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Photo 1.1 Local buckling of square hollow section member
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Method of this study

Method of previous study

Local buckling behavior

Initial imperfection

Structural testing |

Local buckling behavior v Initial imperfection

Theoretical analysis Numerical analysis

Fig. 1.1 Method of this study and previous study
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Plate element 2 Plate element 1 b Width of plate
o ) t  Thickness of plate
y Compression
) L Length of plate
X Y Tension )
a Angle of applied force
Plate element 3 * Plate element 4 /3 Gradient of bending moment
y x<L/2

Fig. 2.1 Elastic local buckling analysis model
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0=
S
:
=
<
+
M=
0=
(9}
g
=
3
o
§<

M N M N M
w, EEamnumavn+EEdmumbvn+E (2.4)
m=1 n=1 m=1 n=1 m=1 n=1 m=1 n=1
M N M N M N M N
w, = Ezbmnum WV, +EEamnum WV, + Ezcmnum Vv, +Ezdmnum na (2.5)
m=1 n=1 m=1 n=1 m=1 n=1 m=1 n=1
M N M N
W= 2D Conll Vit D, DDl oV, EEdm,,Mmc ) Eamum v, (2:6)
m=1 n=1 m=1 n=1 m=1 n=1 m=1 n=1
M N M N M N
w, = Ezdmnum Vv, + EEcmnum WVt EEamnum Vv, Ezbmnum N 2.7)
m=1 n=1 m=1 n=1 m=1 n=1 m=1 n=1
qin 77X (SR LA S 5)
w,=1 - (28)
sin X gin 7T (1 i il 3 %)
L L
vV, = sin? (2.9)
WV, = ncos(mc)sinj%ycos% (2.10)
v =-nsinPsin ¥ (2.11)
e b 2b
cos(mc) Ty . nmy
vV, =" sin—sin —— (2.12)
2 b b

TN, mEn B, M YN, o bbb te bd IR, u ldx OB,
v v & vl v idy OB, bIIHIE, LIFMETHS.

WCELSE DG TIBIENZ DN T, i 8 AW ) &b EiE 1 &2 2356 0TI &
TAWIES L RIS & BB 5. WEHR OREISBIK o, (x,y) & ABTIE 7 BIK
7 (y) FERERRQI3-216) L QAT-220)C L > TEEND. 22T, AETHERIES
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ol(x’y)=bocr .2cosa X_i_s%na—cosa 1—/3’1 ‘o, 2.13)
sina+cosa b sina+cosa L
2sina
(x y)= N 1- ﬁ (2.14)
s1na+cosab
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X, y|= —=—1|{|1-p= |+ O 2.16

( y) v (sina+cosab )( ﬁL) o (216
. (y)— o 1 2B _cosay_z_sina—cosaz+sina+cosa 2.17)
] T A sina +cosa 2 b 2 b 4 '
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7.(y)= o = 2 2 2.18
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‘53(y)=ba 1 . 2B cosa y”  sina-cosa y sina+cosa (2.19)
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. (y)— o L 2B _sinay_2+sina+cosa1 sino - cosa (2.20)
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ER WG 3 A% R LTS BIFIR I IC W T, BRI & RIS 1 TR L
THERLTWS., BAMISHDARICONTIE, B AWIEE 2 P8 AWIS I Tl L T#
LTWa. KTIE, EOISHEZEHOIMANT, AOISTEZBimONMII R L TWD.
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JEIREMATH 22D EMLS Z L2 8- T, AR TH 55(2.13) (220012317 5 5
KETIRE & JEMIC I EN G NS . BREEIGE o 132Dk TEREIND.

20a =10+ .04 (2.21)
2L, o [ TERKETIENE, o (TEMISIETH D, WIERTEIEIS ) E Th L i
KEWTFIRNE o, LIEMIGIE o EERRKBEIGE o 1%, EEEREHWCERER
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1.0 - 12,0
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% 0t 1205
2.0 4.0

o, Bending stress in plate element i
o, Extreme fiber stress
7, Shear stress in plate element /

T, Average shear stress

Theoretical value of normalized bending stress
in plate element 1, 3

Theoretical value of normalized bending stress
in plate element 2, 4

Theoretical value of normalized shear stress

in plate element 1, 3

Theoretical value of normalized shear stress

in plate element 2, 4

Experimental value of normalized bending stress
in plate element 1, 3

Experimental value of normalized bending stress
in plate element 2, 4

Experimental value of normalized shear stress

in plate element 1, 3

Experimental value of normalized shear stress

in plate element 2, 4

Fig. 2.2 Stress distribution under biaxial bending shear force
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ZOEDIT, WRIEBD/NESWGEZERITIE, #AmoEELIREO 25352812
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Fig. 2.3 Convergence of buckling coefficient
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da da

mn

2.27)

22, AUBOTHT X —, AT INNBTo5F, o 3B THD. RSN
FESRECHDIm=1,2,-- M £ n=1,2,-- NIZH L TRV SLOBERHD. Z2I2, M &
NITEETH D, OT Ao x X — N NRT 2T TENENR(2.28), 2292 L »TH
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L .p
2
1 ow. ow, ow
AT =—t o(x,yl|—| -2t (y)——<dxd 2.29
2JJ{’( y)(ax) ’(y)ax ay} Y (2.29)
0J0

T2, DEREHREFS (K2.0), EIEY R vIEART Y U (v=03), bITHRIE,
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% . B DN BRI SV TUE, RIDDOEERSM & MR o 5 WITEEXFF L 975,
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FHDHWEEEFFE LTS (H(2.32)).

