VAR CAE R S VT R TE T 42 D
JRE JeE \Z B3 D AFSE

Studies on the buckling of the box beam composed

of thin plates

2016 4 3 H

LR






B LTE FE R eovveevsoessessesse s s 9
L1 BIFZETE B o 9
1.2 AR 0D I iR 33 X OVER A4 8 B IS BE T D BFZEENA] oo, 11
1.3 ZRAIFZED FY oot 15

2 MG ORI BT 2 EOHFFBEET o 19
2.1 ZREED H Y oot 19
2.2 B TTEWHALD LI oo 19

221 AP PRI TTFEI oo 19
2.2.2 JEMETEIE cvovvoeveeeeeieeie ettt 21
223 FHAUBITEEIE «.ooovie ettt 22
224 BHUTTEEJE cooovoeeeee e s 23
2.3 AR D EEJEIE FIBIFRE oo 25
2.4 FETEWITEIGE D JEIE (oo 26
2.5 T D e 27

3T FAL Y DIV T UT T DI oo 35
3.1 BEDHFIEE ARFED HH i 35
3.2 BORLVIZIIT DEBERIRI e 36



33 AUV JEEREFEO AW I D RV — 1 L A 37

3.4 KR Z B RE L To - AW RIS ST EREL DI o 42
3.5 FEMUZ K DHRAIE oo 43
3.6 TE L 0D et 45
FATE BT E— AL NI DIEIE oo 51
4.1 IBEDOBFIEE RTED HI oo 51
4.2 Wiz BMom & LTHEZIZSE OMIT RIS TT e, 52
43 ZHEMNFERHZEEIE T 5 & &2 T8 OMUTEIEIS ST e, 54

431 THITIL oot 57

432 TIEITIL oot 58
4.4 EREPEIEZ L L TBZ DI oo 58
45 BITIEIEZ L L TEBZ DI e 62
4.6 FREEFTEL & FBEL oo 63

4.6.1 AIRESRE (FEM) IZ K DFHERIR e, 63

8.6.2 FERDELEL oo 64

B.6.3 TEEZ oo e 65
BT T BB e 67
FSTE JEME S AT 0 DA LTZJEIE oo 75



R L 5 N = R0 = 1 OSSOSO 75

52 TFRNF—EIZEEDS S SEROEE M ERF O BRI B 76
5.2.1 JEAE & B AT (oot 76
5.2.2 HEUF & AU oo 79
5.2.3 TR & BHIT oot 82
5.2.4 JEJEIE T BEERECDTEEINE oo 84
5.2.5 RO EEIEISSIBAMRFUTEE T D E L 8 i 86

5.3 FEEWTIT G2 OO H T ARG L oo 87
531 FEJESS TR DITINT (oo, 87
5.3.2 FEHEE L HRAIE oottt 89

5.4 FWEGROEME &3 TV DOREIEISTIBIFRA 90
5.4.1 FEJEFETIBFRICOBER ovvo s 90
542 FEM & DELELR ..ot 91
543 FBEZ e 92

5.5 LB e 94

FFIOTE FEAAN weovvvreseeseeesessessessse st sse st s sttt 105






Fig

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

Fig

EP/Y

. 1.1 Exmaple of automobile main frame Structure. ...........cceceeverveneriieneenenieneenne. 17

. 2.1 Schematic diagram of rectangular plate for out-of-plane load........................ 28
2.2 Schematic diagram of rectangular plate at buckling for in-plane load. ............ 28
2.3 Schematic diagram of rectangular plate for compression. ............ccccecveerivennennne 29
2.4 Compression buckling stress coefficient of rectangular plate..........cc.cccceeunenee. 29
2.5 Schematic diagram of rectangular plate for shear. .........cccccoceeverveninncnenennnn. 30
2.6 Shear buckling stress coefficient of rectangular plate...........ccoeceeveiiiieniennne 30
2.7 Schematic diagram of rectangular plate for bending. ...........ccecceeviiniiiniennn. 31
2.8 Bending buckling stress coefficient of rectangular plate. ..........ccccecvereeennnne. 31
2.9 Schematic diagram of rectangular plate for combined stress...........cccccecveneenee. 32
2.10 Schematic diagram of box beam for compression. ..........ceceveeveervenereenneenne. 32
2.11 Buckling stress coefficient vs. aspect ratio of cross-section of box beam for
compression (Kurauchi, 1935D). ...ccoociiiiiiiiiiiiiiee e 33
2.12 Buckling stress relationship curve of square box beam for compression and
torsion (Wittrick, 1968D). .......coviiiieiiieiieeee e e 33

. 3.1 Schematic diagram of box beam for torsion. ...........cccccueevieriiienienireiienieeiens 47

. 3.2 Outline of finite element model of box beam. ........ccccoocveviiiiniiniiiiniie, 47



Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

. 3.3 Examples of buckling mode for torsion by FEM...........cccccoeoiiiiiniiiiiiiiecee 48
. 3.4 Torsional buckling stress of all dimensions by FEM. ..........cccccceiiiiiiiiiinnn. 48
. 3.5 Error distribution of shear buckling stress vs. aspect ratio of cross section. .... 49
. 3.6 Error distribution of shear buckling stress by Eq. (3.35). cccooieviiiiiieiiinieein, 49
. 3.7 Comparison of buckling stresses by FEM, plate theory, and current method... 50
. 4.1 Schematic view of box beam for bending. ............cooceeviiniiiiieniiiieieeee, 69
. 4.2 Schematic view of deflection of cross-section of box beam in case of
N/D>0.400. ..ottt 69
. 4.3 Outline of finite element model of box beam. .........cccecvvviieiieniiiiiiiecieees 70
. 4.4 Example results of bending buckling mode by FEM ............ccccooviiiiiiiniinin. 70
. 4.5 Bending buckling stress of all dimensions by FEM............ccccceciiiiiiiiiniennn. 71
. 4.6 Comparison of bending buckling stress by FEM, and Plate theory. ................. 71

