FRERTIEELE CLEF T 2L

O SR
F % % B NSC 98-2625-M-009-009-

A 5 H F 1 98#08° 01p % 99075 31p
o7 H o Rt ghamgh (47)

Cl SENE AR | &1

FESEAR  RdsE A fliEmm L | a%@
FALFIFmy 4 -JliEze @ L | o F Rk
iz g 4 -fliEeam L foo %f’('}ﬁ’
BlrrpEmyd-JlEsms ke

SOF W 99& 107 297



#F &

F=37 4 SN ﬁ?ii}'}'"##?ir‘? (Special concentrically braced frame, SCBF) *t 3 &
TR A - AT GO I R LT e R é&ﬁvﬁ%ﬁi&fi%& ’
SCBF ihzbaifd 250k p AL 45 < ﬁ‘b#“ AIEH R R{oX B A 4 R R R
By oo A RS ERE iﬁ‘ﬁﬁﬁ°

AEF 2P et 2 H-AlMre AFEe @‘2%573 BT H R R
BRI B o T R LA 2 5 ;u% > ECERA 0 M
EraaEL b R E (B) BT ‘waaﬁ)ﬁﬁﬁﬁﬁﬁ
R W F3ef@trfHf A e REFREZEEEF S ?%ﬁ 7

~AF A2 FBAT Y B R U ARPERT R K 6 iR B 2}&",@% 2
WE* fhh T e 7B RSN (LCEC) Mt F AR £ &k UIF
HEEF oG BFFTLILRE

2]
¢w¢ﬁ$%@W’%*ﬁ§ﬂ;$&ﬂ

1 434

gk o B %%EW%«T’%€%£4&ﬁ%ﬁ’@%¥$@
2o pHBEAFER T EFMBR T LFRD c BRESET 6 B 7
@?giaﬁﬁw%aﬁﬁﬁﬁizﬁJ’gﬁﬁﬁﬁﬁﬁﬁz#%ﬁg
ﬁg T BEAFEN S HEF e BT E 5%T 6% k2 A TR

AWz AT MRV EVEEFHERER 15% AR EFENT R
E25%AFHME A2 e PR E RS H-AAFHM 58 R FRR
@04@£%®%ﬁ(H»ﬁ@?ﬁﬁ@ﬁg&ﬁﬁbﬁéi A
B MM BUR S T BRI T NG F Y B R o

MEL R 2GRS FERER A S TP L R%T ol e
ZHAERREREAFHEH AT A > T RAFHEM T R
2 IE T A A RBAR  XPFRET L N AT AR TR
KRBT LR EFE R
M @ PRl s AR A PR EE CHA AR E A

T e 2p 2L
/E 7L B

\\\Xr



ABSTRACT

Special concentrically braced frame (SCBF) is one of the effective earthquake-resisting
frames used in the high seismic area. Unlike the moment-resisting frame, inelastic
deformation of the SCBF originates from the braces which are designed to yield in axial
tension and to buckle, globally or locally, in axial compression. The brace forces are
transferred to the beam and column through gusset plates.

The purpose of this study is to establish the hysteretic behavior of H-shaped section
bracing member and the gusset plate, and to investigate the strength and hysteresis. Nonlinear
finite element analyses were conducted, and numerical models were established to research
the inelastic hysteretic behavior of the brace and connection to gusset plate, considering three
parameters: the ratio of tensile strength of the gusset plate to brace (53;), the length of the

clearance (LC), and the effective width of the gusset plate (W ). According to parametric
study results, an experimental program was planned to carry out the cyclic loading test to
explore the effect of gusset plate details on the hysteretic behavior. Six specimens were
designed to consider the parameter of the type of clearance (LC/EC) in addition to the
parameters used in the analysis.

The results of the finite element analysis demonstrated that increasing the parameter f3;

resulted in the increase in overall buckling strength and energy dissipation of the brace. The
parameter LC showed that the clearance length 2t provided adequate rotational capacity for
the brace end. Increasing the gusset plate width (W) led to the decrease of the stress
concentration at the gusset plate due to larger loaded area at the gusset plate, and to enhance
slightly the overall buckling strength of the brace caused by the shorter brace length. The test
results showed that all six specimens possessed stable nonlinear behavior and energy
dissipation. The trapezoidal gusset plate (TGP) with linear or elliptic clearance could transfer
stably the brace forces to the beam and column, and the hysteresis loop could reach 5 to 6%
rad. of the interstory drift angle. The out-of-plane deformation (OOPD) of the brace reached
to 15% of the brace length while the gusset plate could provide the OOPD of 2.5% of the
brace length. However, the strength of the H-shaped brace deteriorated significantly after
buckled. Four specimens with elliptic clearance revealed local cracking, but not brittle failure,
at the gusset plate near the welding zone which also pointed out the possible stress
concentration.

The trapezoidal gusset plate developed in this study can possess the force transfer and
rotational capacity for the brace end which have been demonstrated by the numerical model
analysis and cyclic loading tests. The gusset plate can enhance the brace to stably dissipate
energy exerted from earthquake excitation, by developing brace behavior of yielding in axial
tension and buckling in axial compression. The proposed design parameters can be used for
designing the gusset plate.

Keywords: Special concentrically braced frame, brace, trapezoidal gusset plate, buckling,
finite element analysis.
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Tapered Gusset,
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- = 7 ‘Gps
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P gusset plate
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| UPPER | BEAM |

B3 B4

coL

| MIDDLE| [BEAM |

EAST
WEST COL

Bl Be

B2.8 = K18 X 34 54 7% B

2115 e T
i H506x 201 Hx19
=T F A J ~———200mm thick
“a composite slab
10mm thick gusset
_ plate cast inw )
s Sick Y, composite ﬁlnb’\;—
Smm thic 14 but isolated .
3658 gusset plate 15 iy
= 3 i
14
g /
- £ 33 ]
7315l W2Ix68 R :
= 4 =
Pz i
stiffener and
edge plates 3330 N
4 10mm thick .
0
1 “!T ﬂ;.':.ﬁ . gusset plate — w 4 E
gussel plete \I 63.5mm thick
L] base plate 5
14 W21x68 ' L o
(a) Two-story UW simulation model. (b} Model of actual NCREE specimen.

lateral loads
i lateral loads

nal z-constrain

- compressive loads &

out-of-plane constraints T compressive loads &
oui-of-plane constrainis
brace

@, bruce brace

gussel plaie

: gusset plate

Busset plate

gusset plate

(c) FE model—3 beams. (d) FE models—2 beams.

B 2.9 A3FHE2E 2 44983 (Yoo et al. 2009)
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2003 EEFE BRI ARG P A (T2 K R R A %Tﬁ# (3

& B 2005) ¢ ood AR AP A FZBLEFESE L HHER
EEE B o heB 210 97T od LT LB A FEE AR L % FRMBAA
FERBEFRADFT T & 5 (1) BEFURE ] Q) BEFER

) AFHH LR EF 2B E R (Splice Length) &3 & 5 (4) A1t

BEF2ReAN ZORBESMEBRRE S OFAFEE > UT = F ¥

HREFLPFRS T RLHAFEH R EF I FF L RARY

R S
(A) Whitmore Method (1952)

?Jﬁ Whitmore * 1950 # 12— #F2 H2E K BB TR EF 2RI > &K E
B R B %R > B 2.11 2tm 0 & S op =l /ﬁ%”‘j\ﬂzfuﬁ- #
P2 A o3 1952 E o BFREFZ P BHR KRN TR EFRATE
+ 2.3 »x % & (Whitmore Section) e¥E4 > 4oR] 2.12 #7157 °

Whitmore 2. 3 »2 % R 37 €72 o & & 2@ 45+ (Splice Member)2.

i%- % - T S BEAe Y 30 B e dRATE Bt - #ITRY 2 TR
#_5 Whitmore Section > 4r[B) 2.13 > a3 B HZ 2 4 ¥ R A P, £

* Whitmore 5 2 E R F HZEFER EF R P HERGRF 4o 0(2.0)
7

P :(bE 'tg)' Fy, (2.1)

“‘ t ﬁi%- ’kﬁ—}%‘}i bE * %Q:E‘)i °
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B 2.13  Whitmore 2. § *x % & 7+ & B
(B) Thornton Method (1984)

§ % Thornton ** 1984 & 1 @5% > MR EFEEFA Y 22T REF
2 EREE A GRENN c BY BEEFLERER2 A (N) ~ T
(V) ~$48 (M) & 5 £ &£ 7% 7 RF> 33530700 476 (Critical Section)
TEEFEARES AL 0 4oB 2.14 (a) #7m 2 E#hs (Chevron-Brace) # £
2 A-A e > B E N e (2.2) 0

2 2
N MY o (2.2)
N, M, 4V,
He godrp e B ELZ 09N, =FtH> Z%a A-A2 " kphi
w4 Vy:(FytgH)/\/g v L ¥Te A-A

<
Il
N
—
I
—
AN
E'I
fgz
=N
>
>
(u

RyGE 2.14(a) ¢ > AR A AR - RS CEAT TG A
2 RVER URECUPANORE N A e L RS M
$AEZ T4 4o N(2.3)3(2.5)

N =Pcosd —Pcosd=0 (2.3)
M =Pcosdxd =Pdcosd (2.4)
V =Psind — (- Psind)=2Psiné (2.5)

Fiedr =@ 2ZN- MVt r 258Q22) ¢ 7 8
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Pd cosé 2Psind
— ~1.0 2.6)
pxFt H ¢xFt H :
4 V3
R I* 322852 (Try and Error) REFF* L4+ 24 Po & 4Mh
5 & 2_ 35 2 11 AISC-LRFD (2002) 2412 5B (T FE R 300 5 »2F R = &
BL2 AR Y o phA2 R & R (Pseudo Buckling Length) Ly ~ Ly ~ Ls
2k st ol B o doB 215 91 A > f ok B B K 5 0.65 o

< v >

N
MAN |,
o y o p 3 o % o
e 0 O™ 0
o A =] oo [«
/ \
/ H AN
P, P,
(b) Free body diagram

B 2.14 # &4 2 %5 1R+ 225 p d 498 (Thornton 1984)
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B 2.15 Be&Fz i hE Ba 2 H
(C) AISC Method (2005¢)

2005 & AISC AR fe 33 A8 & 2 % K% & 5 %45 Whitmore
Section A% H F »xH A A RE ;B A2 H R H e Modified
Thornton Method » = Yam % Cheng (2002) #7# 1 - H ¥2 AISC-LRFD 2002
E2.7 RS 3 0 R 237 20 2 % Whitmore Section 7307 47
RTH A5 R Ao 2.16 A1 0 R g Ak xR o 58 oo 38(2.7) -

P, = AF, =(b, -t, J0.658)"F, , For4, <1.5

P, =AF, =(b, - tg{ojW]F For, >1.5 @7

c

B ASEEFZ e 0 F, AR
A =[(KL)/arl[FJE) » s eframEr s L iaeraf ol i 2
ELL LY ERAERS KL bRl ERLFT R PHUET
12 Haps 0650 r=t V12 S L2 mEL T

Mtk eFpeED AR 24§~ 2 @2 5* Thornton ** 1991 # #7
# 11353 4 ;2 (Uniform Force Method, UFM) k- E 3t S22 412
FER 4 B UE R A B 412 &L (Connection) o i A B E
By ¢ UM EE GBS 2 1 78 (Working Point, WP) 4] 2.17 (a)
S R ERLEEEREL FARL L PELE 0 4oB 217 (b) A

BEHEREY S gt Y 0 FERAF Y4 Sy A Y 4 g
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® 2.16 Modified Thornton Method 7

v Ve P
X
4
/ J-
WP ¥ A
/ !R
A
Tecl o
(a) TeEpFLEZ 2 ivt 4
aTE =tan@
p+e,

a— ftanf =¢e tan6 —e,

He gafméeFp? cITEFR2FEH > Fi8E
Brooe h 124uiF e 5 12 BiF e 112N (2.9 7%

22

232.8) %1 >

PR R T R B

8] (Thornton 1991)

L4 B d §E R

(2.8)

(2.9)

AR i

)_L #-%—

o T g 4



THFREFZREFZ A B R RL2 4§ e N(210)5(2.13) -

*t=%P (2.10)
W=%P (2.11)
W=%P (2.12)
%=€P (2.13)
9P A ABHEHZ R AR 0 H BV, S REF R L A kT

12 EE 4 H BV S REFE SRS A kT 2
r=y(a+e ) +(B+e) » L &4 % w1 1 (P82 jEAR -

(D) Astaneh-Asl Method (2006)

4o 22 &¢ ”’“’r#’t%‘-’—"z Astaneh-Asl & A #7875 2 3% & 4 4p B A o At
B ABEFEZ R T2 A2 c B NP R EFE T2 SicB
2.18(a)*Tm ra n b7 A BT A2 FERD A2 TR
Ci-XHF Di-XBF q¥a iBtFdGeadFmiz 440
AR SR TR A LA REFAAFLREER L, s 8
FFEEERELR  FHERIESR ]S 2 BREFER B ALF 4
B4 EF 2 LB R z‘aﬁx (A,B,Li-Ls) T % 4B 2.18 (b) #7577
WEFREFRTE TAITREFZER AT EAREFTAVE
r%ipkﬁﬁme’%ﬁzw%ﬁ’?%1$%z$@M%

W, . =b+ Z(ij , for welded member
V3
(2.14)

W, .=b+ 2( L. j , for bolted member
V3

ﬂbﬁa@@(*¢&>ﬂ~ﬁﬁ SEAL TR TR L,
gRip £ R k- iR w3 Afs - IR R w2 R
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Ls Ly

: B

(b)

L
WW."] itmore

Only this shaded
area is used in design.