M N

w, = EEamnumvn (2.30)
m=1 n=1
M N

W2 = EEamn‘umvn (231)
m=1 n=1

u = L (2.32)
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- — Plate element 1
Clamped along longitudinal edge

— — Plate element 2
Clamped along longitudinal edge
All plate element
Elastically supported along longitudinal edge
----- Plate element 1

Simply supported along longitudinal edge
--------- Plate element 2

Simply supported along longitudinal edge
4r 7 O Finite element method

a=0deg. B=2.0 £k =0.0 Clamped atend

(@) Relation between buckling coefficient and aspect ratio

— — —Plate element 2
Clamped along longitudinal edge
All plate element
Elastically supported along longitudinal edge
--------------------- Plate element 2
Simply supported along longitudinal edge
O  Finite element method

A=10 B=2.0 k =0.0 Clamped atend
(b) Relation between buckling coefficient and angle of applied force

Fig. 2.5 Effect of boundary condition on elastic local buckling strength
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— — Plate element 2
i Clamped along longitudinal edge
All plate element
Elastically supported along longitudinal edge
1 - Plate element 2
Simply supported along longitudinal edge
O Finite element method

6 8 10

A=10 a=0deg. B=2.0 Clamped atend

(c) Buckling coefficient under bending shear force and axial compressive force

Fig. 2.5 Effect of boundary condition on elastic local buckling strength
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(a) Simply supported along longitudinal edge
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(b) Elastically supported along longitudinal edge
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k, =13.8
(c) Clamped along longitudinal edge

Plateelement2 A=10 a=45deg. B=2.0 k =2.0 Clamped atend

Fig. 2.6 Effect of boundary condition on elastic local buckling form
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Analysis  f=2.0
- — Analysis f=1.5
— — Analysis £=1.0
————— Analysis f=0.5
--------- Analysis  S=0.0
k O  Eq.(2.36) =20
b 0O  Eq.(2.36) p=1.5
¢ Eq.(2.36) =10
X Eq.(2.36) =05
+ Eq.(2.36) 5=0.0
4 1 1 1 1
0 5 10 15 20 25

a=0deg. k =0.0 Clamped atend

Fig. 2.7 Effect of gradient of bending moment on elastic local buckling strength
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Plate element2 A =4 kb =104

(a) Shear mode
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(b) Bending mode
a=0deg. B=2.0 £k =0.0 Clamped atend

Fig. 2.8 Elastic local buckling mode under bending shear force
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Analysis k [k, =0.00
—-—- Analysis k. [k, =025
— — — Analysis k. [k, =0.50
—————— Analysis k [k, =0.75
g el LU EN O\ L Analysis k [k, =1.00
K g O Eq.(2.38),(241) k_ [k =0.00
"6 O Eq.(2.41) k [k,=025
o Eq.(241) k_[k.,=0.50
44 X Eq.(2.41) k [k, =0.75
, +  Eq.(2.41) k. [k, =1.00
O ". % v O
0 2 4 6 8 10 12 14

A=10 pB=2.0 Clamped atend

Fig. 2.9 Effect of angle of applied force on elastic local buckling strength
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Fig. 2.10 Effect of axial compressive force on elastic local buckling strength
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Fig. 2.11 Evaluation for effect of gradient of bending moment
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Fig. 2.12 Evaluation for effect of angle of applied force
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Fig. 2.13 Evaluation for effect of axial compressive force
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Fig. 2.14 Effect of curvature radius at corner on elastic local buckling strength
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Table 3.1 List of square hollow section member

Manuf. process Steel grade | B(mm) | ¢ (mm) | Specimen
200 8 A
BCR295 6 B
Cold roll formed
C
STKR490 300 D
9
Cold press formed E
SN490B
Built-up F

B Overall width ¢ Thickness of plate

BHOHIAATE & ST W AR O 5238 A far LSR8 BRI Z2 b A O BRATIC &> T B 20
9%, IbIC, BEELYIMIAEARE L T, YIIAREEEZ AT 5 ESEH 22 Wit
DI DIENT T kAR L, £ ORKM & BIETGRES) 2 M & FHRIZ & » TR~ TE/E
OIFIE L HIRME 2 D2 Y1 2 et 5.

32 WHATREAITERER

AREITIE, 1B P 22RO EHI R AR & SRR AR 2 BRI & > TR
ET 5. MEHIPIMIARE T d 2 M EHREMEOBTE NZ L & BRI 36 X OS2 4T R
ThHIOIWMBERDOTL-bAERHT 5.

PR ZSEU TR 7 T R 22 Wit s o B 5 1k & SilfE & Wi TR Ch D, K 3.1 TR ET
% IEJ5 P22 Wi bt O — B & k. BT v — VRIS A TR A L R L ARk
ARSI & BRI BT M CH 5. SO B O W TIL, Wil e — Vi
FIHE T TRET L TWD . RO X DI, 208 B 200 & 5V ME 300 mm, HJE 736 &
DUNE R HDH WL 9 mm & AN S ZRIES TR ZERE M A3t g e LTnD. X311
W RIE AT E M ORIE B LR & OBRESE L L ORT. Ko7 7y NI
1), 46)/ SPERL L TN 5. BBEE B/t 1325 H 5T 33 HDHUWNE S50 THDH. WEE A ik
IR E 7R IE TR Bl 2 x4t & LT D, 728, WiE7 L AR AME S I
WL, ATRBIMAIM R Z 34 mm & L THRIE L TWD . X 3.2 IS BN F W i AL
DR DOEEET 7 — V& m T . 125, TWHSHNL R TR M OAHMORELHZ L T\ D
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Fig. 3.1 Relation between overall width and thickness of plate

1 layer

Gas tungsten arc welding

Unit mm

Fig. 3.2 Weld detail of built-up box section member
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OFERF, MAEEBL &M B2 L AHE B3 D55 AL IIS 14A Sl Th 5. M A
D5 BRI AR OM B2 RF T D 72 OICERIL T\ 5. A Bl & AHEB2 &
FAET B3 D5 [9ERER T 1L RO & LT O A EHEE 2 a9 5 72 0 ICER IR L
TW5. A A OBIERBTIT T 25 A TRBY, AMBL & A B2 & AH B3 D55k
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Fig. 3.3 Location of tensile coupon test specimen

(a) Flat (b) Weld flat (c) Corner A (d) CornerB

Photo 3.1 Tensile coupon test

AR BRI LOREZ K& 2T H2MEHTEZZATHRNEOD, Ziboh|Hk
R IZ Lo CTHAIOM B Z KENICEECTEX 5 B2 5. 728, AT A OFERR
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BB & VRBETARGET & o5 RBR 2n . % 3.2 I8 RRBRIC L » TR LN rEm &
RO OIS & 7.

