 T T, WMEEIR A O REIZ D0
THRBE ISR — N TEDIEE B TRY, #hkF YN 2R fRAT | 26 L%
UHERENZEZRTHDOTHD. F et Lo WrimiE, FE5REFEMATRE Rz
T, [FARDEME R T2 £ U T (W R%H) T2 DI mVV B Z R LT SR T & 5.

L EORERG, BREFUTZWrmIE, SEEAIZ 30\ Th 2 I & O F2\ TR I A2 i 26
#haaL, BN/ NSWHERIBEZ TR TES 2D, T72bh, AWFSEICBIT DR
IR E DR BB D Y PRI, FEEHICBWTH SRS, S512, AREHEIR
1% FEM \C XA BB IS L~ C, Bk T RIS FTRE TH 5.
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300 CSIgn A
- —FE ’
250F ----Experiment by DWT [
—~' 200} 7]
2 _
LTN 1 50 _l| \ ” " - N
—8 | :‘ : \ "‘ ! \'«'I \ "\ ] \“.‘ . l‘.' \‘ .
/ P ALY W
3 1004, [he v :

." \l .
504 7]
} |

! ) | ) | ) | ) | )

0 20 40 60 &0 100

Displacement 6 [mm]

Fig. 6-16. Comparison of the load-displacement responses and the deformation

mode of designed crash box for large size between experiment and FEM.

Cut line

-

Fig. 6-17. Condition of the cut line to observe generated wrinkles by plastic

buckling.
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6.6.2 WrmakE+Edir D@t

6-18, [X| 6-19 (Z DM} A —#HE AL 7= K Wi ME Ak (Design A)é:
— DO MR % B U7z F W M3 A4 (Design B) O P SR i 52 F2 60 12
THRELNIAEERS IOV — I E UL CORT. i RE ﬂ%b\f_
RN, WFNBHRIE r=1.2 mm 0 590 MPa #48 ARE%7 508 18k (% 6-3 thod
F2) CThb. 728, KW W8 AEH (Design A), 5 W V1 A EBF (Design B) D%
ME HIX, 1200 mm, 190 mm CTHD. X C, XA AN 5, eI
H LRV —INE UTHD. F2XC, FERITRWT i ME AT (Design A),
MR I W i SRS (Design B) D& OFEREZNENHLDT. Kb, —
DOMEE —HHE A L7~ Design B 1%, 2Dz —fHE A L7- Design A X,
W i B = DN LN & OB LT EE O AERHE I AR NS DD, Design A LIRIEE, #fif A
AL 6 =130 mm FT, BED/ NSV EHIEREZ R TIEN0ND. Ik, BRATH]
D ¢< 20 mm (ZRIT DA EBREOZEL, HIM EimilOTIRICER L TRY, Design B
DE 20T, %M)@ﬁa*ﬁ%wfﬁﬁﬁ FTTWBTe, %2 LRI IS AW (S S A )
SNBRNWTZDThD. Fo, =X — I EIE, MEOMEBIC IS T W b #linr
RENL DN LN LB 3 D [ 2R 2 80305,

VL EDFERG, BREFUZIMEr AL, M@ S LS, ZEAS/ NS af &
JBIREA R TEE XD, WS T AT, MESOEED Mo BB IR I E R e B A 5.2 %
DTIE72L, MEFE AT Lo CTHIEI S A7 - i S b SRR W i FE S, far BB IR A 3¢
Bl DL NRET LD THD. T bbb, AWML CHET L7-s5HEARE, Wik v
RIZEoTHIRISI D ZE7e<, B4 7ol b H g THY, B MEICEATLHD
Thb.
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30 ——————r———1———T1 17—
- |— Design A f
250 ------ Design B i

Load F' [kN]
&
S

Ty |

0 2

1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
0 40 60 80 100 120 140
Displacement 6 [mm)]

Fig. 6-18. Comparison of the load-displacement responses of designed crash boxes

between a groove type and two grooves type obtained by DWT. (V=23.7km/h)

25_ T I T I T I T I T I T I T I
—  |[— Design A ]
2 oL |- Design B ]
D i ]
=
2 15F T
& C ]
S - ]
< 10 5
o i ]
2 ]
5 5E ]
= i ]
H : ]

I T R R R RN
0 0 40 60 &80 100 120 140
Displacement 6 [mm]

Fig. 6-19. Comparison of the energy absorption, U of designed crash boxes between

a groove type and two grooves type obtained by DWT. (V=23.7km/h)
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6.6.3 FEEEBRE TOERKINUMERE (5 HAEEEERGR)