(@) (b)

B 219 2 F# & 7T 23 »cH BT & B (Astaneh-Asl et al. 2006)

o

dONFEREFETAW G ) EN W, 0 e ARG R A
AR A b B, FEHRPL AR 2573 307 FFEWSW,,,  FF o 30
Whitmore % & ™ b2 #5325 0 TRt id KU F 0 s dREEAR S
ZEREFEEV AR TERE o ATWZ 8 BEFZER t o

(2.15) °
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T

t=—
¢y F, W (2.15)
H BE AP A 0 3 AISC 7 B K ?L*ﬂ% (AISC 2005b) %
s RyFyAg R JF, = i;T PUERAE R R G HRARR TG 0 A AN 2
o ff 0 9, =09 5 Rz TR Tl B R AR E L"i REA o

Ao B, B EER Y R A TR AR 220 477 0 3B 402 34 (2.16)
1 (2.20) -

Bl 220 HEefEF2EAWZ $HR2 & B o, ¥ a, (Astaneh-Asl et al. 2006)

-1 (Wl — b/2 — a)
@, = tan { L (2.16)
-1 (Wz — b/2 — a)
o, =tan { L (2.17)
WPI :W1 + Lgph tan 051 (218)

sz :W2 + Lgph tan 0!2 (219)
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Wprl =W +L (tan 051 + tan 0(2) (220)

gph
HeWEW, A% afETAWT o8 a, " THEZTR > Fa=a,
o pIW, =W, o W, &#W_ 2 £ 58 W, ~W,dpk » B8 A8 LW iy
PR WP 2 et WL 2 EREBHTREW
REZANZ FZEF T ABE LD Lezw o AR ATREFZ
& #12L (Restraint Point) &_i= >t 41 ¥ &4 & & > Astaneh-Asl % 4 31 » — B 43
U kilzgz » BEAFAS RO BFER - REFHA LT, 2 &8
RRERET M T
U=C -G, 2.21)

NS

HY CEC, A B3R M 1 2R 2ehh? w2 £F B 4oF 221
ror oo d B 221 ¢ Ao AR E P Rl cEC, RiFR L
2 Bhas C 8 C4r 2 0 (222)% 258 (2.23)%7 7 ¢

C = ¢ + We,
' sin@cosf coslH (2.22)
D W
C,= = (2.23)

sin’d sinftand
HY CRt¥Edtfiaivghz RTpEH (JiF2 - %) D 5 B H &
b 3o ivghz 8 jRg (- LEF) o5 U0 R4 BEHE U<
AR RE o U=0> RFIMIAENEEZ REF o AT 452
mEGRT R L SN AREREF LS ABELIIL-

-~
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— Wpn projection line to
i column flange

iC
Line 1 Line 2.
t .
Clsin(0)cos(0) Point a
| ‘ 1
C, T Disin®(0)
C, l
Wei/cos(6) I
l legf[SEn(e) “ian(e)]
I, SUDEUURETE. AU N . 551 N IR BRI S R B e R R | R L SRR R R R BRI

N/
i

Wpo /sin(8)

'— W,y projection line to
beam flange

Bl 2.21 % # U 2 4257 & Bl (Astaneh-Asl et al. 2006)

(E) Lehman Medthod (2008)

WHEBSFBREFEI BT RHRBRAKZLIRL I AFL K
SPEARRABRERAFBEF LN REFE 2R EB R IFLA
FHH RSt A S 2 %"7 Foo gt 3 Nerr st ks B A
Srm %<t AR < A Ao Fte s FREREAE TR AR
ZRRTBpE S Rk o /- B AT TR 22 (Balanced Design
Method, BDM) * # &t Bt k33 R R 2 H g E A
VHEF A2 A R S TE S AR s R F Ko 4o Bl 2.6 477 0 #FIF1S)
M HEBE B2 FEL 8 BB EHEER (8t) - BDM ¢ » ¥ -

T =% 8 (Balanced Factor, f,,) KX EEF 2 5 4o 38 (2.24) H 12
f4n o2 AISC 4L (AISC 2005a) # “i8 * 2 it fhdicg » e AES £ 5 7
i

"J\‘—K 5«

,8 _ RbeybA\)
"™ R, F, bt (2.24)

HORLER LS AHEH IR S L HEAE T A SRR

ik
2 % % > b, % Whitmore 2 5 »x % & > F & F % ﬁ?i%'ﬁ—ﬁ”fﬁ%-él #
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2V R 0 E RO N (2.24) B A 2N (225) TR RH Y MR IR LELE
BoREUREEA T B,=10-

— RbeybAo 2 25
i ygp ygpbWﬂ ( . )
FEE R R 2.6 2 B FM G @ 25522602 (23R8
WP 2 A R db 2o 2 &7 & < ko
a’ :a—8tp;
¥—b_gt (2.26)
J— a,
=7 (2.27)
y' = a’sin[‘[an’1 (p tana)] (2.28)
wza'1—(%J (2.29)
; 2 a7
ﬂ =tan (7 NE ] (230)
I"'=/x"? +y"* + Corr. , Corr.=cCsin Scosa (2.31)

HY a¥bit iRgeF2Z L% a'ﬁ’b'k\ﬁlﬁff’fl}ﬂ%‘&iﬁiﬂif@%; Bl
26 COBLLBEFEAEA p o W2 4 WAL A R R B
w0 O BRI A CREPR RB L LGTR T AL E ERL X R Y
FEXAYFE? BRAFETRD C R AFENYR L - LFR S a s &
e oemBERTA2 L d G OB AFEIn jEY > IR 2 T
Bpr P83 TR - R &Gt - ¢ BPE RS ERASE
MBI BB EFR A B BB o
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25 A EF
251 wima

$-7548 £ & (Trapezoid Gusset Plate, TGP) z_ 3 &% #E4A 2 d (7 3

t mABEEREF T U FHA] A 47 % 2 von-Misses & B 4 A 1T FTEL
BE2 (MBEE L 2009 boBl 222557 - d BT HFR > o B3FHEHE
AT BT &S iﬁ*’éd’f‘_."lii‘30°£:}7§f% » 30 g2 B (7 Whitmore Section)
At s > S AR S RS #@”*79/%4%@ g
WP EREF L > TR E UARERS FE > R EAFRM FA
AEMBED G AR IMAE L 2 G g o

N

0.25% 0.50% 0.75%
S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
450
5
300
2350
200
150
3% MPa
1.00% 1.50%

Bl222 EQt BB e SBR4 AGE (MPFEE L > 2009)

B 223 2% 6 F FBRE848E d B 2.23 (a) * 5 R UFM
D7 2AMMBH AR AR R A > R R R TEIEEF
HF¥RARAIEHR HEAAREFL T2 HEFEMRE A3 Vi ARSI Y
(Roeder et al. 2006; Yoo et al. 2008) ; 4 Whitmore Method 371 5 »x % & &
BLBREME R AV AL 2 BB R AR A Whitmore Section
Mk EB B R ] 0 4B 2.23 (b) o AL s THERFEHRE
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{70 & 3 A7 AISC L (20052) 2t S 45 70 4o B 2.23 (c) & (d) #7
T B LicLE LR iR RS AL R 3 BEERLR R
SRR 223 (d) 2 B A F AR UK LA ] SHGEF TR F A
16 0 BT T #TT ot o

(a) (b)

Pseudo Buckling Line /\Z%

Withmore Width,bg

(c) (d)

/5

Withmore Width,bg

Bl 2.23 #7358 & 2 K4

252 HEi%k
" A%EA54% £ 7 (Rectangular Gusset Plate, RGP) 2 33+ ;% 2 2 d5 %

BRI mLa ko ”Pu;«‘r—l«}’;”}#’HL B R REKITEEFE LT REF
S ERAYAN LE TRELF-BAN A FERI* URM £F

4

BEPZRANEIEEFER - PBHERZEESA THR Y

(Roeder et al. 2006; Yoo et al. 2008; Lehman et al. 2008) %7 > d &5 3K 3t

=
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(Performance Design) BLEE » Hizik- 2 T k22 > % T riiicie (7
KR 5o d 22 9r R 48 6 1 BT Astaneh-Asl (2006) #7i&
A2 K BT E A BE - AR T RF 2 i’”%—?&ﬁaﬁiwh RS
FEE RS FEEN E LA AR Es (Lehman et al. 2008) o L34 > &
oy R s f’lﬁ”/«ﬁ% PHEE I LEI(B) TrEREFER
HHtt 24 AR E (P /Pom )’ B #F7 54058 2320

\

-

ﬂ. _ PTG Jmax _ Ry gp Fy ngt 2 32
J PTB,max Ry,b Fy,bA:) ( . )

R, B R, &S BEFHMPFHHLBR % FF  F_8#F, & 58

E s R KSR A G AL 286 f 0 W SR ERT
HE Rt A EREFELER

BEFATERD wE B f?‘ R e T2 Flof > L g
F’ (Astaneh-Asl et al. 1982) ¢ #% d1 &+ /4 (Linear Clearance, LC)
LC=2t v 4t ¥ ¥ R EF L3 VRGP0 4 AR T#ﬁﬁ;ztfﬁ,%

vi
FREERLAARAG S [LH AN B ML BB FRLAR L L5 2K
2o

%& S EH T i A (Effective Width, W) » H v F Z sz B or (7 5
ZEE R NFFFWRAFHNREF LR AL T F B BT I
FU% JEREFEAFHEMLIMRGT S ARGFF G wEL T &
RHle 7 1 e A H Z B8R EFIAE T e & EF AT EHRIE

Ao ded 2.1 A5 0 AT HCALE R e

%22 %5% o

#-3] TGP1 I #03) TGP3 1 & Rz &2 AR 224 R
FEromed s RRE (B,=12) #F R (,=10) T H0 RS
FELESREFHAFHER L 2B 2RE - FELS =11 3
TGP4 £ -2 TGPS AT R 2 TR BFZEF 2 BB RELER » £ 5 3

BEABKREF LR NFHZEF AT VR ELF2Z L7 5 13 TGP6
AHBARTETHBLF RS RAEARN D 4 BREFFE - T
TGP7 % #£31*Y#c % Whitmore & & » #-H 3B B F 125 & » 313 & 44>
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FERE 5 R &

eSB!