34 IZBIBRRBRIC Ko TR O NS IEOTRERRE R T, TR &
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Table 3.2 Mechanical property of steel

Specimen | Location | E (N/ mm?*) o, (N/ mm”) o, (N/ mm®) | &, (%) | Material
Flat 2.15%x10° 427 487 13.6 A
Weld flat 2.14%10° 494 538 7.2
A Corner A 2.18x10° 491 534 4.1
Corner Bl 2.01x10° 466 505 1.9
Corner B2 1.97x10° 488 510 1.2
Flat 2.09x%x10° 347 444 13.5 B
Weld flat 2.16x%10° 458 514 6.8
B Corner A 237%x10° 413 465 4.8
Corner Bl 2.14%10° 450 505 32
Corner B2 2.05x10° 426 478 32
Flat 1.79x10° 334 408 16.2 C
Weld flat 2.07x%10° 524 552 3.5
C Corner A 1.70x10° 427 457 1.1
Corner Bl 1.86x10° 461 481 1.2
Corner B2 | 181x10° 444 458 0.9
Flat 1.96x10° 531 596 9.8 D
Weld flat 2.15%10° 652 684 5.4
D Corner A 1.87x10° 571 623 2.7
Corner Bl 1.88x10° 635 672 1.4
Corner B2 1.91x10° 610 638 1.4
Flat 2.10x10° 351 528 18.2 E
Weld flat 221x10° 439 585 13.9
E Corner A 2.10x10° 495 600 5.4
Corner Bl 1.85%10° 461 572 7.1
Corner B2 | 191x10° 412 555 11.9
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Table 3.2 Mechanical property of steel

Specimen | Location | E (N/ mm?*) o, (N/ mm”) o, (N/ mm®) | &, (%) | Material
Flat 2.12x10° 405 552 16.8 F
Corner A 232%x10° 458 590 14.0
F Corner Bl 2.10%10° 437 565 13.2
Corner B2 1.99%x10° 462 625 8.4
Corner B3 2.08x10° 390 547 16.4

E Young's modulus o, Yield strength o Tensile strength ¢ Uniform elongation

— — Weld flat — — Weld flat
Corner A Corner A
—o— Corner Bl —=oc— Corner B1
—++— Corner B2 —+F— Corner B2
_____ Flat - ----Flat
800 T T T T 800 T T 1 1
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600 600 I ]
500 = 500
£ 400 £ 400
Z Z
5 300 5 300
200 200
100 100
0 0% 5 10 15 20
£ (%) € (%)
Cold roll formed BCR295 200x200x8 Cold roll formed BCR295 300x300x6
(a) SpecimenA (b) SpecimenB

(A) Cold roll formed

Fig. 3.4 Relation between stress and strain
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MNLENS &> TR > TS, Wl — VG A TEREE & T 7 L O A T80
MIZHOWT, FEEETHGE & T2 &, WHEEARGE & A ORRIS I & 5IRIR S 25K
Lo TWND T, VIS oo TS, 72k, STk 47)TiE, S OmHE~
L A NNTAC & DB OZ L2 RBRIC L > TRETL T\ 5. —J7, IREEINIRIE W
EA OM M AL B X O P RMm TIRIEE L Lo T D, IREFRICER bV
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— — Weld flat — — Weld flat
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Fig. 3.4 Relation between stress and strain
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(a) Cutting (b) Ring (c) Smallpiece

Photo 3.2 Measurement test of residual stress
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Fig. 3.5 Transverse distribution of residual stress

44



——¢c— Outside longitudinal
—1— OQutside transverse

- - & - - Inside longitudinal

----%--- Inside transverse

Transverse position
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Fig. 3.5 Transverse distribution of residual stress
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Fig. 3.5 Transverse distribution of residual stress
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Fig. 3.6 Longitudinal distribution of residual stress

S O KESINILF RO RIS NE T TS, 2B, 2 Ok RIIBEEOHZE V0
FERE—H LT\ D, Wi e — VR A TEERE A & R 2 — L RE TR 5k * i
FFREIS IO H L L TH Y, ZOMBMIRAIGNEEICY A Y7 Tidigadn—
WL Db D EBEZBND. BT L ARBAIE SMIC oW T, BN TIC X
> THHER & ARG AE U T DD, WEINT A3 T W IREESEARE 07
WIS EITNES < Tg o TW D, EHENCRTEW A IC oW TIE, M e — LR A
B L B2 0, S & NIENIT IS DFRREIG ) EE ST R & AT & bk hE L <,
SEHETI T EMORRISINAE T TV D, B, Z ORISR 4R ENDHEHRE —
BL T2, G722 E 16 OVEBEC & > TREETICIZSROBT MRS 3 E L TR
0, Wrm ik Y Th D IEHEBIZITIRE G T DOEIE N T RO T2 DI ERHE Dl 7 7% B i ) 3
AL TS Y,

85 TR (& SRR IS T B RAE T A D 72012, 1 3.6 ICHRER O i1
D ERBE I ) DR oA A T, X35 IR AR ONLE IS I DIRFAIG 1 i s LT 5.

47



—6— Outside longitudinal
—1— OQutside transverse

- - % - - Inside longitudinal

----%--- Inside transverse

500

~
N

=
g
~
Z

400
300
200
100
0
-100
-200
-300
-400

-500
-B

/aa—@éfj{g\\@-_@

Longitudinal position

B

Cold roll formed BCR295 300x300x9
(c) SpecimenC

(A)

—6— Outside longitudinal
—7— OQutside transverse

- - % - - Inside longitudinal

----%--- Inside transverse

o (N/mm?)

