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Seismic investigations on welded end-slot buckling-restrained braces and braced frames
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(1. National Taiwan University, Taipei 10668, Taiwan; 2. National Center for Research on Earthquake Engineering,
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Abstract : In this study, the excellent performance of the welded end-slot buckling-restrained brace (WES-BRB) is illustrated through cyclic

tests of three full-scale BRB components. It includes the test results of a 12.5m long jumbo WES-BRB with the peak compressive strength

16800kN and the maximum core strain 0.035. In order to investigate the seismic performance of WES-BRB components and the end

connections, a 3-story single-bay full-scale buckling-restrained braced frame (BRBF) was tested using pseudo-dynamic test procedures in the

National Center for Research on Earthquake Engineering. In both component and frame tests, all WES-BRB specimens showed satisfactory

performance with a very stable hysteretic response. The BRBF test results showed good performance of the BRBs and the end connections.

Two sets of BRBs in each story carried more than 50% of the story shear during the test and dissipated most of the earthquake input energy.

In addition, the BRB and BRBF responses were satisfactorily predicated by using PISA3D and OpenSees programs.

Keywords : buckling restrained brace; seismic design; hysteretic damper: energy dissipation; hybrid test; braced frame

E-mail: acwu@ncree.narl.org.tw

T

P JE A1) S RS %2 (buckling-restrained braced
frame, BRBF) EA7 4 45 [R] Lo 4 45 1 22 11 1o 5 B 45
P, HRHERE D ER B T, SGE RORHERET &,
i ARk e A% B P s P R T ] T B A R 1) FT AT A
TE 078 J7 1R T T LU S 78 0 i e e, mky
ROR B AZ O3 JE R 4% (buckling-restrained brace,
BRB) Widi# L% H AR AT g e T - 41 3
PREEAZ O R SO S & 7 N S

fEERA: Rt wil, WAl

031, PR K R TR Al (BB L) e
Z f g s JE R ) 3 # ( welded end-slot
buckling-restrained brace, WES-BRB) 7, gEasHR
WA EEBRE, #n OB REIEREL
HIVERERCR, TR AT il T2 (R, A PR RL
Bl TRUAS . A¥R5Y WES-BRB &1 K HAEHZE
M ARPERE 43 BUMEAT 8RR S B AR R B R
=B RS BRBF HEhEiE", WA BUE S
B4 PISA3D®BE OpenSees!” 7E 2 B By 4 54 18 i JE 3 1T
TaHl. A #RiE LB B i s R .



B B AR S HRah ) B0 A 8 A

1 BN E RS R R
WES-BRB #4%7, 33 SURifE A B
wnla 1 A& 2 Bras, FIR W ER A AL S B i i $h
R, ME ORI BAE, TELERIERBAEA
R, W 7E GRS M B ShAR g 17 SR Be e &, TR LAR
H 51450 BRB. %0 7o 2 B0 BLH F 8%
W BRI SAR A% Co A T 1) B PR AR T ) HE L, A

PRI ISR IR AT e & BUE A R IE AR R,  LAXS N
W OH AR BLMTT A, 275 BRB ShEBSRAE. BN BT
] BRSO B K R R S R o A VR B A AR .

WES-BRB e i e R EE REEEBeEt X
BmEREBRRE, EMRABMES S0, HOBE
£ ) WES-BRB a8 5% 6 S G @ FE 8 7R H (B
M, SMERRE S EREE, WrlAAREAM R, i

A HE B AL DR, 43 9 BC B A% O AR P D A L B BRAH 72 R AR

S . ) LBRB ,
] _ _ |
4 Lt Le L
1 [ 11 1
I_l"— "__;:; _—:-:_:_:_:_:_:_:-:-:-:_:—:—:_:_:_:-:—:_:—:—:—:—:_:_:_:_:_:—:_:_:_Z—:—:_;::—:-: :ﬂﬂ
F’: = :?i E_ :_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:_:-:_:_:_ _____ 3 :li : j ______