TGPl 2 ZA * ¥R > @ 27§

BE o st 2

iz £ gk p

o

RGP #4744 &

2 7z 2t /# ¥ =

’

F’,i.._

wal

LR PR RN R &R e
{3 2mfBlEa A

’ -ﬁﬂ’\—tﬁﬂ”ﬂ i"‘#f‘:{

F 2.1 A A7HCAl- T4

) _ W [N*bg] ty ) N
Specimens B i (mm) (mm) Linear Clearance [N*t,]
TGP-1 1.0 1.00 26 2
TGP-2 1.1 1.00 28 2
TGP-3 1.2 1.00 31 2
TGP-4 1.0 1.00 26 3
TGP-5 1.0 1.00 26 4
TGP-6 1.2 1.00 31 4
TGP-7 1.0 1.25 26 2
RGP 1.0 1.62 26 2
122 AELE 4 - T
Specimens Brace Shape Guss(er‘;II’nIS Size (n:fn ) (rrl;rlil) L/t
TGP-1 1012%x962 26 6182 73
TGP-2 1015%965 28 6174 73
TGP-3 1019x969 31 6162 73
TGP-4 1031x981 26 6130 73
TGp.5 ~ DH-330%350%25x25 1049%999 26 6078 72
TGP-6 1063x1013 31 6038 71
TGP-7 1100x1050 26 5933 70
RGP 1269%x1219 26 5455 64
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$ 5% APREHEREFLT ALK
3.1 Pz

AT ZPFEA SR IRz o e LRSS UL 0
AR ERET - SRR AR EF G U AR R A
Féiﬁﬁﬁﬁﬁﬁibﬁ i:&*ﬂ?im%ﬁﬁﬁ@zmMms
(2006) > 1z B AT HCAIE (TAERM R A 1T 0 U T A s et s A B

FIRAFAIT P D2 b B ARRER Y 5 AR TR
frd AL AR BHEA > BB - L ERRDERY hp TR RES 1T
A REAITRERFEL LG o WTRAE AT ET 2 AT
SRR R R S

321 #HWhgeE

AFEE AR 2% A5 U F AT 2 d 2 W o 2 ABAQUS #74
Edk B2 - F# a2 Ad itz fs it 27
jRdd FEZABAFHIBGPREZERPATE LHRAE > T2 A
1ARFMRTEFN SRS EEET 2 A8 - ABAQUS A 45
FREB ARG A BATRES (U 2478 e (ABAQUS/Standard) ~ & 3¢
&7 (ABAQUS/Explicit) - £ — i % 18 a2 fice. (ABAQUS/CAE) %
o = ’ﬁiF”*Z?“ ABAQUS/CAE # 7 A 45 % {5 e B2 &8
ABAQUS/Standard s* -8 (7 HA A 47 0 B0 A S {8 adi i e Bl A
e o

ABAQUS/CAE

ABAQUS/CAE (Complete ABAQUS Environment) #» ABAQUS 2.

u\
s
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SRVERBE RS o H e AR IR RTECT i AR
a%%ﬂ%(%é@ﬁ)EQJo%ﬁaﬂﬁ ’mﬁﬁ;é%»wiéﬁ

EHZBRAR TEE AL L EF TR SRR R CTERSE i e
T E o ‘T”ﬁ4*kﬁﬁéﬁ%1nﬁEB%*f*’iﬁ#ﬂﬁﬁaiﬂd’W?H
AA v (Visualization) #-ie* 12 B & $72. % % - ABAQUS/CAE » ¥ §_d
10 B # i $o2 (Module) 7= » 4oB] 3.1 577 » 12T w4 10 B

B30 A G882 A 170

o Mt [Part] I L2 A BHEINE L HEE T &
ABAQUS/CAE %5 ™ 2 E}’w& F 1 EZFEREINE AT T2 B E
R~ 202 & o Ag sk o

e [ [Property] : B & 382 ML BB R R E 2 e A

2HCAIZ AR 0 Bl B2 S s B s SRR RS

>R (& F oo

-rx\i«

-\
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2 % [Assembly] : # 7§ — BHAI AT > 3 Part fre T2 2 L

FRiE > L3 Assembly Hrle T TR K o - BHRAI T E 2 N

EERZEATF - B T EEH T A T2 BT o

© A4 [Step] - * A A e A ATH F L o BGOSR
(Output) m& 2 K T > T THRASFTL 5] -

e 23 i¥%* [Interaction] : 3 K TATHLA| Y 2N X X B2 3 F S
AR PRI IEd 5 Ry ff)E EffLRE

© {4 [Load] : pHre T 2 R RATHOR L g i & AP LA S
R O W e

o 4t [Mesh]: 222 A2 4 LA RRA B2 1 E > E L ET X
TR 2 AR A R A TR E o

e F¥ [Job]: § TAERBAIZ EAMFE I P iCmER S 0
TP EREN TR A TSR

* ARE i [Visualization] : €_5 {6 /@2 fim > HiEL 7R =

FHAZ AT R ORART 0 ME R TN TED

R
¥ [Sketch]: B * p friest = 2D WA AT & M EA2G

FAIF PSS A8 3D

ABAQUS/Standard

|

BRE A ITEALY O Z B RS IOTHES | B S R E 2
(S RZ o W id2 % 4 ABAQUS/CAE T 7> 75 1+ 2 szt 2 » &7 Kehd
¥7 - 3 B 2 ¢ ABAQUS/Standard 4 #7 i % k3 B & Rz

ABAQUS/Standard = §_ - *Z M BiciE chA frficie » H g £ b i &
(Newton-Raphson Method) 2 #p i%-3 & /% R|:& {7 Kf2>m gt iF;2 77 ¢3¢ &

g@ﬁﬂ@ﬁ+ﬁ@@%ﬁ’%;—@ﬁﬁf SRR € A
B 7l « Apr 2 e F 4 ~F 4 Rt e B
éaf»fam i -

*;@,
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322 ~HHEIELTRAEEE

yas TR A A B 0 A M 1 AE 2 AR
B BP R AR 2 AR ¥R = > BH-350x350x25x25 (mm) & A
HHHE e 0§83 2 4 5 0600x600x30x30 (mm) - & 3
RH700%300x13x24 (mm) - 4&& 4 ¢ 1R FE7 b $8km 5 973 o &
T A %Tﬁ—ﬁ”f#”" 2B o A ATTRE ARG R AR e R
3.1 47 0 B AP T HRAF N T &S ’Eﬁx‘%fﬁﬁ—ﬂ'] » T L F 2 R
AR FF A B %.?;’14:" EHEFAP NEREER R R Y LT
> ’f’?ifiﬂ‘]@‘i AR 0 R IR 32 AT A i 2 BB GE (T o )?ug
BLirz &l;ﬁ;‘f#ﬁﬁ‘: Mo B AR R T R AR AR
‘*Kl\iﬂf"}”f"f&' ﬁt‘ﬂ32”r‘r o 2 PR T A RS RN e 3R
g RS B GF A (STEP) 2%k % » AFT 7 34
TA el o w2 A E B 4 (Static) o TN gt PR R TR
B ARG E AT TR Y L B PR B i 3F ATC-24 (1992) ¢ 5tk
ﬁiﬁi;ﬁﬁﬁ AR EM TR PEFRE oW 330 AT 2 A 4THCA B B
FIAECK I 207 Vf*'%’"’}# Ze A NP 2 4»!4:;%;}%4\ 2RI 0 @ JL:n.}é] ¥ e
#EkEAFE e ¥ L e 2 B4R 3.4 007 o 95 B G E A
%%ﬁﬁiﬁé%%i(A%
Al 2 f R i 2 B U €5 40 2 5 Load Modules T 34 {7 > i F &1k
T B A Ao B] 3.5 T o AT RERACET B AT R B
e e 2 47 ) FF  (Structured Technique) i {720 » R F A 5 v = 7|
(Quad) » 2w = A3 o178 P 7 5 D BFHLH Jrar 735 - FIE
FHt g &4 Rk IRPFEATIHA  EHE RS AP ARG
&35 R A8 4 47 (Buckle Mode Analysis) o ABAQUS z_ & B H-je 4 45 2
FOF A R AR RI A AT AR R T AT 0 AT 2 EOR B AR 3.6 47T o
FREEREAS L N FER e TE S 2T E > L N OB
o 241 2 F Shik (Edit Keywords) = 54§ » 4~ 4% Fnfe (Imperfection,

(w
"

\

T
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IMPF) 4~ 4pd Falt 2 A £ R 2 + A2 - (AWS D1.52004, Uriz et al.
2008, Ffif ¥ 2005, FF ¥ 2008) o 1A AZHE 1/1000 HHE R 2R 5 R
Rl ot Gl 42 1/1000 T 1/2000 (Uriz et al. 2008) > 7§ &L 354414
AT A Aeak Rt 3 1/500 HEH R R 4ot & e dedk FmE (Jin and
El-Tawil 2003) « % ¥R T2 2 A2/ 1 > PREFHSHA 2 22RPEY

A AT AT R AR T AR (T 1S IR

Assembly

Brace
Member

Assembly

-

3.2 A5 Halim k2 % o
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LA I T T il
A R | ¥
g I I :L:L:z: :iSt Drift, @ (%) Cycl
S 2———NumberonycIes. 2T Froiiee 69 o
I2I | | .
AN ——————L—— ——L——6——“ “ 1H! 0.50 6
(=) | |
gl IR TTVTVL LTI TN HET I
= ”””vvvvvvvvvvvvvv o
______ ity o 2 8 21013 (0 2.00 2
E\ | | | | | | 3.00 2
R S S 111 RTINS
@ A Ry S it A 1
| | oo |
_4_______L_____L_____L_L_L_L_L_I
v
Fl3.3 §1 & =4 frpF R
A _Pob Rl
" A -E, E,
s_ A
Cosox

B34 & Ff

Qzé,andH =L, -sinx
H

= A=cosasina-L, -0

S o AR B R 2 M G
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Lateral Support

Pinned End

B35 W2l Eh e s

B 3.6 H-A) R BB A 7% % (Mode 1)
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323 ArBREHELF

WREAFELF VA FLAEE > FFEEEF BRI 7
R ERATECATE R EARY XA R RS T APRT RS BAE
FRIZLPF TaGHIEEHNLTL c SERFHAPTRER > 2Py
ERL A A2 RBHERSE (AR) MR HA AR R
(Richards and Uang 2005, Yoo et al. 2008, %5 ¥ 2008) - 4-[] 3.7 *f7 » i&

Apag- = Rags 6BApd Ro3F 3BTHpd RZE2 3 BHEpd R
R ZHRFHAEZZR ¥ RS DA 17 F S Tacfi il A8 0 Kegh
B2 A RRY RF T ZREER e B - RS RS R
B E # * 200,000 MPa > % = P& g R % ko 4T 1 hiFa) 0 a1
2 RA I HCEE, % % 1%E, (FF® 2008) o 4ot 3.8 F o R EF L
AFHEH2Z/RE? BRI Z2EE 2 FHER~FHERESH 2 5K
oo E R S A A M L B RR S o

X

displacement and rotation

/—\ . degrees of freedom
Conventional shell model -
geometry is specified at the reference surface;
thickness is defined by section property.
Finite Element Model Element

structural body
being modeled

displacement
degrees of freedom only

Continuum shell model -

full 3-D geometry is specified;
element thickness is defined by nodal geometry.

Bl 3.7 ABAQUS i # ¥ &~ % Z 7 L B

ABAQUS &~ #78c%8 ¢ 3% & 7 YR ey ks B B (I ol O ) T m”ﬁ A
o A 1 i3] (Isotropic Hardening Model) ™ %2 f_# A i # 3| (Kinematic
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Hardening Model) - & >t &5 3 S A FHEH 2 F R L7 5 > K TH
Hlz R A A A F A o A FR AR A B F KR A )
P RS G AERIFS ) PAGR A B FRTANRS ZEY B d
AL R R w T U E RFL Y he R -

9
1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

0.01E;

For Brace and Gusset Plate

I
I
I

g, &,

B 3.8 stz = RERA-BREM %
324 itttk

Mises % & R 4

RS 7 5 2= 0 #A1* Von-Mises " RER| T 2 % @4 (Mises
Equivalent Stress) 4 i 45 it AL F 4 3% & 7 RFR > H L xdoa ;0
EE

/3
O = Esijsij (3.1)

e S =0,+p5, > p=—1/30, * S, % K&+ % E (Deviatoric Stress
Tensor) ' o, & &4 # 2  pEFZRE4 >0, » = B p B (Kronecker
delta) » ¥ - H =& o ﬁﬁf?'ﬁ Yoo % 4 >t 2008 2 2009 & #7%F £ 2 Hp
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TR 4 P 2 00 ANSYS 7 Uo7l Z R4 KRBT RS ERA T
im0 11 AST2 G50 2 4+ 5 6] 0 ABALYE k5B 5 345 MPa > B
5 B % 447 MPa % & )& 4 17 12 450 MPa (Yoo et al. 2009) °

FEFP RS (PEEQ)

o *%ﬁi’ﬁﬁiﬁﬁi'ﬁiﬁﬁé PR ZRMEER (FR32352ZAFK
K) op Al MRS F S AR RERE S g 22 R AR
BREFZFLIREFIFRAEZZDATFREVEEEL o FIN AT
* Eani M4 g% (Plastic Equivalent Strain, PEEQ) (El-Tawil et al. 1998, Yoo
et al. 2008, Yoo et al. 2009) ™ 3FiE ] E2ERPIFE PR F T 2 B¥
FkBATPEEQ= 38, &g » 183 w2 ¥R § PEEQ A%<
R Y- IR S R el oL = S

B4 45 # (Rupture Index, RI)

3 EY ¥ (PEEQ Index) & /&4 = $h/& (Stress Triaxiality,
ST) 2 g * N7 F il »2HY STELZ 4
i B E & B 2 2 & L Hydrostatic Stress O'm.éi’ Mises Stress &
2 & (El-Tawil etal. 1998) = % ST 4% 0.75 22 1.5 2. ¥ » T % th= phk »
ERERHPE SR BARELFRF ST R L5 B > TF F24 F o
ZHhAE > g7 RMEF AL cRIZ A T4T !