. 4.7 Comparison of buckling stress coefficients derived by all equations from

energy method with FEM ressults and plate theory. ........ccccocevivviniiniiicninnennn. 72

. 4.8 Comparison of buckling stress coefficients from equation (4.50) and FEM. ... 72

. 4.9 Comparison of buckling stress example using equation (4.50) with FEM

TESULES. ettt eeeeeeeeeeeeeeeeeeaeeneeeeeeeennnnnnnnns

. 5.1 Schematic diagram of rectangular plate for combined stress



Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

. 5.2 Variation of buckling stress relation equations with parameter C...................... 95
. 5.3 Schematic view of box beam for cOMpPression.........ceevuveeieecieenieecieeniienieeeeans 96
. 5.4 Outline of finite element model of box beam. ........ccccoeceeviiiiniininiiniiee, 96
. 5.5 Example of buckling mode by FEM ..........ccccciiiiiiiiiiiiiiieieeeee e, 97
. 5.6 Example of buckling mode by FEM ..........cccccciiiiiiiiiiiiiieieeeeeceee e, 98
. 5.7 Schematic view of box beam for compression and torsion...............cceevuvennnn. 98
. 5.8 Example of buckling mode by FEM ..........cccccoiiiiiiiiiiiiieeceeeceee e, 99
. 5.9 Buckling stress along stress ratio by FEM .........ccccoooiiiiiiniiiiiiniieecee 100
. 5.10 Comparison of buckling stress relation equations with results from FEM. .. 100
. 5.11 Difference of stress ratio by Eq. (5.68) to results from FEM........................ 101
. 5.12 Comparison of buckling relation equation with c=-1/4 with results from FEM.

. 5.13 Comparison of buckling relation equation with c=-1/4 and curve written by

Wittrick (1968b) with results from FEM






"
o
g

L1 ARER
B o BUAREE RR F BRI ISR T, IT4E, AR FEVE(FEM, Finite Element
Method){Z {43 X415 CAE (Computer Aided Engineering)/S 3 I HE L 72 -
TW5. HBEJEOREIPECEZEMATICEE L <, FHREBEMEREO M LI X0 Elj g
DRIFET VB LT, BRI 2L bl > TE TS
AE #EAREEO T T, BRIZABEOSEEEEORGZ R L, AB#FEZE
TEDEEEHA TH D, BHO—HZFig. 1L.UIRT D, Bl 213X H B HNEEZ %
Jlo L& INHEKITIE, TOHEROG IS E THiFE—2A L FLRLY |k
Vo, WERES, BROENOLRES LI EMERT 5 Z L1285,
B ORI, RIS ZITO 20 biaE 5. BT 2 HEM
IZxt L, PERET AL RO ME L SNAMWEZEE L, B a2
LT DA OMEOMIE, Wik OFGRZRET 5. FEMRR GO BT, Wi o B
WK, BRIZIRZERT . Z0o0b, ToORNEL b & ICHERTT L
ZVERLL, CAEICX YV §Hliz S 5. Z ORI X v, PEREN BREICx L

Ty TIERW S UL, BOFEMRGINEICSL OGRS Z LI22Y, B



FEMRTHAECIOFIENEYIRIND. ITETIE, ZOCAEIZ L 5iHEDOTF

IHD BEMEDEA TR Y, CAEICERMRS RS THEINGELNDL L H7my

AT LN SISO H 5.

LorL, ZHHOFIETIIREFE R FRZRERY, REGD D OHE

DT T TRy I AEIRD. ZTDD, ITHTOZEREN RS S, 215

LANIAEROTEEOHW NI L 725, 20k ) RBEERT B0, i

M7 B R AT O PIRGE BRI B W T, B OBIISRI 2 [IME - sRE 2 AL Y,

FMEORWEERGTZ2 T2 ENEETHD.

BERALDIZD, HEHEIZHW LN LFEM & L TEAEMEFOEIIEM B2 ME L

DX TETVEA, THTHHAER TITEARRN IR EL 2 A

5 ENERTH Y, SEPPEHIRE LT HIE, SR OBHE N EAL TN D,

Z LT MEZRLOOBELZX D72, ZOEREMROFMMAAR L 720,

O NE L 7> TE TN D

TR, B R O FRRY TR CHE S RE A B 8 L T2 Aind DAL SERGHZ B W

T, B2 2 Wrim OB T) 2 Rl LT IR 2 IRE T 2 TIER N S

nTWe, ZoEMEINC X SRR EE T, Wil 2883 2 #itks = THZD

IER S, B SERICTIREEIZ 22 & 2 A %M1 e LTnaD. Lanl,

WEOHIR THERK S T B ICH 2 AV MBI 2456, [BEIREITR R Y,

10



WTHRAE LT WM 2 B8 L7 < TIR 67220 R 8RB ET D &,
WEAN DI TR L RO i A3 5720, A CHANPMERT 256
2, —BRRISNTHDH EE L0 BRICBET DRRNICDBELS 8D, BT
IZ R DR E TIE—RRIE I TH D Z L &R L LTS 728, MR
FEET DS T, YRR 2 B E LR E 2R T 5 LR H 5.

SRPEE SRS O M PP AR T 2 B S 0 Rl RE 2 5L 5 720121, i
PSR IS T OPEIE 4 DIS I AR ET 2 D Z E NUETH S,

ARROEY, CAEZFIAT 22 LICE 0 2o OfFRICE L CHEEE 215 R
1G5 ZLRARETH 50, XA O Y B I35\ TIRREH 2 S D JAR 3 e
ELTNRWNWZ ENEZNTe®, CAEDIZDOFHEET LV (FREHZEA v 2)
AAERLT 2 Z EMEE L. WIS, FEMZRIR T U 7o CRREHE A e S
RN LD TYH, EARIROBEZEET 5 2 ENES TIERW.