500
400
300
200
100
0
-100
-200
-300
-400

-500
-B 0 B

Longitudinal position

Cold press formed SN490B 300x300x9

(B) Coldpress formed

—&— Outside longitudinal
—1— OQutside transverse

- - - - Inside longitudinal

----%--- Inside transverse

500

o (N/mm?)

400
300
200
100
0
-100
-200
-300
-400
-500

B

Longitudinal position

B

Cold roll formed STKR490 300x300x9
(d) SpecimenD

Cold roll formed

—6— Outside longitudinal
—1— OQutside transverse

- - - - Inside longitudinal

----%--- Inside transverse

o (N/mm?)

500
400
300
200
100
0
-100
-200
-300
-400

-500
-B 0 B

Longitudinal position

Built-up SN490B 300x300x9

Center of width

(C) Built-up

Fig. 3.6 Longitudinal distribution of residual stress
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Photo 3.3 Measurement test of residual stress for long specimen
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Fig. 3.7 Effect of length of member on residual stress
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Fig. 3.7 Effect of length of member on residual stress
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—6— Outside longitudinal
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Fig. 3.7 Effect of length of member on residual stress
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Photo 3.4 Measurement test of initial deflection
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Table 3.3 Analysis condition of initial imperfection

Initial deflection
Condition | Material property | Residual stress
Shape Max. absolute value
01 Buckling mode
02 Flat Sine wave A
Zero -
03 Sine wave B Overall width
M 2000
S1 Test result
Buckling mode
S2 Test result x 2
Flat
D1 Weld flat
D2 Corner Zero Test result
Test result
D3 Other test result
C Test result Test result

IZ34mm & LTWD. MEEREOIHETHL. KITRT LI, res /Wit 4 fims
o VERETHR SN TWD. EREHENCOWTIE, MAEHEREEN S HBAITITE LIS
AR A 12 0B LA 4 08I L TR Y, AEHIR D WG B I3RS AR &
16 3FI LTS E 7, BT AT ARG & AT A RO 16 53720 H 48 5HI L T D,
FENTET L OBER M & W ESMHIBNTRTE@Y TH Y, MUREE SR O fil 7 7 HH A
DFFEHTEAT 5 .

AFRHTCUE, WA AN FHIEE B E T 5. £ 33 ITHIIAREEIC DV COREHT G4
BoRT. MBHREME C BRI ) & SeTc b B D AT iEE RO LS ICESEDH Z LT, Y
REOYBELERHNT D, 22T, YA HEZHTT 5.

MBHRFIEIZ DWW T, FREBEEBER OM BT — & & 2RI 52 5 J71Ed 2\ X IRGHE
SRR & TR VA A DR BT — & & S W ALE IS 52 2 FIEDO EH HINTA LT
WD FRATE TV DB DWW T, IR Z 5 REBR A I2 8 T40mm & LTV 5.
FENTE T L OAFIZOWTIL, MRS A TZHE D58 I3 A il 2 fAeEsk s L, &
BHANLAS TN I DY A AN E D BBUED 3 {5 E TR AMBEILE LT\ 5. AEOMEHRE
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56



Table 3.4 Young’s modulus and Poisson’s ratio in large deformation analysis

Specimen | Location | E(N/mm?) | v

Flat 2.14x10°

A Weld flat 211x%10°

Corner Bl 2.10x10°

Flat 2.18x10°

B Weld flat 2.13x10°

Corner B1 2.19%10°

Flat 1.95x10°

C Weld flat 2.19%10°

Corner B1 2.09%10° 0.3

Flat 2.01x10°

D Weld flat | 2 16x10°

Corner Bl 2.00%10°

Flat 2.13x10°

E Weld flat 2.16%x10°

Corner Bl 2.08x10°

Flat 2.12x10°

Corner Bl 212%10°

E Young's modulus v Poisson's ratio

FRHRFIE ) L7 fiRAT & A0 Bl OB A L7 RAT O RITRE < Eb b 7220
T EEMER LT\ D, EITE T )V OIEEHEEHGEBI A A & AT ORI TH 5.
FEMTICAE ] U 72T — 2 I35 RS R HAERL L T AL M DU TUES  9REER
FERNOEONT Y TR ERT vV v =03 % AJ) L, BRI oW Cidg | sERBR R
REBISSRBIBEOTRBERE LTAN LTS, R 3.4 [SHITICHA L7z Y o 755K
ERT Y UWERT. £, K301 ST LB ORI O B R A R T
— RO LU OM BT — 2 1352 20k LTV 5. MEIOBEANC W TIE, S5 LAl
AL TWD.
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Fig. 3.11 Relation between actual stress and logarithmic plastic strain
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Fig. 3.11 Relation between actual stress and logarithmic plastic strain
Outside longitudinal Outside longitudinal
— — Outside transverse — — Outside transverse
----- Inside longitudinal - - - - - Inside longitudinal
--------- Inside transverse --------- Inside transverse
500 500
400 . 400 -
300 F . 300 .
~ 200t o 200
g 100 . g 100f. | ... ...
= =
—~ 0 + - N n = 0
Z B e el [ ..—...T,,..—! Z
—= -100F ¥ v A T -l00p-q---=----0--- - -7
© a200F 200 :
BOOE-"- ==t - e - - — 1o -4 =300 F i
-400 . -400 -
'SOO% 5 5 8 532 '500;3 5 5 B 52
=& E E Ez =t E £ Exz
O O O O © © © ©
Transverse position Transverse position
Cold roll formed BCR295 200x200x8 Cold roll formed BCR295 300x300x6
(a) SpecimenA (b) SpecimenB

(A) Cold roll formed

Fig. 3.12 Residual stress distribution in large deformation analysis
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Fig. 3.12 Residual stress distribution in large deformation analysis
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Fig. 3.13 Elastic local buckling mode under axial compressive force
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Fig. 3.14 Shape of initial deflection by sine wave
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Photo 3.5 Stub column test
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Specimen