Rupture Index = PEEQ Index 19
exp(— 1.56_”‘j (32)
c

BAERRFIH4

1955 AISC 2005 @t B4 0 200 HoR oo AL 2 2 AL 4R+ 4y PF
e v 101 20 3 RE- > FERAFHE93 3 5% R > B
4% "R T Ty B ERFCHS &2 TR AL ZPHE LT B

Bl G2 E

4



3.3 EHAERE 2 AT ST

EEM G UG a2 2T HR AR L R L AT EIER
T iRAT SRR PR R 2 RS AT R FRERTH
M2 7L G AN R R o Bk T
Sl EA ARG i gl e ST /\’}’?%%TGJ}’ v ERE AL
R SRMAING L2 A4 o AT LFT TR £ A 47808 ABAQUS
4"%’“?#%2‘ SR EREF RIS MEERY C FETHEY
FERERAFREHEREFRELNFF LI R 5 - RT= B
B REFEAFESRAVE (B) FEFLTA (W) BRER
BHRELER (LC) Bt a RIL B 2L 5 > £t 215 % 1T
BN Y RS Ry e

RIS

\\\Xr 5‘5‘ H-&-
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B, =1.0,1.1,1.2

LC=2t,=52,56,62

(b) #-3| TGP1, TGP2, TGP3
B, =1.0

LC=3t,=78
%

(¢) -3 TGP4

B, =12

LC=4t,=124
%

LC=2t,=52

(e) #-3] TGP6 (H #-3) TGP7
B39 8lesriiilz&Es T iH
8l A2 A HHE I REFRET LBHCR 3.9 717 0 3 %
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AT A e 8] 3.10 7 o BRI 2 HOR R A 4740 B 311 rr 0 B % - B
R AFHHA S Ho 2 5 AR 0 Lk FhA G g
REOTIRE 2 B ORER R o T A RRIAFELRE S I RAFEE A
#7 hedt A o IMPF 3% 25 ,:«'%ﬁ&ﬁ& B (L) 2= 1/2000 o 12 ™ %2424 & 45

B 3.10 8 &t *TA47HA
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U, Magnitude

B 3.11 £ A AFHH AL (Mode 1)
331 %#p ¥

B 3.12 = 3] TGP1 ~ #3] TGP2 £ 44| TGP3 2 4#-754% & ¥ Mises %
BERA AT B2 Kk AR 5 350 MPa o #& Mises & @& 4 = 350
MPa - & 5.5 % B o #034] TGP1 3 1% 2B B B s o 4 32 845 b 300
kA2 (<BS0MPaz 4 % a) o ME B B 4r 0 k30 R TR D o Fn B
FRTOHFNEREF T ORI ZFEH < HE] TGP3 Flhe 24 55 & < 304
1288 ;5@4 B S b A AR BT TGPL kb 1% 35 R
BEgEpRe] > X4 FREIS3 S FERHREFLBERE S o

B 3.13 % #°3] TGP1~ #3) TGP2 £ 4] TGP3 #2154 & 4 2. PEEQ 4
B o d BE T o H7 TGPL >t 0.50% 558 & B =8 & pF > 758 &
¥ #53f 2 PEEQ 42§ 4 Yoo ¥ 4 & 12 e (PEEQ>0.065) & 7% 4
P AR 3E A he B R 20 F a5 03] TGP2 22 503 TGP3 b PR L™ - 19754
EF2 f,>107 > B Fe 2 PEEQ w AL P HEE » R NEA4 Fé“%fiigf
3 0.75% AP > 24 F 45 2 PEEQ © A P HEE » BT 0t 2 H LR
AR RA KA TG BF AL FHLT I o W 304 5 H03 TGP~ #03
TGP2 £ #-%] TGP3 £ 4§14 2 PEEQ 4 1 B> H B 7 >0 b % K B 248 & 4%
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58 & (Fell et al. 2009) ™ » AFHEH <8 X BREFH PEEQ & ¥ A4
283 (MBFE & 4 2009) w57 S| TAFHEH TR EFREWIT > HEF
Pro b, AR LR BENEXET B LET IR AAL YT

);’gj °

B=1.0
30°
o
0.50% 0.75% 1.00%
Model TGP1
0.50% 0.75% 1.00%
Bi=1.2 Model TGP2
30°
0.50% 0.75% 1.00%
Model TGP3
S, Mises
SMEG, (fraction = -1.0)
(Avg: 75%)
450
385
350
300
250
i
130 MPa

47



0.25%

0.0023
Elem: TGR1
HNode: 1316

Maic:
13418

PEEQ=
0.0023

Maic
Elem: TGR1
HNode: 1316

PEEQ=
0.0708

134186

e

PEEQ
SNEG, (fraction = -1

)

-
M ofiT0m

0.50%

e
A

-
a

Py

s o011

PEEQ=
0.0008

Max: Dfi2e8

PEEQ PEEQ
SNEG, (fraction = -1.0) 0 SHEG, (fraction = -1.0) 0,
{awg: 75%) 0.25 A) _ {Avg: TS%) 0.50 A)
0.0008 0.0323
W ;o007 | yery
3.0006 L 00351
220005 00215
0.0004 00180
0.0004 00144
9.0003 90108
9.0002 90072
0.0000 0000
Mas: 0.0008 Max: 0.0323
Eleen: TGP3-1.3522 Elem: TGP3-1.3522
Node: 1344 Node: 1344

PEEQ=
0.0323

TGP3

P

Max: 0rfinog

/
Mae: 0323

i

I

EE

® 3.13 #-3] TGP1 ~ #-3] TGP2 & 23] TGP3 2 # PEEQ ~

(Compression)
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Compression

TGP1 TGP2 TGP3

lb I6 | 2.1040

Tension
B 3.14 #-73) TGP1 ~ #2%) TGP2 7 #-7] TGP3 2 %’"ﬁﬁ PEEQ 4 i

BT A R (AISC2005b) * g k-2 R T Z REBEF 7
A4 BE ERAEAB S LR 3 & (Yoo etal. 2007) 0 ik &
z_ ;F.‘jglp}ﬁ:{ —\‘.@4 gé)iéﬁ—kf‘,?,ﬁai;}';*#ﬂ}jy‘ ”Eﬁp;}%% ‘\}@4 gé)i o j\,};ﬁ;ﬁy‘
#42 TGP2 (B, =1.1) 243 TGP3 (B, =12) EH R EHF 5 A 2 A3
TR A R ol WHAR AL BRAAFERE S BRE 2 d A
AT T REd RIS R REFEY A ER 2R Y
Bo AR Y L SITENITR R AR E 4% BRET
Fli £ 2 phd £ F £ (Axial Capacity) ﬂ*‘éi:f?ﬁﬁ H¥ AP AT
Mz ghd - REFEAFHEHA LMD § E T A TR FHIA
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g Ea BB M 40F 305 507 o d B 3.16 e 0 E - B i
ﬁ£¥%ﬁ:3@#%ﬁbﬁﬁ P AFEHL AR BFe B
AR 05% RARKF S ET AL FMEA > FRARARE

Model TGP1

Model TGP2

Model TGP3
B 315 3E#A2#an 5 (F&L)

12000

TGP1
L/r=73, t;=26 mm

8000 —~W=1.0bg, LC=2t,

4000

Axial Force(kN)

-4000

-8000

2 2
Story Drift (% rad.)
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12000

12000

TGP2
L/r=73, t,=28 mm
—W=1.0bg, LC=2t,

TGP3
L/r=73, t;=31 mm

8000 —W=1.0be, LC=2t,

8000

z z
X< 4000 < 4000
Q (9]
b o
(o] O
(TR L
© ©
% 0 g 0
< <

-4000 -4000

-8000

-8000
-4 2 0 2 4 -4 -2 0 2 4

-Story Drift (% rad.) Story Drift (% rad.)

B3.16 3 efdlz dhe L2 KR8 LM R (58P

3.0 AN B4 & 47 2 44 Ry 58 R 3% AISC-LRFD g3+ 5 - ALff
HH OB 38 B 5 kR 2005 # 2. AISC-LRFD 34 > 3 & 7 2 45 5 B - ¥
Plag* 2002 # AISC-LRFD 42 » H A H 4 dhe 55 B35 H & 7 4o 3
(3.3)# 7

Pos = Fa A 3.3)

He P A AR AAER > F,, Gy A4 0 AR 24

oo B 23 B R 2R g By B Ry o & e N (3.4) 9707

For "o <471 |5 (or F, >044F,)
ry Fy

Fy
F., = {0.658 F }Fy

For “t2 5471 |5 (or F,<0.44F,)
F
y

(3.4)

ry

F,.,=0.877F,

$o S Fo=a'E, /(KL f o B 5 i fre e d 203 £ T
Fem A APRIGER T s A e (KL /T,)
2.3 B g 20 K=1.0 0 # &  3 Ay 38 R 2031 8 dost 3.5 907

Pro = FaoAe (3.5)
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R

2 Wz g ; 2L
‘:Aﬂ ‘%F }3 ’ri"&ﬁ"}l ?E Fcr,g?\ |4

g r ARSI RR R SEEFRYEARS A FE
§ % 4% AISC-LRFD 2002 2§ 7 11 fm &

L j,c AN

P B B S o AT A2 R (3.6)5 T

For A4 <1.5
F,,=[0.658°F,
For A4, >1.5

10.877
12 j| Fy

F

cr.g

HP o273 rnmk

w4, =(KL, /ar)|JE,JF, » 8 #idz ¥ 2

(3.6)

Ks 123

~

EHF T HREG PRA) M RRE A RA o d & KT HCE TGPL ~ #03
TGP2 £ 4% TGP3 *M4p I fmE vt 22T 5 %8 B 3 40 o Tk & 45 5 B 3 o 5 >

AL A P AR o

12000

8000

4000

Axial Force(kN)

-4000

-8000

TGP1
L/r=73, t;=26 mm

-4 -2 0

2

12000

Story Drift (% rad.)

TGP2
L/r=73, t;=28 mm

8000 —~W=1.0bg, LC=2t,

~
b=
X< 4000
[
o
I
o
('R
©
= 0
<

-4000

-8000

12000

TGP3

8000

4000

Axial Force(kN)

-4000

L/r=73, ;=31 mm
—W=1.0be, LC=2t,4

-4 -2 0 2
Story Drift (% rad.)

-8000

52

2 0 2 4
Story Drift (% rad.)



F3.06 3 fials ph L84 T inft &8 AF (345

231 AFHEHEREF L RARRETE

P LRFD P LRFD P LRFD

Specimens LC oo TP e
r (kN) (kN) Pr

TGP1 73 5837 8015 1.37
TGP2 73 5843 8735 1.49
TGP3 73 5852 9807 1.68
TGP4 73 5876 7819 1.33
TGP5 72 5914 7608 1.29
TGP6 71 5943 9365 1.58
TGP7 70 6020 6956 1.16
RGP 68 6364 4505 0.71

Bl 3.17 % 3] TGP1 ~ #03) TGP2 £ 73 TGP3 2 5 & ¢ % 4H » 7 %
W3 Al @ WY 400 457 TGP ~ 53] TGP2 # 3] TGP3 2 kn &
Wk s 730 Kiﬁﬂjii\‘gﬁ  FEERE B RNEZ 4 o 4 3.2 éi"—lﬁ}éii\"ﬁéfi’;—'ﬂé;
L2 g0 d Lee 2 Bruneau (2005) #%& 11§ H-Al4h 2 A4 m & v
REBYOPFSHABRFRFREZEELZ 8% W AEy P AR 3 i)
2 MR SRR S TR D B HA R 0 15.2% 16.5% d A 452 A HEH
GO BT LB 30803 B2 A 4% KRR B ET
+F15900mm 2 & R G RAFHEME R L 15%- 0 BEFLG R
258 0 K B A5 & BRI 319 BEr 0 d 20 HCT) TGPl 2 b B & FA A 4
By G b B R BAeY 4 200 mm 22 G hEAE 0 ik 3.2%:5

BHHHER -

Fo 3.2 A AT 20 3Ry 5h R AR R 1S 58 R 2 R

P ABAQUS P ABAQUS crA,i'zSthuckling
. cr,Brace cr,Post—Buckling ABAQUS
Specimens (kN) (kN) PCE OB/r a;e
0
TGP1 7150 1100 15.2
TGP2 7279 1169 15.9
TGP3 7256 1235 16.5

53



TGP4 7138 1071 14.8

TGP5 7132 1070 14.8
TGP6 7307 1206 16.2
TGP7 7318 1214 16.4
RGP 7308 1198 16.2
12000
— ¢ —TGP1
—+— TGP2
8000 l-— O~ TGP3 1t
g 4000 |~ -05 E
£ <
8 0 0 <
<
-4000 [~ 405
1 1 1 1

-8000
2 0 2
Story Drift (% rad.)