LibEoi@y, BB EEEOEREOMRE T 72 Hifit /) & YR G I A S 5

7o DI, HIEREIROFRAE L EIEEZEOFEZPHEICT L2 ENEETH L.

1.2 BRBEDERS L VERREDICET SHREM
FAROEERICB L TiE, BRICE < O RSN TV D, RITEERICH

TiE, JEfE, AW, T OISR 258 OREIRIST) 25K % 7LD

11



%< DEFEICE LD BN TS (Timoshenko, 1961, EAEAFIEZR B4, 1961,
#, 1966, CRC of Japan, 1971, HryIEDL, 1989, ZFeft, 2001, 2002, F4=3E
T, 2005, HAEM 2, 2005, 2007, Ziemian, 2010, /MK, 2014). JEZH
SR OAR D EMEEIREIZ B LT, EAROEEA TR Z fTHIIci< 2 &1
Ko THIFIC 1 2RO D Z LR FRETH 5. #hi T o8 AW 2B LT
IESZIETE DR AL TR S 2 FEIR IR 2 0 LT, =3 /1% —E GEH,
1948, 7R, 2000) (ZLVEEED L WVITREEEL Z LN TE D,

B O A2 57, BEISNTWDGER, ML TR RGN
BT 55T L TEL OMEER2DH 25 (Lundquist, 1942a, 1942b, Aldie,
1951,). F£7z, JEfiE &AW, OISR ES L TERT 556 ORI
LTHE< OIZESEFIN S 5 (Chwalla, 1936, i, 1941, Iguchi, 1938a, 1938b,
Johnson, 1951, Gerard, 1957, FitJa, 2003a, 2003b, 2003c, 2003d).

ARG DM /1% 3K 6O 5 72D, JBIEIS T D Ix70 & 3 m % D28 2 5 5
VENRDY, TOEZFO—>& L THMEIEZEER L-ADNREGRN D D
(Karman, 1932, Yu, 2000) . EARIZ FERMEEEE 238 4E U756, JEME T O 7)1

T 50 EAT 57, Karmanl € OFEMEIG SIS LT, HAIET

ER CISARA T TS K9 A8 7emE z2 A 2hiE & L CESE L7z, Marguerre

(1937) IZKarmanZ3 "8 L7 SN D EIEDE 2 FE R L TW5AH. ARIEIC

12



KD RNTHREZ 3% Y 7 b 7 =7 (AISU/CARS 2002, 2002, CARS manual, 2002)
MHRENTEY, MEEEZEE L T2 A 2 TENRES LTV D

JE B D30 O N ZENL % AR R S U7 B RF O IE ST EARIC B LT, A%
EERRR & BRI WD Z & 72 PR O KA O R (UK, 1987) Ic=%
VX —ik (Galerkini®) A58 LIS B3 AR L C, JEMEEE# OIS 15040 &
AN R E R 5 HE &, 1976, /MK, 2014) 2SN TS, o,
R (1995) 1%, HEROML (EREEICEATRIL) o, mHNEMLERHR LZHE
SRR OIET TEFARIC KT LT, EEiE (SeHIERN, 2009) (& X0 HAREE % O
S 1534 KO AN RAGR 23R £ J7 ik %45 L7z, Dombourian (1976) %,
305 DI A 2B D IEFKEY, FH6 B HE TR LT, HENEIC XV [EMEHEH %2
#zRed D GEER LT,

KarmanD A ZhIEH R4 13 U & LT, A 2hRITEMREEZ IO L TER
SNTWDR, ZOEMOANEOBEZILE LT, mAHFoE ARz oW
THELE LT ORFF, 2001a), FIHAREESORR 2 2B R Sk 2 B LT (&,
1960, 1961) 23 d 5. THUTH LEAS (1953, 1970) 1%, EHTFARICE L T,
HNEEG 2 AWV D 2 &R LRI O /MK & RIS, EROBEAFBRAND
Galerkin{£Z 3l L7 24O IEZIIE 2 FH LT, EARIEIER DS54 &

fif LR BAFR 2 SR 7z

13



HAWIEIE#ZIZB WL, AW DRSS GIEE, 1938, Schapitz, 1966,
Mansfield, 1968) ZHE T 5 L NBELRDHEENH 5. Kuhn (1956) (15K
RSB A LT, BIE%OBENGOREREEZZ L (B, 1966). 728
A (1992) 1%, AIRERIEEZNM L CTHRIEE OIS S TZ 5k 15 O st &
Rz

[ZARFS (2001b, 2012) (X, PRI L7- A 2hiEHEG & FBIRIG2 B L C,
JERE, #, AT OGRS 2 AR ORI ) & SR e 7z

B O R THRERR S o2 ICB L, AW (1935a, 1935b, 1935c,
1935d) A3 7 [ M (231 2 JREJE AT 2 920 L 7=, Budiansky (1948) (%, %
fREDIEFTEWE ORI LT, MERHEH TR LI BREIER & =R —
EEFALTEMRE N LT BDEST 256 OBIEICHBERERDZ. £ L TE
ORARIE, EARICHW S TN D FAROEHN &AM ORI L 1358705 2
& HIR TN D, Peters (1948) 1T 1E 7 TEWTIE G2 D i 32857 % 320 L, Budiansky
ICX o THELNRER LI LTz, & 61T, BIEAZZE L7 FE5R (Peters, 1954)
b FEME LT, EfE L0 B3ES LTS5 OBRAEMEE L7z, Wittrickl®, &
T DR DHRIE LWEE[R R O =AW X OET B ORI L
T, JEME & E AW ERHCAEH S 2 AR O BT 2 fi# AT L (Wittrick , 1968a),

DR A EIC LU TEME AU Y RFEEICERT 2854 0 FERIS T BGRRE R

14



W7~ (Wittrick , 1968b).

