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Fig. 1. Rocking buckling restrained braced frame: left is
configuration and right is deformed shape under seismic forces
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Structure Story Columns Beams Ties Conventional braces BRB core area (in®)  BRB ductility cap.
4 WI10X68  W10X68 W8X48 W8X58 4 12.07
4-story 3 WI10X68  W10X68 W10X68 W8X58 4 12.13
2 W12X136 W12X106 W10X68 W10X77 4 12.59
1 W12X136 W12X106 - W10X88 5.5 12.57
8 W14X82  W10X68 W10X77 W8X48 3 13.17
7 W14X82  W10X68 W10X77 W8X48 3 13.17
6 W14X145 W12X120 W12X96 W10X68 3 13.17
8-story 5 W14X145 W12X120 W12X96 W10X68 3 13.49
4 W14X176 W12X136 W12X96 W10X68 3 13.93
3 WI14X176 W12X136 W12X96 W10X68 4.5 13.94
2 W14X257 W12X136 W12X96 W10X77 5 13.85
1 W14X257 W12X152 - W12X106 5.5 13.61
12 W14X82  W10X68 W10X77 W8X58 3.5 13.34
11 W14X82  W10X68 W10X77 W8X58 3.5 13.34
10 W14X132 W12X9% W12X106 W8X58 3.5 13.34
9 W14X132 WI12X9%6 W12X106 W8X58 3.5 13.34
8 W14X176 W12X136 W12X106 W10X68 3.5 13.34
12-story 7 WI14X176 W12X136 W12X106 W10X68 3.5 13.97
6 W14X257 W12X136 W12X106 W10X77 3.5 14.48
5 W14X257 W12X136 W12X106 W10X77 3.5 14.95
4 W14X311 W12X152 W12X106 W10X88 3.5 15.08
3 W14X311 W12X152 W12X106 W10X88 4.5 15.03
2 W14X398 W12X170 W12X106 W10X88 5.5 14.86
1 W14X398 W12X170 - W12X106 6.5 14.57

Table. 2. Member sizes of the RBRBF structures
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Fig. 3. Modeling method used for RBRBFs

ol a4 S b 55 slaesle ol slacsls 0l & Jgder

T, (sec)

Structure RBRBF BRBF
4-story 0.61 0.96
8-story 1.33 1.83
12-story 2.12 2.59

Table. 4. First mode periods of the structures

61 BRBF il b ot 51 ailas S s st sblia ¥ Jgr

4.5,:.19 VY )/\ & ‘5Lha)l..u

Structure Story Columns Beams BRB (.:Oge
area (in%)