Transducer Transducer

Fig. 3.15 Schematic arrangement for displacement transducer in stub column test

- Strain gauge

Fig. 3.16 Schematic arrangement for strain gauge in stub column test
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Fig. 3.17 Comparison of stub column analysis and stub column test
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Fig. 3.17 Comparison of stub column analysis and stub column test
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Fig. 3.18 Deformed configuration in stub column analysis
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Fig. 3.19 Effect of material property on large deformation behavior
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Fig. 3.19 Effect of material property on large deformation behavior

£ (%)

600 T T T 600 T T T
500 F 500 .
& 400 o~ 400 F 4
g g
£ 300t £ 300t l
Z &
© 200F Condition M © 200F Condition M 7
— — Condition S1 — — Condition S1
ooy ----- Condition S2 oog ----- Condition S2 1
0 1 1 1 0 1 1 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0

Cold roll formed BCR295 300x300x6
(b) SpecimenB

Cold roll formed BCR295 200x200x&
(a) Specimen A

(A) Cold roll formed

Fig. 3.20 Effect of residual stress on large deformation behavior
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Fig. 3.20 Effect of residual stress on large deformation behavior
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Fig. 3.21

Effect of initial deflection on large deformation behavior
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Fig. 3.21 Effect of initial deflection on large deformation behavior
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Fig. 3.22 Combined effect of initial imperfection on large deformation behavior
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Fig. 3.22 Combined effect of initial imperfection on large deformation behavior
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Fig. 4.2 Relation between buckling coefficient and angle of applied force
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Fig. 4.3 Relation between section modulus and plastic section modulus
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Fig. 4.6 Finite element model under bending shear force
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Table 4.1 Analysis condition of initial imperfection
Initial deflection
Condition | Material property | Residual stress
Shape Max. absolute value
Ol Bucklingmode A\ (011 idth
Flat Zero -
02 Buckling mode B 2000
Flat
C Weld flat Test result Test result Test result
Corner
Table 4.2 List of square hollow section member
Manuf. process Steel grade | B(mm) | ¢ (mm) | Specimen
200 8 A
BCR295 6 B
Cold roll formed
C
STKR490 300 D
9
Cold press formed E
SN490B
Built-up F
B Opverall width ¢ Thickness of plate
Table 4.3 Mechanical property of steel
Specimen | Location | E (N/mm?) o, (N/mm?) o, (N/mm?) ¢, (%) | Material
A 2.15%x10° 427 487 13.6 A
B 2.09%10° 347 444 13.5 B
C 1.79x10° 334 408 16.2 C
Flat
D 1.96x10° 531 596 9.8 D
E 2.10x10° 351 528 18.2 E
F 2.12x10° 405 552 16.8 F

E Young's modulus o, Yield strength o Tensile strength ¢, Uniform elongation
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Table 4.4 Young’s modulus and Poisson’s ratio in large deformation analysis

Specimen | Location | E(N/mm?) | v

Flat 2.14x10°

A Weld flat 211x10°

Corner Bl 2.10x10°

B 2.18x10°
0.3
C 1.95x10°
D Flat 2.01x10°
E 2.13x10°
F 2.12x10°

E Young's modulus v Poisson's ratio

800 T T T 800 T T T
700 - 700 .
- 600 F §
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S 5 400 -
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Z Z
z ] T 300F -
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100 } - -%--Flat . 100 - -9 - - Flat §
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Fig. 4.7 Relation between actual stress and logarithmic plastic strain
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Fig. 4.7 Relation between actual stress and logarithmic plastic strain

AR R DG ONI Y TIREE R T Y U v=03 2 AL, MOV TIEE] iR
B B2 B RO O T 2 BR E LTADN LT D, £ 44 ([TFFTICER Ly o 7
PRI AT Y UtE ™. Fio, K AT ITRHTICEEN L2 BSO8R 4R
T RO OMEFT — 2 i35tk & LTS, RO LANC W TIE, 5
LRIZERA LTV 5.

PRI TN HOWTIE, 3.2.2 THOFERAE RS < fl A2 7 B 10045 & AT £ 7 /L DFE
BT RRIZAT LTS, X A8 (T ICRIT DRI Iz s . Ko &9 i,

90



Outside longitudinal
— — Qutside transverse

----- Inside longitudinal

--------- Inside transverse

500
400 -
300 b i
o ﬂmlm il 1l UJ
g 100f i
S 0
z Iy (O N (N
S S100F T AR O SO
o) 200 A, il I
10 1070 J) =S|y | VU | U |
-400 i
-500
B o o @) ) a
@) @) @) @)

Transverse position
Cold roll formed BCR295 200x200x8

Fig. 4.8 Residual stress distribution in large deformation analysis
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(a) Buckling mode A

(b) Buckling mode B

(A) Angle of applied force 0 deg.

Buckling mode A

(B) Angle of applied force 45 deg.

Fig. 4.9 Elastic local buckling mode under bending shear force
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Fig. 4.10 Transverse distribution of initial deflection
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Table 4.5 List of test specimen for monotonic loading

Manuf. process | Steel grade | B(mm) | ¢(mm) | L(mm) | o (deg.) | Specimen

0
Cold roll formed BCR295 200 8 1200 A
45

B Overall width ¢ Thickness of plate L Shearspan o Angle of applied force

4.4 BIFEAMEROBME
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5 REBZEB A atd 5. £ 4.5 ([CEHBH 2T ORBIKO—E a2 7R3, t4id
mi e — VT AIERE M Th 5. & 4.3 I OBBIOME 2R LT\ 5. RO
AOPEEL 13 RRBR A D FEVRBE AR 2> S BRE L 72 JIS 1A BB i D5 iERBR I L > TR B T
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W5 7B, X 3.0 ICHEIRTE A TSRS A O IR B LT & OBRESE L LTORLT
W5, B B/tiX 25 THDH. BAW ANV LZEIEBD 615 LTW5.
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Fig. 4.12 Schematic view of bending shear test