[X] 6-20 |2, KW HE A EBR (Design A) &, /N V138 AT (Design C) D
HLAE B BRI DA BB ORE RA L CORT. 728, K HEOE R0
HIZHH, Design A ITRE t=1.0 mm D 590 MPa #E AR 5 0k 78tk (&
6-3 F1 F1), Design C 1ZH/E =1.2 mm D 440 MPa & [E A5 L8 5= 05 1 8tk (&
6-3 1D C3) ZMWT, ZNENEMAZRELTZ. £/, Design A LT Design C D
MR HIX, £ 200, 120 mm ThHo. KT, FEENIHEAT AN 0 THY, HiEdh
IIfTE £ Chn. Fiz, FRHIREE MBE A (Design A), AHGHRIL/ N [E A
H#F (Design C) DA DFEREZNENOLHT . KD, MEBEANEHMIX, Wrmo
RESBRL M OEEICES T, Wb EABN/ NSWEREZ R E 03
REN, BEAEREERICBO T, R ERER CEON R LRI, &
T BB ERE R A T D20 bnd. T 70bh, MEE NI, Sk 5 1 o A
(AT B ME 32 VR SRR AT B SRR D5 721 T, FEBROMEZE| ;EHL, HHD5HTT
DA ESAEMA 535706 HAFEREROYLAIZHBWTYH, BB/ E
&I A TR ZE A SLRES T,

VL ED#ERG, AUFFECHESL UT- BB IGH M OR%FHEARIL, FEBROEZEHH Y
DEMFICBNTE AN THDLZENNLRESNTZEE 2.5,

300 ———r———T———7————1——1——

250 | Design C |

\®]

S

S
T
]

Load F'[kN]
S @
2

| |

N
S

T T T
\
S

\

]

! —
]

!
1

’
4
-17 | . | ) L= |

L | L | L
0 20 40 60 80 100 120 140
Displacement 6 [mm]

Fig. 6-20. Comparison of the load-displacement responses of crash boxes with
concave between a groove type and two grooves type obtained by sled crash test
(V=15.5km/h).
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6.7 BEFEWTE DO/ SAME

6.7.1 MEHFEDORZE

X 6-21 12, E =1.0 mm D5 IEFRE 270~780 MPa kD& FEHiHR A Tl
Vﬁbf_jﬁ”mﬁmmf)ww(Des1gn A) D SRR E B EBR > TR D EE
%, X 6-22 12, TNHEM O FEBRE OFEREL, L TERERTd. K 6-21 T,
REGI T TSN 0 C, MEIATE FCThD. Fio, FERR, AR, AR, — sk,
270MPa AL % 35 TF $f(3E 6-3 1D B1), 440MPa % [E1 ¥ 58 b & 58 ) S (3% 6-3
H> C1), 590MPa it HigR LA & ok 18Rk (R 6-3 H o> E1), 780MPa k& #Hik
A E R IR (R 6-3 F 0 1D)E AW TERIELIEHM O5E O REZnEhdHob
T X 6-21 25, e EORERHEIIA R I TURAF L TEIEL, moREM A W28
BNEERLRDTEN DML, AN, EAENL, MEHZEIOTIRZIRETHLZE
WD, FT21X 6-22 1D, IEHERERE OFIEICBW T, MEHZES T RICEE D
HWEE R LA U TWAZEN b5, T 7, RIUKr f [WE A FRA4 0 8 e
JEZEENL, MEHCEL TR EL TWDIENFESNZ. S T UL, AR E 5
WL MERE S, SRR HHIREZ A SN EZERL, MENEIR A2 2 st
HZETHEDMEICEDERG KIS AR THLZ L RET 5.

300————7—
I — 270MPa(B1) |-
250 | 440MPa(C1)
I 590MPa(E1l) |
Z 200} — 780MPa(11) H
> |
kO 150F 4 ) |
o | ¢
S i ’ ;
3 100 ) \V,"'-\ RS ' AN\ AN
50 / §
| | |

L L L L | L | L | L
0 20 40 60 80 100 120 140
Displacement 6 [mm)]

Fig. 6-21. Comparison of the load-displacement responses in DWT of developed

crash boxes with concave which is made of several steel sheets. (V=23.7km/h)
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45-10-1

(¢) 590MPa-HT(E1) (d) 78OMP-TRIP(I1)

Fig. 6-22. Comparison of the plastic buckling modes in DWT of developed crash

boxes with concave which is made of several steel sheets. (V=23.7km/h)