1.3 AHARED B

ARBFFECIXHBHEROBKENGE LTRBY, TORANRBRIZIET
RO og: (LT, FEMmR) & ReEs. iz, BRIEMNT LK
WZamE e LC, BEM D, Aty sy, iiFeE—2 2 b, BIXOZERALN
BELELGENBE 2N, AIfi TR L7z X 2 ICEEOHERICH W T, %
MRS 2 R MU BE§ 251232\ FTBRI R OFE D 5 5, 87 [ EHE O
FEJEIZAP (1935a, 1935b, 1935¢c, 1935d) L -»TROLN TS, EHE

B LTI, EfgE At BIOHT LAl 0N EE LSS OBRAN
RKHOHN TS (Wittrick , 1968b) 7285, £HEKEIZEL TIE, ALYV BLD
HT 2B T L T 2358 O RS A4S 72 B 720,

LIFiCilk~72 X 912, BB OPMMEERFHIIBWT, HMEE A B8 L
e A OFHIRER O OB E R 2 AT 2 2 LPEETHD. £0D
R D P TR SCTIE, AHEEr G2 E 2 ZEARRY 72 17 BT 569~ 2 P I
FROHZEEFFAMET D, R, BEHBREEBRIRIC b D EIRE D,
EICEIS 2RO b D X9 N8BT 52 L4EA L THRETT . 7z,

H &) B E ORIV /), 8 2 W2 BV EOPERERER /2 Sk 4 IR RmIc B



WTFEMMAHAWSHNTEY, Zb & Of#ESCKAMLZEZE L T, RH L TiX

FEMIZ L A3t R A2 EfE L A7 L C, BH LXK E 2 HBIEd 5.

7B, ARTTHEET 50 ABEEEDOTK TH L0, Mg s+

HEEME O T AT N (L Fil) #04~1.00%H LT 5. F-RLE

T, BEHERTAEFEOEBHOT A7 Nt LTIRUTE S LT 5.

16



A pillar

Rocker
Front-side member
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Fig. 2.1 Schematic diagram of rectangular plate for out-of-plane load.

Fig. 2.2 Schematic diagram of rectangular plate at buckling for in-plane load.
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Fig. 2.3 Schematic diagram of rectangular plate for compression.
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Fig. 2.4 Compression buckling stress coefficient of rectangular plate.
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Fig. 2.5 Schematic diagram of rectangular plate for shear.
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Fig. 2.6 Shear buckling stress coefficient of rectangular plate.
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Fig. 2.7 Schematic diagram of rectangular plate for bending.
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Fig. 2.8 Bending buckling stress coefficient of rectangular plate.
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Fig. 2.9 Schematic diagram of rectangular plate for combined stress.

Fig. 2.10 Schematic diagram of box beam for compression.
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Fig. 2.11 Buckling stress coefficient vs. aspect ratio of cross-section of box beam for

compression (Kurauchi, 1935b).
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Fig. 2.12 Buckling stress relationship curve of square box beam for compression and
torsion (Wittrick, 1968b).
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Fig. 3.1 Schematic diagram of box beam for torsion.

Fig. 3.2 Outline of finite element model of box beam.
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Fig. 3.3 Examples of buckling mode for torsion by FEM.

(® 1=400, b=100, h=30~100, t=1.0 mm)
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Fig. 3.4 Torsional buckling stress of all dimensions by FEM.
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Fig. 3.5 Error distribution of shear buckling stress vs. aspect ratio of cross section.
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Fig. 3.6 Error distribution of shear buckling stress by Eq. (3.35).
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Fig. 3.7 Comparison of buckling stresses by FEM, plate theory, and current method.

(® 1=400, b=100, h=40~100, t=1.0 mm)

Table. 3.1 Dimensions of finite element model of box beam [mm].

Label | Length (I) | Width (b) | Thickness (t) Height (h)
® 300 80 0.8 20, 25, 30, 35, 40, 45. 50
@ 300 90 1.0 30, 35, 40, 45, 50, 60, 80, 90
© 400 80 1.0 30, 40, 50, 70
@ 400 90 1.0 25, 35, 40, 45, 50
® 400 100 1.0 | 25,30, 40, 50, 60, 70, 80, 90, 100
® 500 120 1.2 30, 35, 40, 50, 60, 70, 80
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Fig. 4.1 Schematic view of box beam for bending.

Forced deflection by right side plate Right angle

Compression buckling

Fig. 4.2 Schematic view of deflection of cross-section of box beam in case of

h/b>0.409.
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Acting point
of bending moment

Simple constraint

Fig. 4.3 Outline of finite element model of box beam.

5-0.333 5-0.409 5-0.50
5-0.667 5-1.00 ‘ 0-1.33

l 6=2.00 I 6-2.50

Fig. 4.4 Example results of bending buckling mode by FEM

0=1.67

(I=450, b=60, h=20~150, t=1.0 mm).
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Fig. 4.5 Bending buckling stress of all dimensions by FEM.

1500

1250 FEM

& 1000

Plate theory

750

500

Buckling Stress [MPa

250

0 0.5 1 1.5 2 2.5
o=h/b

Fig. 4.6 Comparison of bending buckling stress by FEM, and Plate theory.
(I=450, b=60, h=20~150, t=1.0 mm)
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16
\ Eq. (4.48)

Eq. (4.49)

| Plate theory
0 i |

0.4 0.8 1.2 1.6 2 2.4
o=h/b

Fig. 4.7 Comparison of buckling stress coefficients derived by all equations from

energy method with FEM ressults and plate theory.

7
6 Eq. (4.50)
eI
< 5 """ ”
RS )
FEM
4
3

0.4 0.8 1.2 1.6 2 24
o=h/b

Fig. 4.8 Comparison of buckling stress coefficients from equation (4.50) and FEM.
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0 A . S )
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o=h/b

Fig. 4.9 Comparison of buckling stress example using equation (4.50) with FEM
results.