W 317 3EHA2Z %A AR (50

1000
_ TGP1
£ L/r=73, t,=26 mm
£ g0 W=L1.0be, LC=2t,
c
[«5]
e
3
3 600
o
2
o
o 4004
C
K]
o
5 200-
5
(@)

0 T T T T T

-4 -2 0 2 4
Story Drift (% rad.)
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1000

800 —

600

400

200

Out-of Plane Displacement (mm)

TGP2
L/r=73, t;=28 mm
W=1.0bg, LC=2t,

-4

T T T T T
-2 0 2 4
Story Drift (% rad.)

1000

800 —

600 —

400

200

Out-of Plane Displacement (mm)

TGP3
L/r=73, t;=31 mm
W=1.0bg, LC=2t,

-2 0 2 4
Story Drift (% rad.)

B 3.18 $4f, ™ 3w il A e RGBS KT oA L M 4F

Out-of Plane Displacement (mm)

Out-of Plane Displacement (mm)

250
TGP1-Up Gusset
L/r=73, t;=26 mm
200 . W:]..ObE, LC:2tg
150
100 —
50 —
0
Story Drift (% rad.)
250
TGP2-Up Gusset
L/r=73, ;=28 mm
200 . W:]..ObE, LC:2tg
150 —
100 —
50 —
0

Story Drift (% rad.)

250

200

150 +

100 —

50

Out-of Plane Displacement (mm)

TGP1-Bot. Gusset
L/r=73, t;=26 mm
W=1.0bg, LC=2t,

Story Drift (% rad.)

250

200

150 —

100 —

50

Out-of Plane Displacement (mm)

TGP2-Bot. Gusset
L/r=73, t;=28 mm
W=1.0bg, LC=2t,
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Story Drift (% rad.)




250 250
TGP3-Up Gusset
L/r=73, t;=31 mm

200 - W:]..ObE, LC:2tg
150 \

TGP3-Bot Gusset
L/r=73, ;=31 mm
W=1.0bg, LC=2t,

Out-of Plane Displacement (mm)

Out-of Plane Displacement (mm)
= N
3 8
L L

100 100
50 50
0 T 0 T
-4 -2 0 2 4 -4 -2 0 2 4
Story Drift (% rad.) Story Drift (% rad.)

B13.19 8,7 3 o2 s R E KT LM AR

332 $#&LCH $8W 2 B

#3) TGP4 ~ 3] TGP5 2 #-7) TGP6 2. & & s # 4 % 575 5 B 3.20 #7
T BB E#EE 050% RAE I 1.00% %A EFH-A TGP4 £ 44 TGPS
(B=10) LCH I 4t BHREFTFRIZ AIVERFEAL (e F
By d 7V LS LC b F 2 BT 2 RF W EWE ARG Lo
#-4-3) TGPS 2 B, # 5 1.2 7 5 43 TGP6 » *M4p ke LC T » 43| TGP6 **
1% SR AEERSEpEY AT B R_FEAL Y TGPT 2 £ E /R4 A 4
Bl 321 #7723 TGPl AR ™ » 2 £ F - FHEEF2Z B AW H 4T -
WEBFEHE 150% AT B EREFN AT ERAL o A i T
FI g wmEFREENF  BREFZ BB REBERE | H 2 BHREFE
BFv R EAFE AL 6 PRI R AR EF LG
BRM A HRBIREFLRA -

B 3.22 % #:4] TGP4 3 #:4] TGP7 2 $-254% & 4 PEEQ 4 & B » % 77
B3] TGP4 22 #°3] TGP5 2 0.5% R A R =H 4 7T BREFE T2 8L
#3f L PEEQ = 2 N P HEE - 3 HLC A 5 o f LCH 4 4 3t frdt i &2
EFERE 2 BELE 2 ¥HF K52 8~ » PEEQ d #73] TGPI
(LC=2t) 1 0.0708 #{4c & 0.0823 » % & H 4 LCH A4 &+ 2 p* ¥
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Al Re o RS EL LT & H3 TGP6 5 4, =12 LC=4t>
BB H AT 0 050% AR BB S AR REF ST RS R
PEEQ # & i@ p » e & ¥ o & 38 3 0.75%35% & F¥ » o & PEEQ © #{
023> & B2 hVUHBREFERT 2 BREBEAI AR A - B 3.23
= #-3) TGP4 ~ #3] TGPS ~ #-3] TGP6 £ 4] TGP7 A #4441 2. PEEQ 4
W HEF R ETEHE 4% RAET AR LR RS
PEEQ &% 2421 2.83 &% A4 -

P

0.75% 1.00%
Model TGP4
u g
0.75% 1.00%
Model TGP5
0.75% 1.00%
Model TGP6
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B 3.20 3] TGP4 ~ $i-3] TGPS & #-73] TGP6 2. & EJi 4 A 1% Bl

B 3.24 3 #-4) TGP4 ~ #7] TGPS ~ #-3] TGP6 £ 3] TGP7 2 % & Jig
AR THERT 3 BR AL 1 BRGNS Lk ¥
2BHEAN T TREF L oI MBREFTREVIT RAFEN T R
MEE L o e P E BB E X SR 7 RLAE 325 2R 3.26 i\—g,
LCH LT R TR " TREF ] RERS RE N AFLY FH
EARTERY FVRAAFHEH ZpEES CHAWRIT G oonik B FHR
o MR EF RING L TRE o B 327 5 4 i3 T ERT =
HBAMGE > TYFREG PRV E YT EOAFHEHERL 15% L .
Bl 328 2 329 ZéF 2o R EHEF S LR ¥ F AL
TGP4 ~ #-3] TGP5 &%) TGP7 *td * kB o# & 53 4 ¥ E R RN
oo BF R FLBEFAINREA P ATFINE 4 KRIRK R A AL o T
1A 32%AFHHE R 2 hHE 0 1 TGP6 F1 5, 2 # B T £ H

£ 2 (Th odrd 32977 0 4 BB R A B A E 4% RR L
Biisam B K 5 Bk e hse B2 14.8%3 16.2% °
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A

0.25% 0.50% 0.75%
S, Mises
SMEG, (fraction = -1.0})
(Avg: 75%)
1
0

1.00% 1.50%

B 3.21 #3 TGP7 2 &£ B4 » 1% Bl
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PEEQ
SNEG, (fraction = -1.0)
)

Node: 1800

PEEQ=
0.0026

29
Elern: TGPS.1.3384
Node: 1304

PEEQ=
0.0029

Max: 0.0013
Elem: TGP4-1.3442
Node; 1384

PEEQ=
0.0013

PEEQ
SHEG, |

[

Max: 0.000036
Elem: TGP7-1.3598
Hode: 1368

PEEQ=
0.000036

Max: 0.AANNEA

0.25%

PEEQ
SNEG, (fraction = «1.0)
(Ewg: T5%)

Max: D066
Elam: TGP4-1.4924
Nade: 1800

PEEQ=
0.0766

TGP4

PEEG
SNEG, [fraction = -1.0)

0. &
B
0.0000
May: 0.0823

Elem: TGPS-1.3304
Node: 1304

PEEQ=
0.0823

TGP5

Ma: 0.0418
Elam: TGPE-1.3442
Node; 1364

PEEQ=
0.0323

TGP6

Maw: 018

PEEQ
SNEG, (fraction = -1.0)

0001709

0.000000
Max: D.016099
Elem: TGP7-1.3598
Node: 1368

PEEQ=
0.0161

TGP7

.//
.

0.50%

0.50%

0.50%

Bl 3.22 #-3] TGP4 ~ #-3] TGPS ~ #-7] TGP6 ¥ #-%| TGP7 2. £ & 4 PEEQ
AN
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Man: :, Man: , Ma: 1

I . 1 Max: 1.5‘! 4

Compression

TGP4 TGP5 TGP6 TGP7

22134 l Iio |4
|

Tension

B13.23 4 o032 A H PEEQ 4 i Bl (4% 5% A& IDA)
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/
\

/
!I\/I del TGP6

0

~Model TGP5

w i

|

‘Model TGP7

B 3.24 4 2{ A2 k7 i (£8LCEW)

12000 12000
TGP4 TGPS
L/r=72,t,=26 mm L/r=72,t,=26 mm
8000 —~W=1.0bg, LC=3t,4 8000 —~W=1.0bg, LC=4t,
z z
X< 4000 [~ X< 4000
] ’ 3
<] l <]
L {21 L
K] o ——2 1] 8 0
z — ] E
-4000 = ' -4000
-8000 | 1 | -8000
-4 -2 0 2 4 -4 -2 0 2 4
Story Drift (% rad.) Story Drift (% rad.)
12000 12000
TGP6 TGP7
L/r=71, t;=31 mm L/r=70, t;=26 mm
8000 —~W=1.0bg, LC=4t,4 / I 8000 ~W=1.25bg, LC=2t,4
s / /// | s
X< 4000 [~ < 4000
: WiV
: iaa
-g 0 I -g 0
< | =Ll < //]]
TSI ey TIN
-4000 — -4000
-8000 1 -8000
-4 4 -4

2 0 2
Story Drift (% rad.)

F13.25 4232 b P ELER

62

2 0 2
Story Drift (% rad.)

4R B (2BLCEW)




12000 12000
— ¢ —TGP1 — ¢ —TGP1
—+— TGP4 —+— TGP7
—_ 41 41
gooo |-— H1= TGP5 8000 [~
—A TGP6
= z
% 4000 |~ 105 :L;é, 4000 = 405 =
g <P <
= L — [T
g 0 o <& 0 0 <
< <
-4000 = 405 -4000 — 4-05
-8000 l 1 -8000 1 l l 1
-4 2 0 2 4 -4 2 0 2 4
Story Drift (% rad.) Story Drift (% rad.)

B13.26 4 wHA2 %R ¢ 2AF (28LCEW)

1000 1000

— TGP4 — TGP5
E L/r=72, t;=26 mm E L/r=72, t;=26 mm
: 800 — W:]..ObE, LC:3tg : 800 - W:]..ObE, LC:4tg
C C
D [<B]
e &
8 3
& 600 - & 600 -
o o
Kz 2
a a)
o 4004 o 400
C C
o S
o o
'S 200 'S 200
= +—
> >
O O

0 T T ] T T 0 T T T T T

42 0 2 4 4 =2 0 2 4
Story Drift (% rad.) Story Drift (% rad.)
1000 1000

_ TGP6 — TGP7
£ Lir=71,t;=31mm | € L/r=70, ;=26 mm
—  800- W=1.0bg, LC=4t, = 800 W=1.25bg, LC=2t,
C C
[¢5) [«D)
e &
8 600- 8 600-
8 8
o o
k2 k%
o (@]
o 4004 o 400
[y c
K K|
o o
S 200- 5 200-
L )
> >
O O

0 T T j T 7 0 T T T T T

-4 -2 0 2 4 -4 -2 0 2 4
Story Drift (% rad.) Story Drift (% rad.)

B 327 #8LCEW ™ 4 2 A AHHEM G RV E KT 8 LY LF
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250

200

150 +

100

50

Out-of Plane Displacement (mm)

TGP4-Up Gusset
L/r=72, ;=26 mm
W=1.0bg, LC=3t,

250

Story Drift (% rad.)

200 —

150 +

100

50

Out-of Plane Displacement (mm)

TGP5-Up Gusset
L/r=72, t;=26 mm
W=1.0bg, LC=4t,

250

Story Drift (% rad.)

200 —

150 +

100

50

Out-of Plane Displacement (mm)

TGP6-Up Gusset
L/r=71, t;=31 mm
W=1.0bg, LC=4t,

0 2 4

Story Drift (% rad.)

Out-of Plane Displacement (mm) Out-of Plane Displacement (mm)

Out-of Plane Displacement (mm)

250

200

150 +

100

50

TGP4-Bot. Gusset
L/r=72, t;=26 mm
W=1.0bg, LC=3t,

250

-4

0 2 4

Story Drift (% rad.)

200 —

150 +

100

50

TGP5-Bot. Gusset
L/r=72, t;=26 mm
W=1.0bg, LC=4t,

250

-4

0 2

Story Drift (% rad.)

200 —

150 +

100

50

TGP6-Bot. Gusset
L/r=71, t;=31 mm
W=1.0bg, LC=4t,

B 3.28 4#clC™ 3 A2 L5 8

64

Story Drift (% rad.)

g B A kB )




250 250

= TGP7-Up Gusset | = TGP7-Bot. Gusset
E L/r=70, t;=26 mm g L/r=70, t;=26 mm
\: 200 — W:1.25bE, LC:2tg : 200 — W:1.25bg, LC:2tg
c c

(5] (5]

IS £

3 8

3 150 R 150 —

o o

2 2

(@) o

o 1004 o 100

c c

o) e

o o

“c? 50 "'cIS 50

= -

=] >

O O

0 0
-4 -2 0 2 4 -4 -2 0 2 4
Story Drift (% rad.) Story Drift (% rad.)