Photo 4.1 Monotonic bending shear test

Backing plate

End plate

Fig. 4.13 Weld detail of bending shear test specimen
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Fig. 4.14 Schematic arrangement for loading in bending shear test
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Fig. 4.15 Schematic arrangement for displacement transducer in bending shear test
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Fig. 4.16 Schematic arrangement for strain gauge in bending shear test
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Fig. 4.17 Comparison of bending shear analysis and bending shear test
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(a) Angle of applied force 0 deg. (b) Angle of applied force 45 deg.
Cold roll formed BCR295 200x200x8 Shear span ratio 6 Condition C

Fig. 4.18 Deformed configuration in monotonic bending shear analysis

(@) Angle of applied force 0 deg. (b) Angle of applied force 45 deg.
Cold roll formed BCR295 200x200x8 Shear span ratio 6

Photo 4.2 Deformed configuration in monotonic bending shear test
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Cold roll formed BCR295 200x200x8 Shear span ratio6 Angle of applied force 0 deg.

Photo 4.3 Section of deformed configuration in monotonic bending shear test
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Fig. 4.19 Combined effect of initial imperfection on large deformation behavior

YL RBIIG ) LR DO T A% 5 X 2 S T — A vk MM L SEUEA IR A
0/6, L ORIRE Y. St C BRBRFERICE S IR E 52 T Tdb 5. &iF Ol
X7 DHOGREFERE— F AT L > THRMATTH Y, S 02 137 DHOFER
EEETE— N BIC Lo CHATMEHThD. 4fF O1 & 4&IF 02 ORFFICHEW Tt bA
DRANS S LTHS. /G, HRBEEE— K A TRALIED /2000 057 % 4.
AT E (Gl 1) DIBIASTHRENIT, SRS RIS IR 5 X 72358 (&1 C)
DYBMISIGHE ) & K& b b\, Sl bhEERE— R THEZ 52 LICE-T, #ld
BAMDOWHESMTY, FROYIARIEE AT 5 IEH T HZEME MR L TR &

100



1.50 1 1 T T 1.50 1 1 T T
1.25F . 1.25F .
1.00 | 1.00
M 0 M 0.75
M,, 75 Mp .
0.50 F Condition O1 . 0.50 Condition O1 -
R=25t R=25t
025¢ - ____ R=0 . 025 - ____ R=0 .
O'000 2 4 6 8 10 0'OOO 2 4 6 8 10
0 0
0 0
p p
(a) Angle of applied force 0 deg. (b) Angle of applied force 45 deg.

Material A 200x200x8 Shear span ratio 6

Fig. 4.20 Effect of curvature radius at corner on large deformation behavior
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Fig. 4.21 Effect of angle of applied force on large deformation behavior
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Fig. 4.22 Effect of boundary condition at loading point on large deformation behavior
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Fig. 4.23 Relation between reaction force and shear force
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Cold roll formed BCR295 200x200x8 Shear span ratio 6

Fig. 4.24 Ultimate strength and angle of applied force under monotonic loading
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Fig. 4.25 Plastic deformation capacity and angle of applied force under monotonic loading
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Fig. 4.26 Effect of shear span ratio on large deformation behavior
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Fig. 4.27 Ultimate strength under monotonic bending shear force

P
-y
\ P,

108

e@®y <>onoOopyI>OOO

Material A
Material B
Material C
Material D
Material E
Material F
Material A
Material B
Material C
Material D
Material E
Material F

a=0deg.
a=0deg.
a=0deg.
a=0deg.
a=0deg.
a=0deg.
a=45deg.
a=45deg.
a=45deg.
a=45deg.
a=45deg.
a=45deg.
a=0deg.
a=45deg.

a=0deg.
a=0deg.
a=0deg.
a=0deg.
a=0deg.
a=0deg.
a=45deg.
a=45deg.
a=45deg.
a=45deg.
a=45deg.
a=45deg.

Specimen A« =0deg.
Specimen A o =45deg.

Normalized width—thickness ratio under axial compressive force



M, M, &SRR (M /M ORI, HEAE(CEEELHD COb S O R A
TIE, NTF A =5 ThHMEHRE S I AEORELE RE ITZT T, £z, #tdh
DIt ) FHZA 1.0 12725 D%, BEENCI T 2Bk R ER T — 2 > b M 32—
A b M D 2ERREORET 72 BRI O FEEGIFE LD 0.7 BREDB A TH D, D2
EEREE 2, WS AWT & 5ZT D IR TE R ZE WA Ol ) AR A R R A H
WTRE 1) K-> TEHiT 2. 723, 7 A U WHAEHS (AISC) DOWEFE OIS
FEARIS VLT T 5 £ TR B 242 U S 7207 O ORELLHIFRIE &, o8 Ry e i bt
J1E TR L 72 BRSSO AR 23 0.7 ORI L > TED BN TN D Y,

ﬁ

M M
Tmax __) 5 P _0.7]+1.0 (4.10)
Mp Mcr

2L, M FERETE—AC N, M FEBEE— AN, M MR —
AV MTHD. B, W) EAEOFENTHLME.10) 2 ERTELTND. Kb
K@10)IZ K-> T EFRE2BBLRZEMICFH M TE TWD. 2k, M) EAE
M, /M, &SRR (P /P, & OBIRY, HEHELIREA D T/h S ORI 2 bR
1, /T A =5 Tl HMEHRENE &N A FE DR E K& X2 TV,

il EAE ) A 52 T 2 1EJ7 T 25 Wi A D s K ) & S Ry AR SR i 002 & 2 BEUE( L =
SE OBIRETAR D201, M 428 ISt LRE P, /P LIRS P, /P, & O
TR % R M) EASRIT IR KEN ) 2 BRARER ) CBR L CRH LT 5. (LR L3 2(4.9)
ICE-THELTWS. o7 my MI3ZETHELATWD. A7 8y MIFITRHRTH
v, B ay MIEBRRERTH L. KITIE, K43ITRTHEAL L& 42 1338 A4 &
ARLTWD. 22T, WEM &2 2 EH B 22l st o ) Ao 2L
@Ik o TERSND. MEH 22T 556 0X@1)ITHMTEAN N 2210 5580
A(4.10)ITHEE LTV 5.