(I=450, b=60, h=24.5~150, t=1.0 mm)

Table. 4.1 Dimension of finite element model of box beam [mm)]

Label | Length (I) | Width (b) | Thickness (t)]| Height (h)
) 300 80 08| 20~100
@ 300 90 10| 18~100
©) 400 100 10| 10250
@ 450 60 1.0 10~150
B 500 120 12 30~120
® 600 100 12 40~250
) 700 100 12| 100~250
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Fig. 5.2 Variation of buckling stress relation equations with parameter C.
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Fig. 5.3 Schematic view of box beam for compression.

Fig. 5.4 Outline of finite element model of box beam.
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Pt
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P

Fig. 5.5 Example of buckling mode by FEM

(I=400, b=100, h=30~100, t=1.0 mm).
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\ Kurauchi (1935b)

ke
S = D W kA U N O X

o
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Aspect Ratio (h/ b)

Fig. 5.6 Example of buckling mode by FEM

Fig. 5.7 Schematic view of box beam for compression and torsion.
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Fig. 5.8 Example of buckling mode by FEM

(I=400, b=100, h=50, t=1.0 mm, ¢=0.0~1.0).
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Fig. 5.9 Buckling stress along stress ratio by FEM
(I=400, b=100, h=50, t=1.0 mm, {=0.0~1.0).
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Fig. 5.10 Comparison of buckling stress relation equations with results from FEM.
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Fig. 5.11 Difference of stress ratio by Eq. (5.68) to results from FEM.
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Fig. 5.12 Comparison of buckling relation equation with c=-1/4 with results from
FEM.
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Fig. 5.13 Comparison of buckling relation equation with c=-1/4 and curve written by
Wittrick (1968b) with results from FEM
(1=400, b=100, t=1.0, h=50 (5=0.5, @), 100 (5=1, @) mm).

Table 5.1 Dimensions of finite element model of box beam for compression [mm]

Length (1) | Width (b) | Thickness (t) Height (h)

80 0.8 30, 40, 50, 60, 70, 80
300 80 1.0 30, 40, 50, 60, 70, 80

90 1.0 30, 40, 50, 60, 70, 80, 90

80 1.0 25, 30, 40, 50, 60, 70, 80
400 90 1.0 30, 40, 50, 60, 70, 80, 90

100 1.0 30, 40, 50, 60, 70, 80, 90, 100

500 120 1.2 40, 60, 80, 100, 110, 120
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torsion [mm)]

Table 5.2 Dimensions of finite element model of box beam for compression and

Label Length Width Height | Thickness
@O 300 90 40 1.0
&) 300 90 60 1.0
©) 300 90 80 1.0
@ 400 100 50 1.0
® 400 100 60 1.0
© 400 100 80 1.0
©) 400 100 100 1.0
500 120 50 1.2
©) 500 120 110 1.2

103







HEHEA RO FRIL, BENEZIEIED, etk WIMEZ IR 2 723 HEEE

MLCTHD. ZOFRKITHRA ) &5 D03, T OIEARNI IR E %, )

BEY AT, HFE—A L FPBLOENODOEAREL ARTIENTE D,

FIOEE, BEHEOMEZ W EIE5-0mBEMRKOFIANL 20, 1o

BEDTZDHRNELS 2> TETWD. LR ->T, BEMOMARELICH

oo TE, HIRTERELSLTWVHMRIE A2 BRI OLENDH D,

% ZC, BEEAAROFR ORISR GHI IRV T, BMEEE 2558 L 72t /)

DFIREZHEET 22 L, BIOZOYHENE RZ2WEICT 220Kk

TS, TOEBEOP TR L TIE, HAROFEHE OB S L L THP

WrmRz xR & L, THISIEM S 2 BEARR 72 B4 2 s 2 5K D % 2

ExTEHME L. FiZ, BEVERERIEIC D 2B E DS, I HEE IS

NeROLND L) XZEHT 52 E2EMAL TRILE.

fif R IE R TR IR DWW TR S 5 E Oy TREUICBI LT, 1@, il

RIEOMEZGD Z LINTERN., F 2T, fERECER L2558 L B
BRI E 5 2, TRVX—ELZFA L BRI ZRD =, Ko, B4 %

R TE AT HEICE, TN 2 AR TR RS L > TEERISKRD .

105



Z LT, AMREREE (FEM) (X2 EMEREEME AR LT, ROTZKOKE

FE A RRAE L7z,

FI3ETIL, MW I3 54 U Y RO H AW RIS 11 % R 5 ik % i
At L7z, ARG ) 2 TR 2 &84 L, FEMIZ K 2 B [E A il
FEMT TR HILDAER L IR LT, BB LR OEELRGE LT, 2O
B, LT ofEiwmz 5
(1) =X —IRIHESNTRD N A EBOEA HFRANOHEOND A%

RIZLT, REV &2 AWEEISS ORI L OEEIS IR A, Bk

& HERR DM 2 R IZ 2> DI FRAICER D ] 5 Z L N TE HRICEE L, FE
Wrim 2 D42 UV JEIRRF O AW S ) %2 KR 2 Uz E L.

(2) FEMIZ X % Ji s [ A fEARAT OFE R &t U C, Wil ORI T A7 K
H2304~1DRIZEBWT, BREITB X EZS%UNTH V, ForEMRIRREE

ThHZ LR L.

FAR T, FRWERZ O T EEICE LT, =X —{EICE SN TE D

I 2 KD B 2 & il de. JEMG £ 71T 2520 230 THEN AT L &

€ LTcra, B L ONEMEm O A8 )5 U 2 2mi3ssii 24 5 L I0E LT

106



CBIL T, RIS AREOE M A i L. 1557 i RO RS 4 FEM
(&% B A AT TR D DI DM R & FERURRE L7z, £ OfER, LU T Ok

i & FRTC.

(1) 3ETEEAFRAET D LAUE L TERE L7123, FEMRIRERE R &R X 22780
Aoz, ZoEOERIL, #FISHPMERT 52 00mmIZ6 L TRE L
JVEIRZSTESFEMAETRRER L IZIRE S RRL 2L TH D.