B13.29 %W T3 TGP7 2 2 245 28 2k ' 5 & B 4

333 ®HEFAARZEE

#3) RGP £ 454 TGP1 A 4p ke <0 B, (=1.0) £ LC (=2t) T ehiEaj4k &
FPEHEEF  HBERA A G 4oBl 3.30 #7103 0.50% K B 43 & pF o
B EF LA 2R ERS A FRREEGRE A T
Whitmore Section p > fe F]#-758 & F o ] @ % 4 #&f ¥ 3 Whitmore
Section i/ ™ » Gt G RN 4 SR B & 40 T B E] RGP A< o
3 1.00%K F A A pFe 0 f wd i E ARGk (PR E S 3 350 MPa s At
BY e FH) TAARAFEHLET AR REFFLE  HAEREF T
2K A P 3t PR T 2 Whitmore Section o 3 IRAZ R 7T BT
BAEFEY 0 P RPRFLELEF C LR/ EAF T H 0
2o A T

B 3.31 % 3] RGP *+ % B g F =4 & T ch PEEQ » & > d B ¥ 7 I/
PEEQ*" 0.50% % ¥ iz A5 & 5 i iF R f 2 3 6 B F [0 F 5 5 XML
G R ENREF SR 2B 0.75%K B inf b2 18 Ea A
Pidpth R28E3 PR A2 R A REF IR - KR H &
% 7] 4.00% » PEEQ >t AL 35 F 4 1 12 2.41 > 4B 3.32 #777 > & 24241 2.83 >
VA ETAFEH AN LT AL o
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Model RGP

0.50% 0.75% 1.00%
Model TGP1

B 3.30 #-3 RGP &2 #-73] TGPl 2. & E R4 » 1%

FRE L R $3] TGP1 2 #2534 &£ 2 53] RGP ae2j4% & 47 %

FEVRZG IR Ea BAFEHAE S B Mt o M

BABHHERD L 0B 333 5477 FHERASFEH G T HE R e A
fsﬂ'rif? R A2 At kg o 3 RGP FlA PR L S RA T 0 4R
HEBGHFHENE R > i Rt (KL/r=68) AL R K TGP k7|2
4] (KL/r=70~73) &> d 5 & & %5 H 3.34 ¥ &3] RGP 2 BRI A %
B 4 44 TGPL 0 @ #%] RGP B Flim £ vt 0] o 30 % P prend H R %A
R A R 4 55 B 7 A SN H0A] TGP 4B 3.35 #9910 8 AT kX
B B s &% 2 RGP 2 A HH E W4 B A 2 AR > & A
2 ¥R dk Ry E Jiﬁw O ROR R RS SR A ROR A B TGP 2 & &
FRIF G F]X 4 > F ¢ Whitmore Section f @ *tE < kB =4 & T 4 4

By oo



PEEQ
SNEG, (fraction = -1.0)

Max: 0,0012
Elem: RGP-1.3726
Hode: 4321

FEEQ
SNEG, {fraction = -1.0)
[tvg: 75%)
02939
2613
21

Max: 0.2939
Elem: RGP-1.3877
Hode: 198

FEEQ
SHEG, (fraction = -1.0)
(vg: 75%)

Max: 1.0185
Eleen: RGP-1.3877
Node: 198

PEEQ
SHEG, (fraction = -1.0)
(Bwg: TS%)

Max: 16174
Elem: RGP-1.4132
Node: 206

3.00%

PEEQ
SNEG, (fraction = -1.0)
(avg: 75%)

Mai: 0.0336
Elem: RGP-1,3726
Hode: 4321

PEEQ
SMEG, (fraction = -1.0)
{awg: 75%)

Mac: 07621
Elem: RGP.1.3877
Mode: 198

PEEQ=

X

PEEQ
SNEG, (fraction = -1.0)
{Bvg: TS%)

lem: RGP-1.3
Hode: 158

PEEQ=
0.1797

Max: 1

PEEQ
SHEG, (fraviun = -1.0)
(Awg: 75%)

20721

Max: 20721
Elem: RGP-1.4128
Node: 1558

PEEQ=
1.6174

0.50%

2.00%

PEEQ=
0.2885

=5

2082

PEEQ=
1.2982

@ 3.31 #-74] RGP 2. PEEQ 4 % B] (Compression)
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Max: I
i f /
i
Max: 17
Max: 00
Max: 0.
. 605

Compression
0.75% 1.00% 1.50% 2.00% 3.00% 4.00%

b 15272 o544 4087
| |

1 3.32 #2] RGP 4L # 4 # PEEQ

Tension
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12000

RGP
L/r=64, t;=26 mm
8000

~
Z
< 4000
[
o
(o]
(TR
©
% 0
<

-4000

-8000

-4 -2 0 2
Story Drift (% rad.)

B 3.33 #3 RGP 2 g P EE K F 2 & B R (R&HFRBE

12000
—+— RGP
— & —TGP1
= 41
8000 |-
~ 9
Z
< 4000 [~ 1°5 =
8 w
° “
2 <
— L
] 0 0 <
x
< —
-4000 |~ d.os
-8000 | | | |
-4 0 2 4

-2
Story Drift (% rad.)

@l 3.34 #-74] RGP £ 73] TGP1 253

W
s
)

S, Mises
SMEG, (fraction = -1.0)
(Avg: 75%)

5, Mises
SMEG, (fraction = -1.0)
(Awvg: 75%)

B 3.35 -] RGP & #1c3) TGPl & 2 5 & 4% By (4% K B =45 &)
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3 RGP & #03] TGP1 2 ik &4 5 R WA FHEME 4 R kX
PHEE (B;=1.0) TTERRF2LILE o P iFE D RBEF AN AL
ﬁ4§kg,%g$ﬁgiﬁk’%ﬁéiﬁﬁﬁﬁgo%?ﬁmem
F 42008 £ 2 BTy ARA P A 2 TRt ko B vk T i d( 6,
SRR S FREEESET 2 L0 R RETE SR B RR L E
4475 (Taper) &= &> L ERHAIT 1.0 2724785 Y - 30 Z
2Bk A R A%PE o 2 E A R RS A A R o T 0 B

12000

TGP1
L/r=73, t;=26 mm
8000 —~W=1.0bg, LC=2t,

4000 =

é222@

Axial Force(kN)

-4000 f—=

-8000 | 1

2 0 2 4
Story Drift (% rad.)

B E R R A EAS L AR

12000 12000

TGP2 TGP3

L/r=73, t;=28 mm L/r=73, t;=31 mm
8000 —~W=1.0bg, LC=2t, 8000 ~W=1.0bg, LC=2t,

= 3
< 4000 < 4000
ooy [}
© o
o (o]
[T L
© ©
=~ 0 > 0
< <

-4000 -4000

-8000 -8000
0 2 4 -4 -2 0 2

2
Story Drift (% rad.) Story Drift (% rad.)

B3.16 3 efilz dhe LK F =8 LM R (58S

Z 3.1 #7770 g A RGP 2 42 & & A b3 By e RV B 14030 1.0
("4 AISC-LRFD 4% & b) » Frde & 45 2 $ By 5a B[ 3T A 08 % &
Bd WZ2ABBRFET T FUNACE BEAF M 2L 4 B2 AP
WA B R R A T A SRR S @ B TGP 2 B & Ry 5 R R
AR 2 R GE R 37% 0 T A% A A T A A SRR F
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%ﬁ%iﬁwﬁﬂbZﬁﬁﬂ*éi# EHEHR F R o A KR A &
o EHFRHSL F LA AT AS BN P EREFEST LS
B o dod 32 907 o 04 RGP 2 #73) TGPl T2 £ 25K 7 — # 0 @ o
bl 2 03] RGP 3 % o~ 20 3 Ry 50 & 21 3Ry 12 % & S 03 RGP £ #1073
TGP1 ** 4%k B 43 & o » H AR Y & ) I5S%AHHEH & &
PRVE O RLFLGIRETF I REFF I HAERG PRV ERR
TREFG T32%AFHME R RE > boB 336 77 o
MEF AT A2 B3 & 7 & Astanch-Asl #7345 & R 2 A5k EE
B AT AR SRR S i R AR AR £ E S W
# ’m\ﬁ AR EFRA TR A o AT RSB T 0 Aol 3.37 #F

T SBRAER R E 4% X REFERLFZ Misess 2B/ A% 0 VIR
B ZEF O DL B LI FREES B T e T
FTRLESEFAEGHERAL L AET TR ZHFVEEFENITEEAE

R L R W IFETREEF 2R TR R R RS
TR EF L Rb A RESFREBELI RAJIZ > LEFLES

B (R AR L AR R o AT 2 B A AR B AR TR

EETECELE 8 =1

1000

- RGP
£ L/r=64, t,=26 mm
\: 800 - LCZZtg
C
[¢B)
e
8
R 600
o
2
[a)
o 4004
C
S
a
5 200
4
5
O
0 T T f T T
42 0 2 4

Story Drift (% rad.)
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250 250
fg RGP-Up Gusset fé\ RGP-Bottom Gusset|
= L/r=64, t;=26 mm £ L/r=64, t;=26 mm
= 200 - LC=2t, = 200- LC=2t,
c c
(5] [<5)
e =
g g
8 1501 S 150
=3 =3
2 2
(m) (m)
o 100 o 100
c C
L i
o o
S 50 5 50-
5 5
@) ®)
0 0
-4 -2 0 2 4 -4 4
Story Drift (% rad.) Story Drift (% rad.)
B 3.36 PR R A 4 B )

1) RGP 2 A H s £ 47 2 5 ¢

B 337 HAE G RE L TR W

R

2yl
SRR AR
B R

HEH RS R

P EAAL > F AR
Wiz m BT o PR

T

iR e AR

AL {7 &

2% 24

&

1 3

- S~

Lee ¥ Bruneau *73#
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FOERZ T o 8 EATHOL Y AR TSERILE S o AR G R E
GibAFHEA R R 2 15% e AT EEA B K B A & 4%PF 2 A
Byt s B X 5 B~ Ay B 2 14.8%3 16.5% 0 5 B % H pl o (o A 47

N2 VR EFFTRELEF LA RBIREF P - 5 2bit ik
EFo R RiB ik TRELBERT I AL I BP0y T
FRLECFERRPREBF 2B A B FHAT T HEY AR

AR
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N
it
St
|
W
—dt
Jrks
-

P
4.1 =

EHAFELTE BB LSRG AR E AR LR > R 7
WRFEF R % B0 iy RRIRTR L PR S R e R
DREFH 2 BF TR E A TR AL BT ER AP
Ho R ERLEBHALUT  RRABLER CBHELIE IR
Ed

421 R

Fak i Bk

Ao A
FEPLFE

T

AFSR M TR SR REEREE S ko
BRI 2 4 100 w0 BRI E B0 X 200 W% E R (
1922 kN) ™A FHHEH ¢ < AT B < K
FE DT

PTB,max = Ry I:y Ag (4.1)

AR GAFHEHZBARATFF HBEL L1 F 3% RaR -
A G AR 2 246 f > ik TR TR 5 BH-175x175x10x15 (mm)
2. H-Alle £ ¥rm > d Py (R 20 RREF2 KT RS 5 184 #f (1805
kN) 33 dg L (r) & 447 mm - AFHit 2 5 ((b/t),)
5.8 -] 3 AISC #.4¢ (2005a) 2 % & 7.2 ((b/t)=030,/E,/F,) %%ﬁi
2wkt (4, =KL/r) RIFIE A L2 e 42 Fka G T3k
:ﬁ*4m~ABCmﬁ*f)k%§r@Mﬁm.i#ui@96@@=4jijﬁﬁo

BEFELRY S AFTRE 2B AR 6 HAlR P i 8 R
o 471 2 ERMMPEFMS ®E (Linear Clearance, LC) ' LC £ B 5 2 B 4
FER 1 BHWIBEFZTA W) > FW=1.0b, 2 W=125b_ > b, %

EL
2
jhﬂ 53 )i PTB ,max ‘QC" 2}
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# Whitmore 3 »x % & ° 4_% @48 TGP1 £ :#48 TGP2 ; 4> 2 i & #F~;
4% % % (Elliptical Clearance, EC) > @ £ &2 Wit % & d M 5 551
Rl A 2 (7% 5 1% & & 47 2 w37 (Bending Line) #-# 3Fzginat i
QREBLEFERAA D 4Bl 41 7 CECERKTLE 2 46 B4
BB E 3 BFER - 530 TGP3 ~ #4% TGP4 £ 48 TGPS5 5 f {6k -
EENVBLEEL 6 BRE AR N HS RS 0 S # RGP
EC#E 222 3% {2 4ok 4.1 #771 o