P P
Tmax _ 05| |2 -0.7|+1.0 @.11)
P, F,

TS, P KR, PRGN, P 3HERERE) TH S, KL, i)
FRBOFMAXTHLER@GINEERTEL TS, KD, K@ 1D K > THENE %
ZFH5EE b EAREBBLRZ2MICGEHETE TV
472 BYHEERIEES

AT, EHB 2RSS OMMEERE I A etd 5. WA RRE) L LT

109



2,0 T T T T T T T T T
- O Material A
18} \% Condition O1 O Material B
<& Material C
1.6 A Material D
VvV  Material E
1.4 N Material F
12 ®  Specimen A
: B Specimen B
Do 1.0 ¢  Specimen C
P : A Specimen D
Y 0.8 ¥  Specimen E
: A Specimen F
0.4
02F .
0.0

0.0 02 04 06 08 10 12 14 16 18 2.0
P
-y
\ 2,

Fig. 4.28 Ultimate strength under axial compressive force
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Fig. 4.29 Plastic deformation capacity under monotonic bending shear force
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(b) Point of 95 percent of ultimate strength
(A) Normalized width—thickness ratio under bending shear force

Fig. 4.29 Plastic deformation capacity under monotonic bending shear force
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(@) Point of ultimate strength

(B) Normalized width—thickness ratio under axial compressive force

Fig. 4.29 Plastic deformation capacity under monotonic bending shear force
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(b) Point of 95 percent of ultimate strength
(B) Normalized width—thickness ratio under axial compressive force

Fig. 4.29 Plastic deformation capacity under monotonic bending shear force
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(b) Point of 95 percent of ultimate strength

Fig. 4.30 Plastic deformation capacity under axial compressive force
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Table 5.1 List of test specimen for cyclic loading

Manuf. process Steel grade | B(mm) | ¢ (mm) | L(mm) | a(deg.) | Specimen

0
200 8 1200 A
45

0

15

30
BCR295

45
Cold roll formed

0

15

30
300 1800

45

0
STKR490 9 D
45

0
Cold press formed E
45

SN490B
0
Built-up F
45

B Overall width ¢ Thickness of plate L Shear span o Angle of applied force

52 #RLHEIFTEAMEROHE

ARETIE, MR UlT AW % 2T % 1 5T 22 Wi b A E EEBR O %
AREBRTIE, IESFTEHZEriE A 23 R L oo —dilidh e AW 1 & 5% D 5 A O R
BPED RERZEBZRET 5. & 5.1 ICESBHZEWRTM ORBAO 2 77, FHR
ZEEEVFAE J5 % Hh 22 W s b 0 B vk & SRR & TR E AP E RO AETH D, R
R m — VR TSNS A & AR TE 7 L A RO FESE A & VR BN RS R WT dM C o
5. SO OWTIE, W e — A AT M TR L T\ D, £ 5.2 1286
ORI 2 73, ROBIRAVMEE T3ROS EEATER 2> HERIR L 72 TS 1A 53R
H OFHERBRIC L > TR LI TV A, 20E B 3200 & 5\ M3 300 mm, HIE 17236 &5\
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Table 5.2 Mechanical property of steel

Specimen | Location | E (N/mm?) o, (N/mm?) o, (N/mm?) e, (%)
A 2.15%10° 427 487 13.6
B 2.09%10° 347 444 13.5
C 1.79%10° 334 408 16.2
Flat
D 1.96x10° 531 596 9.8
E 2.10x10° 351 528 18.2
F 2.12x10° 405 552 16.8

E Young's modulus o Yieldstrength o Tensilestrength &, Uniform elongation

1layer

Gas tungsten arc welding

Unit mm

Fig. 5.1 Weld detail of built-up box section member
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T4 T —VERT. IRE, BN TEWTEE A O A ORE AR L TV D.
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Fig. 5.2 Schematic view of bending shear test

Photo 5.1 Cyclic bending shear test
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Fig. 5.8 Relation between normalized bending moment and normalized rotation angle

L1
e (5.3)
3EI GA L

p p

IS, ElFY o 8, G AR, 13 IRE— A, 4 13V =T
TSRS, L IZEAMTA S, M B RE—A L b, M ZRBIEE—A L FThHD.
YU TRRBUTONWTIL, £ 52 VR IREEFEET OY o TR BAEH L T s, AN
BPELREC DWW TR, Yo 7R E AR T VY Ul (v=03) ZHWCERE L TWD. Wim —
WE—A L MZOWTE, AMIEREELZE L GGIHRL TS, U= 7HEEmEEIC
WL, WD LAEL TS, s, RFEBRO L 912, AW A/ 2 2R &
HHACREVGAICE, ERICKIETHITFORERRE L, BRICKTTEABORE
I E WD, BRIRE— A v h EREMEE— A2 MIOWTIE, AR EIMDAE LS
JEL, £S2ITRTIFEELHERORRIS T E 2 I W TEE L T 5.

53 R LAREREH

AREITIX, EJTHEAZEWm EA O Ui AW EZBR O R 2504 5. Mok Lhif
AW %52 0T D IE 5T R 22 W ks Ot BN BEISR & REREEIE IR 2 oR . Rds, ARER

127



1.5 1.5
1.0 . 1.0} -
0.5F - 0.5F -
M M
iY; 0.0 Iv; 0.0
p p
05 - -0.5F -
-1.0F . -1.0F -
AT 0 5 10 AT 0 5 10
9 9
0 )
p p
M =2.66x10" Nmm 6 =8.14x107 M =2.62x10"Nmm 6 =805x107
(a) Angle of applied force 0 deg. (b) Angle of applied force 15 deg.
1.5 T T 1.5
1.0f . 1.0} .
0.5} : 05} i
M M
v 0.0 I, 0.0
p p
0.5 . 05F .
-1.0F . -1.0F -
AT 0 5 10 1310 10
0
0
p
M =2.54x10°Nmm 6 =7.86x10 M =250x10° Nmm 6 =7.72x107
(c) Angle of applied force 30 deg. (d) Angle of applied force 45 deg.