6-23 12, LB R, BARIRE VS, SIEME 7S HRE ¢\ TEEL-
fE Rz T KT, Bl XN IEIREREE VS, ., SIIRTREE 7STHY, HedhiXHmT
RN 6 =0~120 mm TOZRF—WINE Us_y 1h . CoD. 2, O, ©, @I,
AFRIE =0.8, 1.0, 1.2 mm OFEREZNENHHDT . KD, =x/LF—IIY
B Us_oro0mm Vs BERIRTREE VS, ., SITRIREE 7S ORI EFHIZHE NI 520
b, Fiz, BIIRERE TSO IS, BEARFRE VS, b =RV —WULE Uy 100 mm
EOFMBANIRNZEN DD, ZIUE, TRV —RIE Uy 100 e DS BRI O
WML R EL, JERLUbZ ERDBEICAELD T AR OWMME R EEO NS5
DTHY, HHRRE REWIEHEOT AL ETOIS NI LB SNENHTHD. Fiz, =
T —RI T UL TSOMBERMRIE, Tril6-D~R(6-)ZThHbbIi, =L



0-120 mm [KJ]

Energy Absorption Ug
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XF—RIT X, BIIEIREE 750K 0.55 FelZ b4 At E o B — i TS
HZEWNOND.

30

M ® Norminal thickness =1.2 mm

t=0.8mm:U =0.2234 x TS "5

t=1.0mm:U =0.4182 x TS">*

t=12mm:U =0.5714xTS"3%

(6-1)

(6-2)

(6-3)

O Norminal thickness =0.8 mm
© Norminal thickness =1.0 mm

O Nominal thickness =0.8 mm
©® Nominal thickness =1.0 mm
30m o Nominal thickness =1.2 mm [T

]
0-120 mm [KJ]

20

X
&% Fa(63) I

20

Energy absorption Ug

o by by by by by
200 400 600 800 1000 1200
YS) 20, [MPa]
(a) YSo.24

400 600 800 1000 1200
Tensile strength 7.S [MPa]

(b) TS

Fig. 6-23. Effects of yield strength, YSy 4, tensile strength, 7.5 and thickness, 7 on the
energy absorption, U;_.120 mm 0f designed crash boxes with concave obtained by

DWT (V=23.7km/h).
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6-24 12, FFL Us_g 100 mm & PRI (6-4) THUSALLTZHUSAE U EFEWRIZ ¢ T
P72 RA7R . B LIZHTZ- TS, X(6-1) ~6-3) DB THELN R RE
AV, TRBAHBERT D 75 ONEFRHOFHEZ AL T 5.

U
' 8=0-120mm
U —

- TS0<5461 (6_4)

XI5, BE U1, BJE ¢ OF 1.9 TIZHBIT DL DD, 1E-TC, K
(W13 A A DT R — W Uy 0o 13, FRBRU6-BNCTHRTIENTES.

U — 03887 % TS{).5461 % t149322 (6_5)

6-25 12, H6-5)F AW RHEEFZERIC L > THOLNZ U LDBfRERT.
M5, THEESERRGERIL, BWHBEEZRTIENDND. T742b6, Kilfrm]E A
HEF D RN =R Uy oo mm V> B(6.5)DFEERUTTHEE LS PRI TEAZE
AEBILT. Uk C, BEHBIEC, =R — IR A R D LA REL 7R
%.

e
o0

| nU=a+blint

a=-9.46677372e-01
| 5=1.93241037e+00
|r|=9.94522235e-01

e
o

Normalized energy U '
o o
) N

1 1 1 | 1 1 1 1
0.80 1.00 1.20

O 1 |
Actual thickness ¢ [mm]

Fig. 6-24. Effect of actual thickness, # on normalized energy, U’.
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[\
N

| Ueyp= E an Up,e ]
L | a0=0.00000000e+00 ]
L | a1=9.96296709e-01 ]

L | 111=9.96518321e-01

\®]
-

—

=4

s

&

bg 15_— ]

ol i

(D] L

= 10F N

) N
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o B

2 5 :

>< -

8 C ]
O. PR [ TN WO T AN TN SO TR S [T SN T WA SR M T S N
0 5 10 15 20 25

Predicted U()—]ZOmm [kJ]

Fig. 6-25. Relationship between predicted U by eq.(6-5) and experimental results.

L EDFERND, B U MERZ S AL HT LW ERZ AT, MR
L5, BV R O YIVE R 2R B S Lo TR NS W EE A RL, B
T REEBREINMEREE T 5L 25, Thbh, BRHMIIMEREEDZEIZRIL T,
FEWVEASZAMEZ AL TWD. £z, ZOEFM O F—RINEIX, S19RBE 75 O
0.5, BE (O 1.9 FICHAFIL, EBRNUCTHE I AELDZENFAHETHS.