Al B ¢l

B 1 WES-BRB HEAKHAD
Fig. 1 Connection details for WES-BRB
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Fig. 2 Profiles of WES-BRB component specimens
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Table 1 Dimensions for WES-BRB component specimens

Specimen Material A (mm:) L. (mm) L, (mm) L; (mm) Lgrg (mm) Steel casing (mm)
WES-R CNS SN490B 4000 1700 200 200 2500 Tube 175%175%4.5
WES-C CNS SN490B 7525 2060 100 520 3300 Pipe 267.4x6
WES-J CNS SN490C 26500 9500 286 1214 12500 Pipe 609.6x12
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Table 2 Loading protocols for WES-BRB component specimens

Core strains at various deformation targets

Specimen Standard Extra Fatigue
0.5A 1.0Apm 1.5Apm 2.0Apm 2.5Apm 3.0Apm 1.5Apm

WES-R 0.55% 1.10% 1.65% 2.20% 2.75% 3.30% 1.65%
WES-C 0.75% 1.50% 2.25% 3.00% 2.25%
WES-J 0.88% 1.75% 2.63% 3.50% 2.63%
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Fig. 3 Experimental setups for WES-R, WES-C and WES-J tests
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Fig. 4 Force vs. deformation responses of WES-R
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Table 3 S factors and CPD values for WES-BRB component specimens
f factors at various deformation targets
Specimen CPD
0.5Asm 1.0Asm 1.5Am 2.0Am 2.5Am 3.0Am
1.16
1.13 1.13 1.14 1.14 1.18 1.18
WES-R 1.14 1.15 1.15 1.14 1.17 1.18 10
1.16
1.02 1.06 1.09 .11
WESC 1.06 1.08 1.09 111 g - 634
1.01 1.07 1.11 1.16
WES-l 1.07 1.07 1.11 1.15 ) ) 406
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Fig. 7 Full scale 3-story BRBF elevation and test setup
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Table 4 Dimensions for WES-BRBF specimens
Member Material Section
Columns A992 Wi2x106
Top girder A992 W24x94
Middle girder A992 W21x68
Lower girder A992 W21x68
Beams A992 W14x26
Braces A572 GR50 Core plate 74% 1 5Smm
Gusset plates AS572 GR50 Thickness 15mm
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Fig. 8 Floor lateral displacement histories and story shears versus inter-story drifts
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il o A B 5 3 R AR AT 90 b Lot AT 2 B RS = AR SR SR AR SR A SRR, 7EARJE B AL S AR 0. 03 IR,
FEARTE ST SRR & MG SRS . T ABURRIR G T RS2 2 B RHEEN /I 4h, 78RRSE R i B B & 25U B AR
P&z B E 1. BIRTESEE RER, RHEAREREARINER DB ES BRI T EAEZ TR E
%. BRERITERB TR, AU B FZ 1) 777 (Generalized Uniform Force Method)s& st BEHUR ~F, M4R4%
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Seismic Design of Gusset Connections for Buckling-Restrained Braced Frames

Lin Pao-Chun'  Tsai Keh-Chyuan®  Chuang Ming-Chieh' ~ Wu An-Chien'
(1.National Center for Research on Earthquake Engineering, Taipei, Taiwan; 2.National Taiwan University, Taipei, Taiwan)

Abstract : A series of 3-story full scale buckling-restrained braced frame (BRBF) tests were conducted in the National Center for Research
on Earthquake Engineering in 2010. The specimen gusset plate designs followed the Uniform Force Method (UFM) commonly adopted by
engineers. However, fractures of the gusset welding near column were observed during the tests when the BRBF reached a story drift greater
than 0.033 rad. Using the finite element analysis, it can be found that the gusset plates are subjected to the forces from the BRB and frame
actions which affect the gusset connection force distribution significantly. A design procedure is proposed in this paper. The Generalized

UFM is recommended as it provides more freedoms in configuring the gusset plate shapes. The gusset connection force demands must take

into account the maximum BRB force capacity and the maximum beam shear due to the frame ultimate sway effect.