. ‘ — 2t direction
—+ 2t direction

Bending Line \A\

N

Linear Clearance Elliptical Clearance

Bl41 2 FiR#%BEIFEL



FHZBREFERKG I R R 8 TR % 2 fE2 2 w2t
%%1ﬁéﬁééﬂ?#*&€ﬁt*m&a#%ﬁﬁﬁ*m&wg
= P /Prone ) EEFEE 0 f=12 0 REHARF HEUELER

B eiﬂl## Bis 1L0&FH B 5 THERML FHTy K2 ¢ 1 4
42 ERMZ AR SR LIRS BRRBART Ei0d 43 910 0 2
Hett 2 B 58 & P, 5 AISC-LRFD (20052) R53- 5 > &2 A5 &
P.o# * AISC-LRFD (2002) 3+ ¥ <6 @44 & 47 ¢ <1 K3 B4 @) 4.2

IRAT AFHEHEREFE T HET AST2G6r 50 2 41t -

4.1 FWRKIE S
WA Bl BEEF
) » E R Clearance Clearance
Specimens %1+ TR
t Type Length
B, W e
(mm)
TGP1 1.2 1.00 bg 18 Linear 2.0¢t,
TGP2 1.2 1.25 bg 18 Linear 2.0t,
TGP3 1.2 1.00 bg 18 Elliptic 2.0t
TGP4 1.2 1.00 bg 18 Elliptic 4.0t,
TGP5 1.2 1.00 bg 18 Elliptic 6.0 t,
RGP 1.0 1.16 bg 15 Elliptic 6.0 t,
242 B4 - T
Specimens Brace Shape Gusset(lll)qlgnflze (HI;;; ) Lg/r
TGP1 521x471 4031 90
TGP2 562x512 3916 88
TGP3 BH175x175x10%x15 471x421 4177 94
TGP4 481x431 4145 93
TGP5 499x449 4094 92
RGP 522%x472 4034 90

Note : (LB/ r)hmlt
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243 AEHM e R ERS 2R BRVE

T~

P P max P Pcr Pcr
SpeCimenS ﬂj TB,max TG,max TG, cr,B .G .G
KN)  (KN)  Pon KN) (KN) P,
TGPl 12 2546 3167 125 1275 2563  2.01
TGP2 12 2546 3167 125 1318 2340  1.78
TGP3 12 2546 3167 125 1220 2768 227
TGP4 12 2546 3167 125 1232 2733 222
TGP5 12 2546 3167 125 1252 2664  2.13
RGP 1.0 2546 2640 104 1274 2034  1.60
)
a
159 26l _ 101
(I_Il
i S |
[:|
5 N
QU] ™
|
I r

429

(\}:98

o

cl

B 4.2 :#48 TGPl & 2 4% ¢ ~1 B
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159

302

ol

460

ol2

210

062

4.3 48 TGP2 £ £ ¥ * + )

159

ceo

159

36 229

420

] 4.4 2540 TGP3 £ & 4 ¢ +
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159 200 122

31

200

| 159

/2

400

431

Bl 4.5 248 TGP4 42 & 4 © B

159 _, 182 158

159

182

108

449

499

] 4.6 2548 TGP5 4 & 4 ¢ + ]
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_159_, 221 _, 140

159

22l
470

o
A

‘4 220

B 4.7 :#H RGP £ 4 ¢ 1 @

Bk T 4 BRI P
#%ﬁﬁ&ﬁ@% ﬁ@%*ﬂﬁﬁﬁP”ﬁﬂu*ﬁbﬁﬁr~i
FRUFE AR AS T FAEF R s P A RS BIRFEFPAN

ﬁﬁﬂ%y*ﬂ%’@a%iﬁﬁﬁﬁﬁﬁéﬁﬁ€&+wﬁiaa
(Ly) » 4c@ 4.9 #7177 » 3-8 4o 34 (4.2) & (4.3) %77 -

&P, =0.75U, A,RF, +min[0.6A R F,,0.6A R F,] 42)

P, 2 P

He P S0z Bk d 4 k> U 5378 Gl 278k 4 204
e BRI R S AR L SRR el SR RO
® % 1.0 (AISC 2005a Comm. J4.3) » A 54 %o f > P LT HE
AEART A EMR 0 A R T4 2%e f 0 A=A, =4L,t, » RF
AP s RF AIFHERGER » FERER» 25842 7402
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59(4.3):

0.75[4L,t, x0.6R F,|>R F A

0.557A
=L, 2> t g
f

ROt AR ERER P E IR EHERE L B8

(4.3)

£ & 5 248.8 mm > B~ 250 mm o

Slot Length=Lyw + 25 mm

AN

ANAARNNNENTANNNNY

—f+—Slot Width=t, + 3 mm

Bl 4.8 AHHH2 %27 L F

L tf)%‘i%ﬁ%&_}’%‘&
BEF -

PTB,max
-

TN R ATe

B 4.9 At Bk T 4 Bk P



A2 B0 BLR R Y

qxél%f#*j'”Lri?il 'lvfgl'l;‘é‘,ﬁv{f:{; |_W%‘3__l— 25 %F‘#‘%‘@%ﬁ_}%—}i
#e 2R f SEES S5 o

%’ﬁﬁﬁ%aw¢‘?%%%%

ﬁf’%“@%ﬁﬁf
B X phitag i TE 5 2R ﬁ%?ﬁﬁ%ﬁﬁﬁ’?_2$M@wﬁ:
A (RF,)=R F A

R F
— vy (4.4)
“ATGRE)

Ho g=0.757 A 53 20iE%TG ff o 53 H 0 F R Ere AT 4
Th > JEAvBRARE 0 4RI © <1 5 365%100x6 mm 0 £ 2 B oo 4r SRR 245 & I
B A SR NREFEAFRAF LR - o I AR
e T PN AL Y R KRR -

e

PTB ,max
< \\\\\\\\\\\\\\\\\\\\\\\\\\\\\

PTB,max

=
RN
p_a
o
=
—_—
e
—
Pl
B4
=
—H
=1
T
el
=

122 BHEEEEE

R R RS R T Y 2 H-Q)H < 305 RS G 0 J BidF
EECH O FREIRFERSR  AVERSTERAG N EAFHERE
BEFBRLEFETHLEE ) X SFH LY BEFED 2 BL
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SR VAR SR 8 2 FHY UM 7R3 2Rt Pé%%;p#&
£ mthe@] 4.11 3 B 4.20 #7571 o 7 %%ﬁ@@ﬁw w5 A A AB D
e TR L H-AlMh s iR L AR SR émmﬂﬁ@%
g1 4R 42 &ﬂﬁ421%7,liﬂé%?ﬁ$ﬂhib A A TR Y RS
FPEIRFE RIRFAL P P HF 2 EERIE
BEEM LM RSB § - SRR B MRS B
@%ﬁﬁé&mﬁﬁﬁém {ﬁlﬁﬁFJ’%ﬁé&1m4r%?6
£ 49mmE 2L 963.5mmE 4 B4 H 4 5 5 A490 (F,=130ksi, F =150

1v

ksi) > £ %5 4e 1070 M2 384 > v B iidics 02 877 & 8 7 444 2 &
%*%2Mﬁ>ﬂmﬁoﬂﬂiﬁ&ﬁ@uz4x@Bmm$%4ﬁ&@ﬁ
Bl BUARSRHAR L BRRLERFTELS TS LRy T
JW@W§$“H?EF%Bww\¢w35§’¢§u24i¢yhmn$%4i
’&ﬁi?ﬁ%ﬁs/’i MR E T R AL 0 A TR LN B

b I ghes :Lb&i;};ﬂﬁ;ﬁ]%i\:r.k 7 B4 2. fgnﬂu BB LSFEPN SR T
T EEAE > LA A PR T T A AR 5 do] 422 47T o K
GO REAFEREF LB BRI REFEE LRI B AR
PHEER %EMQ3wT’iiﬁﬁ%ﬁu#%ﬁﬁﬁatzﬁgi
L2 ReFRer2 ﬁWS@é SRR AFE P FEREFATER

B R ETE R S FREKEE LR ER . n
%‘3\'19’E'Ji@f"f;\é‘;ﬁ%éﬂrﬁﬂﬁff’%’%— Tq—z‘:;b}:']’} o

AR AEMATY A H IR R AR ROTEME TR T AR
2 b E AR EEIT2 PR RRREARY BRI F 2
TSR M RMB R E BRI R N REAS Y TR
B L R BB R h N LR o RS TR

oo R L IR RS R A
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% 4.4 %7 o

84



344 PN R EE

Yield Strength, Tensile Strength,
Fy I:u
Member (MPa) (MPa)
Brace Flange (15 mm) 401 523
Web (10 mm) 396 524
Web Stiffener (7 mm) 418 534
TGP 18 mm 408 541
RGP 15mm 402 523

472

379

Specimen TGP1 Gusset Detail

Unit: mm

Bl 4.11 748 TGPl 3% £ 473 & wit§
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3 Sides TYP.

TYP.

100x365x6 mm D5
Thick Plate Each 170 .
. 18 mm Thick
Side
Gusset Plate

_ Web Stiffener Plate Detail
Unit: mm v

Bl 4.12 $758 & B A 2 247G 4 2 R

\ BH175x175x10x15

Unit: mm Tvypical Brace Slot Detail

Bl 413 AR ER s R E R TR B R

| | /
21JI l

250 ¢ 23 Drilled Hole
/|
|
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| |52
[

512
460

D1
|
S

\P 52| | 510 |
|

| C ] >
Specimen TGP2 Gusset Detail @

Unit: mm

Bl 4.14 358 TGP2 & & 4% £ ‘wiTH

¢
-
st v
[@))
n
— N
N ~
<t on
\O|
N
Nz
My —_
\ 42 429 |
[ ] C | >
, Specimen TGP3 Gusset Detail @
Unit: mm

Bl 4.15 ;7% TGP3 4% & 7 4% & =3IV E]
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431
400

72,200

unit mm  Specimen TGP4 Gusset Detail @

Bl 4.16 :#%8 TGP4 4% & 7 4% & w3V E]

f

449
436

N 13y ) 486

unit mm Specimen TGP5 Gusset Detail @

Bl 4.17 :#%8 TGPS 4% & 7 4% & =3IV E]
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471

| 521

P Specimen RGP Gusset Detail @

B 4.18 % RGP £ 4 £ ‘w3t E

3 Sides
TYP.

100x365x6 mm 15 mm Thick
Thick Plate Each 170 Gusset Plate
Side

Unit Web Stiffener Plate Detail @

Bl 4.19 4B 3 & 2 ATt 2 E8TG 4o 2wt
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¢ 20 Drilled Hole
250 /T
g 7
18 —I | l |
\ BH175x175x10x15
Unit: mm Typical Brace Slot Detail @

B 4.20 4 RGP 2 A 24 & 45 & s 1)

AN
el

¥

-3‘\%
il
\_




422 AT P %

> N 2 S 2, )
B 423 BHEFEE ~ 1§ EHEILF 451 9% F
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43 FHREEBERE

AT 2 BB HERE R Y CATRE > P ERREE KR
4o 4.24 17 0 B A RE A %'"’f#""“ 2 L fﬁ_’b" AR i?']?i“ﬁ?i%”f#ﬁlf?
B EeF > 64 B2 HAGRAGR 542K mlif kT4 @y A
fhre 2 ghd (8% R HEH B R EF o FRIEFE LIVER T BACoR 425 1
420 H2 7 M2 2% 2 2 2 4of] 430 977 0 RS2 w4
EE RNy SR S i VAR RS &1

431 %4 in2Re iKY

iﬁ%ﬂé?ﬁﬁﬁﬁzﬁﬁﬁ £ 100 % 2 45 % £+500 mm 2 7
BRI FAHS E 4 5 1922kN d se4e 2 Rl P EEE AiFhhe X
A2 REBREIT H-A 2482k w =47 548 305 mm /L78F 695
mm ° ;35 2. 4c:§\«?-1 % 0.655 mm/sec » FEHPFL W I 4"‘3%'1‘]&%7} R s A4
EOEHLE  BPREFAFEHIL R EEBET SR &R
hRREE2ES e BFLRPFE T o I 2o HAGES 2 2] R
Bl R 2E L ] A3 H-A g 2 ’553;\'-”‘* w0 4B 431 A1 o