(2) BT LM O PRI RO BRBI A S D EE L CEARL L7
H, FEMIC X DR & OFREITRK14% Th 575, ER B IG TI6RE
RO H AN HHTET.

FATECOMIT O/ LN MADO—2 L LT, thifE— 22 ML 2 5EH

T RO RIS EE, Wi D7 AT MEOABOBEETH D Z & 3 s 72

o, ZOZE XY, EEZREEhER A REEIE, FEMGHRIC K DRER L D

MO DHZLINFRETH D.

T, TR OB T BRI = 2 L =R SN TE LI
HZ EER U RIS, SRR CE TG /1 Lt My NEAT DRI
JEfE L AU OIS HIBIRRARE L. F LT, ZORELEHROR

JE ZFEMIZ X 5 i [ A EENT TR O DN DGR L LLERmEE L7, T DR R,

107



LUF O &2 1572

(1) JBJEE— N & U CERBE O ELE R ZE LT, =R ¥—ikiZ
BoN2EBEA TR ERRBEOECELT 52 Lok, HEmER
DR DL B % Ko 5 = L v ca iz, o7z BRI ITER
WRHY, —DDONTA—F—CLVEESITLZENTELZEERL
7z

(2) FTEWTE GO Mg U0 FRIE 3 5 IR IS IBIfR N AR R L72ns, fE

W DT AT RIS Lo THER DR L 70D Z & nbiroiz.

AR TIE, FEMZ EfE L B2 U TROTZRDOREE 2 MRGE L 727y, —RIZE
HEIE IZB W CIHEEY O WA BET D729, FEMEHESCHGRIE X v
HEEJEIS PR T35 Z ENHMLNTWD. LeRn- T, KRim3L TH L LA
R FRBREEL, EEE~EAT 2ICHToo UL, VA EOREBELZET S
ZENMETHD.

F7o, KX TN LD =X —{EZ MW TE LN DO 2 m L
SEDITE, KVEOREEERE NS ZEREETHD. 722L, EHER
JERAER A2 5% 5 L, ZRAX—IEEZFH L CHEERBOMEND Z &3

LW S HIZ, AWFFEDHAE BERIZ A TR 1% OO faf RN BIGR 0N T 22 Fi

108



HBEN S DN, TV IFEARIEREERIKRTE L, BHEREREE DG

N R NTRT Z LIRS TiEu.

ABFFED B & BEE T o % WMEIE 2 B8 Lo AR k2 EE L, EMICH

B3 27-0120%, BROBELED, SORLMENLEL SN TND.

109






2% 3k

AISI/CARS 2002, GAS (Geometric Analysis of Sections) (2002), American Iron and
Steel Institute.

RYRFE, &MY, MBHR KOS E O DM 2 —ik, BEYE,
(2000).

e, MRS, WM &2 52T 2 AR O B R D% E), BT I ZZ AT
ZEATEA, B12%E, H527%5 (1976), pp. 477 - 496.

Budiansky, B., Manuel Stein, Arthur C. Gilbert, Buckling of a long square tube in
torsion and compression, NACA Technical Note 1751 (1948), NACA.

CARS Automotive Steel Design Manual Revision 6.1 (2002), pp. 3.1-2, American Iron
and Steel Institute.

Chwalla, E., Beitrag zur Stabilitatstheorie des Stegbleches vollwandiger Trager, Der
Stahlbau vol. 9 (1936), pp. 161 - 166.

RAEWIEZ Baim, HEZ e 3, a4, (1961).

Clumn Research Committee of Japan (FEAE#f%EZ% B %) (Editor), Handbook of
Structural Stability (1971), Corona Publishing.

Dombourian, E. M., Smith, C. V., Jr., Carlson, R. L., A perturbation solution to a plate

111



postbuckling problem, International Journal of Non-Linear Mechanics, vol. 11
(1976), pp. 49 — 58, Pergamon Press.

Gerard, G., Becker, H., Handbook structural stability Part I — Buckling of flat plates,
NACA Technical Note 3781 (1957), NACA.

RMEZ,” RO ERERGR”, PGS ) — X1, EER, (1995).

W, BAEIEOH & O A(E), JUSEHMRAE, (1966).

FARBEETS, R T AW & 52 D HIE S G 00 e T 0 5 A — 5 B
MR & U C ot BE i Rl —, H RS- IS R R, No.
565 (2003a), pp. 135 —141.

FAREBER, SRR, AR AW & 520 % A E E SRR OB
PEFEJR I ) OB, B ARSI R L5, No. 571 (2003b), pp. 137 —
144.

FARBER, SRR, WA T AW ) & 52T D T = TR O
JE T I BAZ T B R ek D8, A ARBRE P Rim (5, No. 571
(2003¢), pp. 145 —152.

HARBUESR, SRR, BT AW )36 X Ol A& 52T 2 A 00 B A Tt
FIEHmE, BRSPS Ram S, No. 573 (2003d), pp. 209 —216.

Iguchi, S., Die Knickung der rechtechckigen Platte durch Schubkrafte, Ingenieur

112



Archiv, vol. 9 (1938a), pp. 1 — 12.

Iguchi, S., Die Knickung der vierseitig eingespannten rechteckigen Platte durch
Schubkrafte, Proceedings of the Physico-Mathematical Society of Japan. 3rd
Series, (1938b), pp. 814 — 832.

Johnson, Jr., A. E., Buchert, K. P., Critical combinations of bending, shear, and
transverse compressive stresses for bucking of infinitely long flat plates, NACA
Technical Note 2536 (1951), NACA.

von Karman, T., Sechler, E. E. and Donnell, L. H., The strength of thin plates in
compression, Transactions ASME, Vol. 54 (1932), pp. 53-56.