Keywords : buckling-restrained brace; gusset plate connection; seismic design
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4 JiE 3R 1 7 ¥ (Buckling Restrained Brace, BRB)#%
O ETTAREL OB, WERRESRDY, MARLR
BRIV LOERHREMBR, HRZhiEZR
B S T % 8 L I PR B LA il ), LA RAFHY
MERET R E R R T R R RSz . /FEAR
BRLABETR, EF R E R S HF R H
B EES,  TTAHE OR A% JE PR ST A M AR Ry T
CASEEROA , B SR A ) R AR o ZH R 2 RHE ) R
Kl 7y, WEREH KEQBRATIAGHEDIR.

fe&MM: MefR, L, HRPEHRES

RYERERLRT ROMERS, RHE T 5% e 22 oK B /) A5 2 B
Wz aatmoR, B St PR e B8R A Z 3 4 J0 kA%
FERHEE), (EEMARIEEN IR, R
R RRCE MR BB T, Tk B R
B, BET R, RIEEARRESHBREEZ
15 Ao eT e BLAMR B D BT A 2 BT R R iE
B FEIRAR % B A B A 8 2 B st R
o E A 4 ARG AR 8 5 L DN R
Ui 52 i 25 8K FH , (B i e T 78 2 AR 2 B v
LB 52 BRI PR AR AR SZ PR o AR FU4R HH R AR
B & RORE 2l A st 55 A BR 2 24 0t R AR
Rt (SRR RESGTEUEMERS, ARHAEK
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PR ARG H RO RAL B & K E T T2 Bl &
5, Ao & RH /) A FBIRUR T BB 2 Btk dE . A
BF 0 P = 8 1 o R 3 8 SR S i e it B e sl
RV RERTCEERLI T, BB TR 2 AT
AHFEIRF A R TR AR, R H B AR 3 3 I SR 2
RET AL, BRAEIR AR E 2 4, IRAT PR S
e FESR R A BEAR i B T, T A A0RE S B AR 7E B A
A AGEAEwR.
1 BREAWRERESZE
1.1 B FERZH %

it FECEt o R 5, B sass sl
FERFE, DL 4 P A 144 o R ] S 28 2 PR Rt
ato (EF MR AR 13 2R 52 th RHE T A Z il 718U,
it MR A BRB FTRE 3% 8 2 8 KBl 77 (Prnax) 2578
atdiR:

Prax =B % Ry x Q, x Fy, x 4, (1

AT A B F, 43 5 R A3 A% 0o 508 AR BT T A B e PR AR 58
£, Q,(1.3~1.5)88 R,(1.1~1.2)% il A # Lo SRR A1 ) 22 JE
SREAL BT R SE R, B(1.1~1.2)R % BRB 5853
7.l 1 FR, AR A 5 A R R AR S

PHEmDZ HETSHENT:
Vo = Pruy 'Br—" Ho=Po2, Vy=Pn 2, H,=P, % (2)

tan¢=(e,,+ﬂg)/(eL,+ag) (3)

MRS Est ERERRA R ST L2 o Sk, BBIR
R 2a,) SREE (2B,) T 15 & RHF M iE M Z TR
il (X 3) , BRI AT EAE AREAR AR SZ IR TV . 4 f e
WOEARTEE AT, A o aat 3 Ak E SRR AR = R B
FE, AHE R A i, mERRAR R E
38 A A4 5E 2 7K T B2 B DAOF e T B n $hiR 2 %=
o BAh, ZI AR R R R REAR AR A A 2 B
AN BT AL ) B AT, FHRPTRZ IR