6.7.2 BESEFDRE

6-26 |12, TAHR/LX—IRUET RIE T AR MNEBEE  F D S B A B P 7- ik B
R 7R, Bl AW EA I, IE =1.20 mm, 440MPa #EATH R E iR
JI8MR (3 6.3 1D D3) 27V ARRTEL, ARy MNaE#EL TN T =200 mm DK
W7 I A BE (Design A) Thhd. XC, BRENI AR Y MNEBEE YT C, Heshi X
AL 6 =0~120 mm FTOZFNF —RIE Uy_y 1900 CD. K5, AN
S F DOENNEENT RV —IRUEE: U oo IR T 3528, ZOMK T i 3%FE
ThTNThoAZENDND.

6-27 |2, ARy R — —VRBE TN THI M A A O 17 5 R 4 HL s
L7 SR%, X 6-28 12, Y EERIE B SEERRITZ O MmO G 2E, ikt
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L CORT . 7238, I AW RIE, R t=1.20 mm, 440MPa k& 50 LA &
SR 18I (3% 6.3 thod C3) 7L A IEL, B F 25 mm DS TAR Y MaA#EL T
SECTZEA &, YAG b —H — 2> TN T £ & =170 mm O K Wi 135 A
AL (Design A) Thb. X 6-27 T, FRUIAR Y NEBEEAM, SRR — 3 — 180
MOGEOREREENENSHLDT.

6-27 775, KK MEAEBA (Design A) Ofaf BB 5 ONI i EO#EHEI,
R TIEICELTIRIER —THHI LN bD. £7-X 6-28 M5, TFRMHEE FEER %
DOIERENT, ARy NEHEOLA OB —YF —EEOLA L0, LA TD 5L
TSNS NWZER DD, T72bh, B LT MNEE AGRA X, fERE LT ARy Mgz
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Fig. 6-26. Effect of spot welding pitch on crash energy absorption, U.
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Load F [kN]
O
S

1 | 1 | 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140
Displacement 6 [mm)]

Fig. 6-27. Comparison of the load-displacement responses of designed crash boxes

for large size between assembled by 25 mm pitch spot welding and assembled by
laser welding.

Before DWT

After DWT

(a) Spot Welding (b) Laser welding
Fig. 6-28. Comparison of the deformation modes of designed crash boxes for large

size between assembled by 25 mm pitch spot welding and assembled by laser
welding.
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300'|'|'|'|'|'De|81g1'1A

— Horizontal direction
------ Optional direction A
— Optional direction B '

1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1
0 20 40 60 80 100 120 140
Displacement 6 [mm]

Fig. 6-29. Effect of the direction of impact load on load-displacement responses of

designed crash box for large cross section, Design A obtained by FEM.
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0=20 mm

0=40 mm

PLASTIC_STRAIN
{hid surface)

0.o0o
0.100
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0.600
0.70a
0.800
0.a00
1.000

0=—80 mm

I T TTT T

0=120 mm
Zri}\{\(

0.018000

(a)Horizontal (b)Optional direction A (c)Optional direction B
Fig. 6-30. Effect of the direction of impact load on the deformation mode of

designed crash box for large cross section, Design A obtained by FEM.



138 6.8 PBHIEHBES DR RMGE

(a)Horizontal rigid wall condition (b) 10 deg. inclined rigid wall condition

Fig. 6-31. Effect of the direction of impact load on plastic buckling behavior of
developed crash-box obtained by DWT',
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Fig. 6-32. Comparison of the load-displacement responses between developed

PR R R '
0 20 40 6

1 | 1 | 1 | 1 |
0 80 100 120 140
Displacement 6 [mm)]

crash box and current crash box obtained by DWT.

Developed:Design A
1 1 1 I 1 1 ! I

Energy absorption U [KkJ]

25,
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Develpoed (=1.18 mm)
Developed (=1.00 mm)
Current (=1.60, 1.20 mm)
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Fig. 6-33. Comparison of the energy absorption, U between developed crash box

.‘I’
20

1 | 1 1 | 1 | 1 | 1 |
40 6 80 100 120 140

0
Displacement 6 [mm]

and current crash box obtained by DWT.
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200
Developed(=1.18 mm)
| ===--- Current(=1.60, 1.20 mm)
150+ |
é s N
A/ A
h;4 100 I~ I \ .t N \ haY] -
e ' \ o ’ ! ! e
S A N
A 4 “‘ // “u" ‘V/\“/ :'
50 / i
L’ !
/\‘
\I
N N PL.Y ]

0 20 40 60 80 100 120 140 160 180
Displacement 6 [mm]

Fig. 6-34. Comparison of load-displacement responses between developed crash box

and current crash box obtained by sled test.
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20_ T [ 'E T T '5 [

® Developed [l
O Current

Energy absorption Uy_;59,m [KN]

AT B B
0.5 1.0 1.5
Mass of crash box M [kg]

Fig. 6-35. Relationship between parts weight and impact energy absorption
obtained by DWT.
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