A, NATRIAT, TEKTER, EROEHNEAWTEEICOWT, BEARRREESR
RS Rm SCEE, No. 543 (2001a), pp. 169 - 174, HARHER

Ak, RS, B oo, fERRL Mk, EROBIERN S, HARRZES:
SREE R CEE, No. 545 (2001b), pp. 135140, HARHZE

AR, @JEEM 2T DIRER OAEICONTO—FER, HARLEER

>t
ZE*FFF
rmu

X, vol, 77, No. 673 (2012), pp. 437 — 442, H AR ZS
JemERiT, I, BEEEES, EERA, JERE 28T, BXY, At ix
T B RFETERAL ORISR EE IZ B3 2 FEBRIIMFZE, IS LR SC4E, Vol

37 A (1991), pp. 73 — 82.

113



INREE S, TR, MR, TR ALEEREIET, BEEAE, (1987).

IINREER, HERTITIR MLZEEgEE )Y, L7 T AR, (2014)

IR, FEENISGO—BAE, HARMZEEEEE, Vol. 5 (1938), No. 41, pp. 285
—299.

Kuhn, P., Stresses in Aircraft and Shell Structures, McGraw-Hill Book Company, Inc.,
(1956).

AVE L, BEE 2 52 D NIRRT 1 T o VOB FED ~ LTI E &
Bl / NOMREZEE T, S & &, Vol. 1935 (1935a), No. 56, pp. 127 - 143,

AV AR, SRS E A2 < D ERSEREE [7a 7 A L] FEORER A~ LA
FED—), HAMIZZEEGEE, Vol 2 (1935b), No.3, pp. 55 - 86.

AV IR, SRS E A2 < D MR [7a 7 A L] FEORER A~ LA

B 7)), HARIZEEEEE, Vol. 2 (1935¢), No.4, pp. 259 - 284

np
|
-
:ﬂ[
szt

AR for B % 5% < 2 PSS [0 7 A L | AEOBER ~ LTILiR
FEHD =), HAMZEEEEE, Vol. 2 (1935d), No.5, pp. 485 - 508.

ZM, BEONFZ—MG S 2 OIS —, SOREHE, (2001).

A, BREIE OMERE & ERER, IESZHAR, (2002).

S, BEOFE BMRREF OIS, HEERE, (2004).

Lundquist, E. E., Stowell, E. Z., Critical Compressive Stress for Flat Rectangular

114



Plates Supported Along All Edges and Elastically Restrained Against Rotation
along the Unloaded Edges, NACA Technical Report 733 (1942a), NACA.

Lundquist, E. E., Stowell, E. Z., Critical Compressive Stress for Outstanding Flanges,
NACA Technical Report 734 (1942b), NACA.

Marguerre, K., The apparent width of the plate in compression, NACA Technical
Memorandums No. 833 (1937), NACA.

Mansfield, E. H., Tension field theory, Proceeding of 12th International Congress of
Applied Mechanics (1968), pp. 305 — 320.

WEE, Y = TROMIEIZET 2098 — — TR0 Rt —, BEER

A
iii}

E=11

CHE, No. 22 (1941), pp. 77 - 86.

R, dEmELT, BIEES, fhANEFE, FHEA, HEEEmEm DAz 5
PR PR T T LA 0D JR3 1S AL PR 2 5 L L 7 6 Je 9 B B e v L2 B 5 % SE BRI ATF
78, RS TS, vol. 36 A (1990), pp. 89 — 100.

H A 230, MOEH:, Bk Ton (AL iRa3, H AR 2, (2005).

HAKSR 2, MBI, ISMET X A F v U —X, A SS, (2007).

RN, BEERE, ISR, MIZEE OIS T, PEEKE, (1989).

VAT, SIREL, ARREME, AIRERIEIC L DRDEMIT FiEICOV T,

A2

H AR 5w sC 54, No. 351 (1985), pp. 76 — 83.

115



VERTEOE, SIREL, AR, ARRESRIEIC X DR GHNT, BAREE
STV, No. 368 (1986), pp. 27 —36.

Peters, R. W., Buckling tests of flat rectangular plates under combined shear and
longitudinal compression, NACA Technical Note 1750 (1948), NACA.

Peters, R. W., Buckling of long square tubes in combined compression and torsion and
comparison with flat-plate buckling theories, NACA Technical Note 3184 (1954),
NACA.

IR, J1 BRI REIZ A U D Energy®: & GalerkiniB 2RV T, AbifEE K2 T B
HH, vol. 1(1948), pp. 167 — 185.

Schapitz, E., AIRFEHER, BEHEIED T, o), (1966).

Schuette, E. H., Mcculloch, J. C., Charts for the minimum-weight design of multiweb
wings in bending, NACA Technical Note 1323 (1947), NACA.

SCHIERD, W & Rr RN E By TR O RRRE DAL, AR
(2009).

Southwell, R. V., Skan, S. W., On the stability under shearing forces of a flat elastic
strip, Proc. R. Soc. Lond. A, vol. 105 (1924), pp. 582 — 607.

Stein, M., John Neff, Buckling stress of simply supported rectangular flat plates in

shear, NACA Technical Note 1222 (1947), NACA.

116



Stein, M. Loads and deformations of buckled rectangular plates, NASA Technical
Report R-40 (1959), NASA.

Stein, O., Stabilitat ebener Rechteckbleche unter Biegung and Schub, Der
Bauingenieur, vol. 17 (1936), pp. 308 — 311.

AR, AMTTIR, TTREIERES, AT FIEIC X 5 Wik Ot VMR R 25
B9 D %R, H ARRE FSREIE R SCHE S, No. 435, pp. 109 - 117,
(1992).

Timoshenko, S. P., Theory of elastic stability, Second Edition (1961), McGraw-Hill
Book Company, Inc.

Timoshenko, S. P.(F#), EAJIEIFRAE), WMZE O H G (Theory of Elastic
Stability) F %, BET AL E Y — X, 7 LA CXFEHK, (1974).
IARZERIELZESREAE R FHEEM), MEREITA P74 2, HE

U —X12, p.198, #L#E, (2005).