A 15 5 A T I T 79 20 A FO R AR B PR Rt o ] 2
BR, 23 i R R SR A T 2 S B AR
FRA R AEEL M RE P B, 3 B SLRLEEE 7 1 R &

J7> R 4 325 1 25 (gusset control point), HLAMIR% R FEAR B2
HEAENEZ K P HERER, BEESEAE
ZEASIERER. FRRXERERESEE S
77 ) g i 52 L AR BT [ 32 €& B (beam control point).
FIH Bz #( B2F P E AR, P DAGT SERBAR A A
BEEZIE:

H, =(P,.e.sin (o)/(eb +8y) (4)

|:eb [(e, + B, )cosp—e, sin(p]} )
a, (e, +5,)

H,=P_cosp—H, (6)

V,=P,sinp-V, (7
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Fig.1 Force distributions of UFM

; o
o

- |

T
ec~|

S

g
—_—

Bl

=T

A
\
N
8 A
o
gl
]
]
|
||
N
Q
o

trol point

Gusset 1 . |
control point

W2 ZHHHhERN S HREER
Fig.2 Force distributions of GUFM

1.2 RHEHFASHME
wiE 3 Fras, BAREAERMEERER, PERERT
AR SZRHEE /1 (Poax)Fb, A A RE B & 2 75 5 2 AR




BBy RS RS RIE AR A

AR SZERID 2 50 F1TBUR S (Pea)e AWF R — 2525500 R
(& LI EEREREHERETRZEMAE
(81, PR ASL B i 43 ST 7 8 T B R T A 0.6 %22 P
PR FE(0.6L,) B2 1 BE(0.6L,) % , 5L 5 B BB AR JE & (1,)4H
[, R BE R RS A SR —2(0.5L)" . 4RI
STERE, PRPIEFEAR IR 50 2 A 1 B 50 (M) o) Z IR
ARFEAE 25525t TR (& 4), Pt EZ 2B H1(Voeam) B3
RBARZE ), HAKFA AR S, RIHBAEAZRE
TR Z KT H BB S doeo T0RINH B 1E
T4 K P#E, R 0.6 EREIRRE0.6L,)HF
N, SHRERREMZKFELE dyean» FIFRREKFE
B B B AR K B, RIATst E %

HLRAR T 52 ol 2 K P R(S)REH S BV
ALV, (0.3L—0.18L,)
a1, /1, +d,L,(03d, +0.18L,)

8
dyLVyoum (0.3L—0.18L,) =
41, /t, +d,L,(0.3d, +0.18L,)
2R, M, ,)
R = 5V ©)

(L-1,)
HA Vieam MR ELBIBIERTHEZ R8T/, L /R
PSRRI R TR REIR R IR AL, 1, AR 58
B2 B, d /RBIE, WHEEMEEEBUER,)E
AERREFTRE TR 2 8y Hysa gt

(a) (b)
i 3 HERFSHMRAIBERARMAARE R ER

Fig.3 Schematics of frame action effects
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Fig.5 Resultant force components computed from GUFM and

frame action effects



5 -UE 2 E B R K TP AR & B2 ST MR LA F LA &

B R ROR R ) BUR ) 2 REKRE, B BHEE W
T R Z 1B i

2. 2 FRIRSURE AR AR

()& e 58 FE A A%

B 10 S EEGREZANER 11, BRAIER P53
AR SR AT -, 3 LA HEARRGET TR,
PEAR SR AR A 2 SRE W IR A SRR 28 IE
$%, WRERADEE 2 RREH R, WiE 5 frs, RHE
il 7 B B & AU RIRAE R, FBAR SR R A e &
Z BYF3 75 AR R T ANAR,  Tf 1E F A3 77 T A R T HE8H
R IE A /8RBT S FRAE RS, R B 58 A BRI A
BEAHE T REREL(DCRYb, DCRve)A5HE I T:

perw = Y2 M o mmsmEAE) (1)

F, oLyt
DCRve=~———-<1.0 (FBIREERZESTE) (12)
F, oLyt
F o RBRAR AR T PEARE ST

(2) $r/75RBY B R

ZRH BB S AT IE RS T BT, REAR B A
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Fig.6 Elevation of the 3-story BRBF specimen
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