(B) Coldrollformed BCR295 300x300x6
Shear span ratio 6

Fig. 5.8 Relation between normalized bending moment and normalized rotation angle
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Fig. 5.8 Relation between normalized bending moment and normalized rotation angle
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Fig. 5.8 Relation between normalized bending moment and normalized rotation angle
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Photo 5.2 Deformed configuration in cyclic bending shear test
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Photo 5.2 Deformed configuration in cyclic bending shear test
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Fig. 5.10 Envelope of normalized bending moment and normalized rotation angle
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Fig. 5.11 Cumulative load—deformation curve
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Fig. 5.12 Test result of monotonic loading and envelope of cyclic loading
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Fig. 5.13 Effect of cyclic loading on ultimate strength
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Fig. 5.14 Effect of cyclic loading on plastic deformation capacity
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Fig. 5.15 Effect of angle of applied force on ultimate strength
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Fig. 5.15 Effect of angle of applied force on ultimate strength
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Fig. 5.16 Effect of angle of applied force on plastic deformation capacity
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Fig. 5.16 Effect of angle of applied force on plastic deformation capacity
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Fig. 5.16 Effect of angle of applied force on plastic deformation capacity
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Fig. 5.16 Effect of angle of applied force on plastic deformation capacity
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Fig. 5.17 Ultimate strength under cyclic bending shear force
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Fig. 5.18 Plastic deformation capacity under cyclic bending shear force
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Fig. 5.18 Plastic deformation capacity under cyclic bending shear force

13, £ SVIORTRBRES SIMfEa LIE[lEBRIE ORIZRL TN 5.

ZIT, 472

T CIRE L Bl AU ) & %20 2 1EJ7 TR h ZE it i O BRI AS T A5 2R O R A 203K

1

59



@12)THhHY, XGOIZL-TEEND.

0 M
—mx _1=50{,|—>-0.7
Hp M,

ZZIT, 6, [ ERKIIREDE A, 0 1 TAMMET — A v MESEM A, M 1TeEtE—
AV b, MR E— A b ChD. RIS, KOG E O
N THDHRGO)EERTEL TS, WD, 541 H TR LUEL D ICEHEEEIEES ITiEk
R UAFEHEOFEIC L > TR T2 00, BT AW ) %227 2596 0L OFHE
KTHLIAG.OITL T, ML EAM ) %22 0T D56 OBMHEIAGEZ Bt ia%
BICFHECE TV D, XGOIFHHI AR L LTl b AR E — RIC K Dotlcb ik b
Z IR B ISR L CERR L2 b D Th Y, BT EAM I 2% 0 558480
HEREREO TREBBRBI LTS, ZOfMERIC L - T, Muk UhiF & AR/
BT DA OWMEEEEE BRUDRZLITHECE TWD. 72721, EE(LREL A
K& WHIPH CIIEME G ROERMEITEER L 0 bR & <, IR AN S i
TIEBHEE RO FRIFITTHMERX L 0 /h S <o TnD. Ziut, FEEIERELK
ZVHIPH CIIWII A OB IR UM EORE LY K& <, EE(LIERE /N SV
PH IR L EOMEN M ARROEE L ) b R Wb L EZ S, LR K
EVEEITIE, MR LATEOREITNE S, PR L U CTHRIZR BT R 0 FERE
DAHEAL Y bRELSRoTWD. —J7, AEUIERELA/ NS WESEIZIE, R LEEO
MBI RE L, MEHARERIIEE LWEICL > TRT L, EREAFFMA LY b/hE<
o TS, 728, IRBEHINIIEKIE SN490B 0> 300%x300x9  (GRER{KR F) (X8t SR AU
RERREHES ODIRE LK 312 3B\ T ATAE N 4 LLEOEMIZK S SRTW50, 2
DKM IRFOPHEE TG RIF 2 IZHE L TRV, ZOFER E LT, ok Ui EOREN
ExHND. WTE AW &= D IETE R 2SR R O YBPEZE SRR ) XA TR I 0 f B
LT DD, AW TIXEAIERE A X 5.7 1R LTV D #RR LIRS 3 Bl IEAASEEA
AR L & LT D,
553 REEMEMEED

MR Ui AW ) & % 2 BT TE 2T R 0O BAREIBIE AL T RE ) 2 il R D T2 DI
[ 5.19 (CRBIBMEA IR R )0, [0, -1 LIBMAAEER0,, [0, -1 L OBMRE AT, KIC
X, BRI 0 RSV AG R L AR A2 R LT D, REBEEEAT R

2

(5.6)

160



Specimen A a=0deg. Positive
Specimen A a=0deg. Negative
Specimen A o =45deg. Positive
Specimen A o =45deg. Negative
Specimen C a=0deg. Positive
Specimen C o =0deg. Negative
Specimen C a=15deg. Positive
Specimen C o =15deg. Negative
Specimen C o =30deg. Positive
Specimen C o =30deg. Negative
Specimen C a =45deg. Positive
Specimen C o =45deg. Negative
Specimen D a =45deg. Positive
Specimen D o =45deg. Negative
Specimen E a=0deg. Positive
Specimen E a=0deg. Negative
Specimen E o =45deg. Positive
Specimen E o =45deg. Negative
Specimen F o =0deg. Positive
Specimen F a=0deg. Negative
Specimen F o =45deg. Positive
Specimen F o =45deg. Negative

AAhrppadr P o@Dy ryagodo0

10 T T T
9' B T
8- -
7} A ]
v
6- -
Eemax
1 5
6
p
4
3
2
1
0
b,
0

Fig. 5.19 Cumulative plastic deformation capacity and plastic deformation capacity
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