Way, S., Stability of Rectangular Plates Under Shear and Bending Forces, J. Appl.
Mech. ASME, vol. 3, No. 4 (1936), pp. A131 - A135.

FRZFIN, A, JELORERGIE A T = ATEAROPEIE, B AR R U,
Vol. 19 (1953), No. 83, pp. 59-65.

Fitz S\, M, AILEFIEG AR OMFEE AW R % O, BT eH R

117



PR FEALEE B ARER:, Vol. 3 (1970),  pp. 57 - 64, fEdL¥Em%H

Winter, G., Performance of Thin Steel Compression Flanges, Preliminary publication,
3rd Congress, The International Association for Bridge and Structural
Engineering, (1948).

Wittrick, W. H., Curzon, P. L. V., Stability functions for the local buckling of
thin-walled structures in bending and compression, The Aeronautical Quarterly,
pp- 327 - 351, November, (1968a).

Wittrick, W. H., Curzon, P. L. V., Local buckling of long polygonal tubes in combined
compression and torsion, International Journal of Mechanical Science, vol. 10
(1968Db), pp. 849 — 857, Pergamon Press.

INES, IR 2 b OB OIEfEER OZFE)  Hlm B, FAERFR

1k

TR, vol. 15 (1960), pp. 63 — 69, AL K2 11 FF 5 AT

INES, IR 2 b OMBROIEE SRR OZFB)  F2m FEEY, HAERFR

1k

)RR, vol. 17 (1961), pp. 19 — 35, HAL K2 11 #F 92 AT
ERHE R, AN, BRI, EEAL, (1959).
Yu, Wei-Wen, COLOD-FORMED STEEL DESIGN, 3rd Edition, JOHN WILEY &

SONS, INC., (2000).

118



Ziemian , R. D. ed., Guide to Stability Design Criteria for Metal Structures, Sixth

Edition (2010), pp. 128 - 145, JOHN WILEY & SONS, INC.

119






W Fese 2R Fik

ATl sath, ERREENE, TR, ®mORNE, SRR 2 B R L 7 52 o0 W i R G
B CHERL S T2 R O NREERR ORRET), 2B 14MIEEE L - & A7 LM 6E
TEHRE A SCEE, H A 2>, No. 04-38 (2004), pp. 344-347.

dEE, JRrEESE, BRI, PEEESC -, MEEJE A B L7 R E Y ORI
PERRAT, BE16MRIRR G T - & 2 7 AR aE T ek iam SCE, B A 72,
No. 06-33 (2006), pp. 162-164.

R, JBEESE, IR, MTHEIEA, O, ROGEBR LIRS
AR O AW EE AL 25 E), H AR 2, M&M2012 77> 7 7 L 2 A(2011),
0S2315.

R, B fESE, I FRE, MTH SR, IR B, BRSTEEAROE A KR
JE T4 25 E),  H AR 72 50 SCHE AR, Vol. 78, No. 786 (2012a), pp.171-178.
dEE, BrEESE, IR, U, HEARMA, EREE SAMNES Lz
R OBIEICET 5 —5%, AR Y=, M&M2012h 7 7 L

> A(2012b), GS49.

WEsE, BrEESE, IR, U, HEARMA, FEWERONRT Y EE

OUTLfRYE, B AR 725 S8 AR, Vol. 79, No. 801 (2013a), pp.573-581.

121



R, RrEESE, IR, U, HEARMA, FEWERONRT Y EE
DU PIRIEICET 2 —5 %, HAEMFE S, M&M20130 7 7 LA
(2013b), GS34.

WEsE, RrEESE, IR, LR, HARMA, FEEWTE R 0 FERE R 0
TR, B SRSS, M&M201477 > 7 7 L A(2014a), GS22.
WEsE, BrEESE, IR, U, HEARMA, BEWEROERERL
D DG EIRFO LIRS I BAMRA, B F 2w SCEE, Vol. 80, No. 816

(2014b), DOI : 10.1299/transjsme.2014smm0219.

e, JErEEsE, PUIRRE, LM, HEARMA, TRAX—IECL DR
Wi 22 oo i T R, B ARBER S Em OCHE, Vol 81, No. 828 (2015a),
DOI:10.1299/transjsme.15-00115.

WEsE, BrEESE, IR, U, HEARMA, BEWEROERERT
D DG B O JE G I BIRAUCBET 2 —F 4, H A Y, 20154
JEAER K £2(2015b), G0300501.

WEE, RrEESE, HIRRE, U, HEARMA, EMEE ST 5RO
I BEHI 7R T G2 0 g, A AREE I 2s, M&M2015 0 > 7 7 b

> A(2015¢), GS0106-119.

122



B

AGa B 420H782 (BK) B P RAFIERT IS T 2B O TEML, BRIEK
FATTH AT TV EELE.

HNWCESUALMRE, PAEEOFEEDTZH Y £ LR KT HE|HE
VHE, BlIEOIZWY F UIAEERLRZ A EIHER, 720 Ik RS
SRR RS, R L B E

Ex LU TEERO P Z, IEREE EBICREICDIZVIR KIS FMFEZ L T
ZEor-has BB ERASA sk, HAMAR, 7 H ARG AL
FEF. DFTED T APEICE ST E T MM R L TIES > B | P RAFIERT T
L IR EEATER, e HEsE TEBANCREGE R L BT E9. A4
S0, WG XA TTES o TR FIRELNN, S ANE (Oo) Hebil, Tt
A EER R R, TE -t wER - EEATER, W (1% AL
EFEEICEGH  L L £, ZFRCmER O, Aes, kel iz
BEIRERT: MR REHEZSR, ) IIRF M BBk, ELDC il 75 AR I
AL RIFET.

RIS, S HRBFERTIC BT DI RIS A2 H M TN, B,
ZLUCEEFIEHLET.

20164E3H it