432  FoREEE LM

%%%ﬂﬁﬁﬁﬁﬁ@@?ﬁin%TMHMO’ TR
o BV IE 1000 TR > - Vi Edcdp 2 F i@ Switch Box
SHW-50D *» 4% B % $55~ & B £ ] & L0 8 )18 5] 2 1iuﬁ1
PREFHIRGBLEG RS 7E4 828 TV GREEEN LT R
%i%“°?%ﬂ%ﬁ%#ﬁﬁyﬁﬁéi(Hﬂﬁ%&lmx¢ﬁ{1f
/sec » 1.0% 3% A& IDA % 2% 5%F IDA 2. B~#4E F 5 0.5 =/sec > 3% A
IDA 2% # 0.25 =t/sec 2 B~HRH4E 5 » | TR £ 8ci 5000 £ = + o

n-L IP
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433 T ECBRER

FRT RS S99 ATC-24 (1992) 30478 & =+ SR
RETRIZ P ERFFITL AT R B AoB] 432 97T 0 AT A2 K
4% & (Interstory Drift Angle, IDA) j%£_.0.25% 5*& (rad.) B4 I IDA
» 0.75%rad. ¥ §4 17 6 B Bl > IDA & 1% %R B 4n % 3 2 e B o d 30§t
i *@ﬁ%?ﬁiﬁ‘f,i% FefpEo BEEWERFEH 0% L3 H
A it # & 'fﬁ"t—"& APl % Scosar > a 7 FHEMER > X L3 H &

ERLz2Z4BREZH=Lsina MIAZO2Z M GFd 25845)% 7 -

A=cosasma-L, -0 (4.5)

434 ERIKRE

RREAGEM L e B G PR E S FIAFRA S e B SR
Bl FEAAF P RE 2 BRA =B (String Pot) v =4 % £ 5 250 mm -
UEPRAF R R PR phe F8 0 F WPERF BB AP E R
PEERERAF e $E PR ERTE R TR Ll H 4
Ao HXEACR 433977 5 NAFERY L2 M RKE | BREAN

HxE 5 iwmmm,%uﬂ@%%ﬁﬁﬂﬁ4WWﬂmwﬁ4fa
CRAVE IR EFERE | BRMN =B E LN =83 (Dial Gage)
o A6 R TI R B EFERE iﬁ?ﬁ?i%"‘“%'ii\i “h
FUHE LV RBERHALKE 2BELE N BT R ARFBET
LR R TAcB 4.34 LB 435 oo

P AFEHEFREE LS T 2 HNERF *“4*'%”
B 12 2o b~ B Ar L ARRE 3 B H fh 93 A Ak RE 1 B H 3
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(Avg: 75%)
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The Eleventh Taiwan-Korea-Japan Joint Seminar on Earthquake Engineering for
Building Structures SEEBUS 2009, Kyoto, Japan, December 3-5, 2009

FINITE ELEMENT ANALYSIS OF ELECTRO-SLAG WELDING FOR
DIAPHRAGMS IN STEEL BOX COLUMN

Cheng-Chih CHEN', Chien-Lin LAI* and Ker-Chun LIN®

SUMMARY

Electro-slag welding for diaphragms is the necessary welding procedure to build-up a steel box column which
can resist bending in both axes of the cross section. Electro-slag welding (ESW) locates nearby the
beam-to-column interface, and minor welding defect in the ESW could result in a brittle failure before plastic
behavior is developed in the connection. Finite element analysis was conducted to study the effects of the
welding defect on the behavior of the connection through the investigation of performance indices, such as crack
tip opening displacement, stress triaxiality, and rupture index. The analysis results of the parametric study show
that the variables of the backing plate slit and the deviation of the beam flange with respect to the diaphragm
have little effect on connection behavior. However, a smaller distance between slit tip and the edge of the
diaphragm due to the eccentricity of the fusion results in a larger CTOD, stress triaxiality, and rupture index, that
could be detrimental to connection behavior.

Keywords: Electro-Slag Welding; ESW; box column, crack tip opening displacement; CTOD.

INTRODUCTION

The Northridge earthquake in 1994 damaged numerous beam-to-column moment connections used in steel
moment frames. Many connections failed in a brittle manner during the earthquake. Various improved
connection details have been proposed in the aftermath of the Northridge earthquake. The columns used are
mostly in the shape of wide flange, with H-shaped cross section. In addition to the H-shaped cross section, box
columns are also frequently used in high seismic area. The box column section is built-up from steel plates, in
the form of a rectangular or a square cross section. The advantage of using the box column is to attain strong
axes in both axes of the cross section. In order to effectively transfer the beam forces to the box column and
prevent the failure of the column flange, diaphragms inside the box column are needed. To weld the diaphragm,
the welding process of the electro-slag welding (ESW) is generally employed. However, the ESW is difficult to
be performed to attain a reliable welding quality.

Since the 1994 Northridge earthquake, hundred of large-scale beam-to-column moment connections have been
conducted to verify their seismic behavior. Some of the moment connections designed for the box column
experienced the failure occurred at the full penetration weld of the beam flange, the root of the weld access hole,
and electro-slag welding of the diaphragm. Because of associate with the heat affected zone, the failure of the
ESW lead to a brittle failure of the moment connection and caused that the beam could not develop its plastic
flexural strength. This study investigates the effects of the electro-slag welding on the force transferred
mechanism and the behavior of the beam-to-column connection. Three-dimensional finite element models were
established to incorporate possible welding defect of the ESW, and nonlinear finite element analysis was
conducted to correlate the welding defect and the connection behavior.
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2 Former Graduate Student, National Chiao Tung University, Taiwan, e-mail: chienlin.cv94g@.nctu.edu.tw
? Associate Research Fellow, National Center for Research on Earthquake Engineering, Taiwan, e-mail: kclin@ncree.org.tw
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ELECTRO-SLAG WELDING

As illustrated in Fig. 1, the diaphragms have to be welded inside a welded box column by the electro-slag
welding in order to deliver the connection forces more effective. The electro-slag welding process is developed
specially for welding thicker metal plates, especially for installing diaphragms in built-up box columns or bridge
piers. A non-consumable nozzle, filled suitable fluxes and wires, is utilized in the narrow gaps between a
diaphragm and column plates, as shown in Fig. 2. During the ESW welding process, base metal and wires
between the diaphragm and the column plates are melted continuously to weld the diaphragm to the column
plates efficiently and quickly. The welding integrity of the diaphragm deeply influences the performance of the
beam-column connection. Therefore, ultrasonic testing is certainly required proving the quality of the ESW.

The connection failure associated with the ESW was observed in the test of Chen et al. (2004a). One of the
specimens, with rib-reinforced moment connection designed for box column, revealed the unexpected failure
owing to a welding defect of the ESW of the diaphragm, and caused the beam flange fracturing. Similar ESW
welding defect caused connection failure was also observed in the test of Chen et al. (2004b). The ESW to join
the diaphragm to the column plate is crucial to the transfer of the beam forces to the column. The behavior and
strength of the connections depends greatly on the integrity of the ESW, diaphragm and column plates. Fig. 3
shows a failure phenomenon in the ESW region.
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Fig. 1 Typical moment connection detail between steel beam and welded box column

iBacking bar >

Diaphragm

Fig. 2 Illustration of the electro-slag welding Fig. 3 Failure at the electro-slag welding
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FINITE ELEMENT ANALYSIS
Performance Indices

To evaluate the analysis results and to determine the location having the highest fracture potential, three
performance indices were used which were the crack tip opening displacement (CTOD), stress triaxiality, and
rupture index because the plasticization was not significant in the region near the ESW as demonstrated in the
finite element modeling and validation.

ASTM E1290 (1999) regulates a test method for fracture toughness measurement which is evaluated in terms of
the crack tip opening displacement and the approach has been used by Chi et al. (2000). The CTOD can be
determined by directly measuring the deformed opening at the crack tip as indicated in Fig. 4.

Stress triaxiality is the ratio of hydrostatic stress (o, ) to von Mises Stress (G ). Stress triaxiality in the range of

0.75<ST<I.5 can result in a reduction of the rupture strain while the stress triaxiality greater than 1.5 will cause
the fracture of the material ( El-Tawil et al. 2000, and Zhang and Dong 2000).

Stress Triaxiality (ST) = O (1)

(¢

The rupture index is used to evaluate the potential location of ductile fracture initiation. The rupture index is
defined as follows.

e /g,
Rupture Index (RI) =————— 2

exp(_l.sc_mj
[0}

where € » is the effective plastic strain, and € 5 is the yield strain.

-] Original — |
..................... ] Deformed --- |-

Fig. 4 CTOD measurement
Finite Element Modeling and Validation

This study employed the finite element analysis program ABAQUS for model analysis. A finite element model
was generated and validated by comparing the analysis results with test results. An eight-node, three-dimensional
solid element with 24 nodal degrees of freedom was used to model the specimen tested before, as shown in Fig.
5. Bilinear stress-strain relations with strain hardening were assumed for the structural steel and the ESW
weldment. The residual stress induced by the welding and the effects of the heart affected zone were not
considered in the model. The von Mises yield criteria were used to specify the plasticization. As presented in Fig.
6, global hysteresis behavior and local strain distribution of the analysis and experimental results were compared
to validate the modeling accuracy, and good correlation was obtained.

In order to set the critical quantity for three performance indices, a previously tested specimen was selected and
analyzed. The specimen developed satisfactory ductile behavior and flexural strength, and failed at 4% story drift
angle due to the welding defect in the ESW. Simulating the test of the specimen, the analysis results disclosed
the critical quantity of 0.027 mm of CTOD, 1.46 of stress triaxiality, and 39.3 of rupture index which will be
used to evaluate the performance done in the parametric study.
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Fig. 6 Verification of the hysteresis curves and strain distributions
Parametric Study
A parametric analysis was performed to study the effects of the ESW welding defect variables on the connection

behavior. Considering the possible welding defects, five variables were established to investigate the possible
cracking/fracturing location through the performance indices.

Column plate
Backing plttc: ;
Diaphragm Beam flange

U]
ESW

Slit fusion line

Fig. 7 Details of the ESW region

As indicated in Fig. 7, the variables are ESW melted radius (M-series), slit between backing plate and
diaphragm/column plate (S-series), horizontal eccentricity of the fusion (HE-series), vertical eccentricity of the
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fusion (VE-series), and the deviation of the beam flange apart from the diaphragm (BE-series). The control
model was designed to have melted radius of 24 mm, 1 mm slit between backing plate and diaphragm/column
plate, zero eccentricity of the fusion, and zero deviation of the beam flange. The details showing the models with
variables are presented in Fig. 8.

Fig. 8 Details showing the models with variables

Discussion of the Analysis Results

Fig. 9 presents the effects of the melted radius on CTOD, stress triaxiality, and rupture index. The results reveal
that the small melted radius increases CTOD and increases susceptibility to the fracture in the ESW, especially at
a story drift angle of 4% rad. Results of the stress triaxiality indicate that stress triaxiality becomes a concern
after at 2.3% rad story drift angle. Nevertheless, the variable of the melted radius has insignificant effect on the
rupture index.

Fig. 10 shows the effects of the backing plate slit on the performance indices. It is obvious that the initial
backing plate slit is not a critical variable affecting the ESW force transferred mechanism.

The effects of the horizontal eccentricity of the fusion on CTOD, stress triaxiality, and rupture index are
illustrated in Fig. 11. The results show that when the fusion is apart from the column plate, the CTOD becomes
large, 0.034 at 4% rad story drift angle for HE-6 model. It is clearly indicated that the small area of the ESW
fused on the column plate will increase the potential of the fracture.

Fig. 12 shows the effects of the vertical eccentricity of the fusion. The effects are consistent that the larger
vertical eccentricity of the fusion results in larger CTOD, stress triaxiality, and rupture index. While the vertical
eccentricity of the fusion reaches 6 mm, the CTOD is greater than 0.03 and the rupture index is 53.5 at a story
drift angle of 4.0% rad.

Fig. 13 presents the effects of the deviation of the beam flange with respect to the diaphragm. It is clear that the
effects are minor because the deviation does not alter the performance index.
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Fig. 13 Effects of the deviation of the beam flange

CONCLUSIONS

The following conclusions can be obtained on the basis of the analysis results of the parametric study conducted
by the finite element analysis. Analysis results show the performance indices such as crack tip opening
displacement (CTOD), stress triaxiality, and rupture index can reveal the potential location of the fracture near
the electro-slag welding caused by the welding defect. The small melted radius increases CTOD and increases
susceptibility to the fracture in the ESW. The larger horizontal or vertical eccentricity of the fusion results in
larger CTOD, stress triaxiality, and rupture index, and will increase the potential of the fracture. The backing
plate slit and the deviation of the beam flange with respect to the diaphragm are not a critical variable affecting
the ESW force transferred mechanism.
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