4 W10X45 W14X38 1.5

A-story 3 W10X45 W14X38 2.5
2 W10X77 W14X38 3

1 W10X77 W14X38 35
8 W10X45 W14X38 1
7 W10X45 W14X38 2
6 W10X77 W14X38 3

8-story 5 W10X77 W14X38 35
4 W12X106  W14X38 4
3 W12X106  W14X38 4

2 W14X145  W16X45 45

1 W14X145  WI16X45 45
12 W10X45 W16X40 2
11 W10X45 W16X40 2
10 W10X77 W16X40 3

9 W10X77 W16X45 3.5
8 W12X106  W16X45 4

12-story 7 W12X106  W16X50 4.5
6 W14X193  W16X50 5

5 W14X193  W18X55 55

4 W14X233  W18X55 55

3 W14X233  W18X55 5.5

2 W14X311  W18X55 5.5

1 W14X311  W18X55 55

oy

Table. 3. Member sizes of the BRBF structures
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Subduction Crustal
pair  Earthquake Year Station Comp. Mag. R(km) PGA(g) D5-75(s) Earthquake Year Station Comp. Mag. R(km) PGA(g)
1 Valparaiso (Chile) 1985 El Almendral 1 78 638 022 18.3 Chalfant Valley-02 1986 Zack Brothers Ranch 360 6.2 7.6 04
2 Valparaiso (Chile) 1985 Llolleo L 78 418 0.33 19.4 Livermore-02 1980 San Ramon-East. Kodak 180 54 18.3 0.28
3 Valparaiso (Chile) 1985 Laligua 200 7.8 440 0.13 19.3 Mammoth Lakes-02 1980 Convict Creek 90 57 9.5 0.16
4 Valparaiso (Chile) 1985 San Fernando EW 7.8 750 034 12.6 Gazli, USSR 1976 Karakyr 0 6.8 55 0.7
5 Maule (Chile) 2010 Angol EW 88 656 07 30.2 Irpinia, Italy-01 1980 Brienza 0 6.9 226 022
6 Maule (Chile) 2010 Constitucion L 88 386 054 318 Managua, Nicaragua-01 1972 Managua, ESS50 90 6.2 4.1 0.36
7 Maule (Chile) 2010 curico NS 88 651 047 372 Coalinga-01 1983  Parkfield - St. Corral 3E 90 64 340 011
8 Maule (Chile) 2010 Hualane T 8.8 500 045 337 Santa Barbara 1978 Cachuma Dam Toe 250 59 274 0.1
9 Maule (Chile) 2010 Papudo L 88 1162 0.3 20.1 Lytle Creek 1970 CedarSprings Pmp. 126 53 239 0.06
10 Maule (Chile) 2010 Vinadel Mar EW 8.8 664 034 18.9 San Fernando 1971 Lake Hughes No.1 21 6.6 274 0.15
11 Tohoku (japan) 2011 Miyakoji EWwW 9 64.0 0.84 67.6 Parkfield-02, CA 2004 Parkfield-Cholame 5W 90 6 6.9 0.25
12 Tohoku (japan) 2011 Takahata EW 9 122.0 02 81.7 Coyote Lake 1979 Gilroy Array Nod 360 57 57 0.25
13 Tohoku (japan) 2011 Fukushima EW 9 99.0 032 7.2 Friuli, Italy-02 1976 San Rocco 0 59 145 0.06
14 Tohoku (japan) 2011 Twanuma EwW 9 850 026 70.3 L Aquila, Ttaly 2009 Celano NS 63 214 0.09
15 Tohoku (japan) 2011 Tsukidate EwW 9 75.1 1.25 56.6 Imperial Valley-06 1979 Compuertas 15 6.5 153 0.19
16  Tohoku (japan) 2011 Sakura NS 9 1223 049 28.6 Tabas, Iran 1978 Dayhook L 74 139 0.32
17 Tohoku (japan) 2011 Haga EwW 9 95.1 0.24 30 Parkfield 1966 Cholame-Shandon No.12 50 62 179 0.06
18  Tohoku (japan) 2011 Chiba EW 9 1384 0.14 43.6 San Francisco 1957 Golden Gate Park 10 53 137 009
19 Tohoku (japan) 2011 Hirata NS 9 737 035 64.7 Hollister-03 1974 Hollister City Hall 181 51 115 0.09
20 Southern Peru 2010 Moquegua EwW 84 767 03 222 San Fernando 1971 Pasadena-CIT Ath. 0 6.6 272 0.1
21 Southern Peru 2010 Arica Casa NS 84 1428 028 10.4 Imperial Valley-06 1979 Coachella Canal No.4 L 65  50.1 0.12
22 Chi-Chi (Taiwan) 1999 CWB ALS NS 7.6 108 018 13.6 Irpinia, Italy-02 1980 Bisaccia 0 62 163 006
n 36.8
4 22.6

Table. 5. Shallow crustal and subduction ground motion records [20]
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Structure  Records 00 RD=0.5% ( RD)=1% RD=2%
4story Subduction 0.88(056) 172(0.35) 208(0.28) 2.37(0.27)
RBRBF Crustal  083(057) 157(0.46) 2.33(0.40) 2.80(0.39)
4-story  Subduction  0.37(0.61) 0.70(0.50) 0.87(0.47) 1.07(0.42)
BRBF Crustal  0.26(0.40) 056(034) 092(048) 1.18(0.43)
g-story Subduction 0.67(061) 1.28(052) 155(0.47) 181(0.48)
RBRBF Crustal  0.50(054) 1.21(046) 153(041) 1.87(0.46)
g-story _Subduction 0.15(0.53) 033(052) 0.56(0.45) _0.80(0.40)
BRBF Crustal  0.12(058) 030(059) 053(0.55) 0.95(0.32)
12-story _Subduction 0.36(046) 107(044) 131(046) 154(0.42)
RBRBF Crustal  028(0.66) 0.84(0.54) 1.10(0.45) 145(0.41)
12-story _Subduction 0.13(053) 027(051) 042(0.41) 0.62(0.34)
BRBF Crustal 0.11(0.76) 023(0.62) 043(0.38) 0.61(0.36)

Table. 6. RDMR and o,5:rp Values of the structures under
subduction and crustal records
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Building Records
RD=0.2% RD=0.5% RD=1% RD=2%
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8-story
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12-story
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Subduction 408.47 178.54 92.36 47.45
12-story Crustal 1214.06 355.05 114.72 73.48
BRBF
Total 1622.53 533.59 207.08 120.93
A
A’”’T"M 3.24 5.53 3.41 3.21

RD Total RBRBF

Table. 7. Agp values for the RBRBFs and BRBFs

OA

o b gl e USGS oL 53 aS el w ax 5 L
Sl ol slacsls 0laj Sl 6w S il ol
Slacsls Ol il 4 ks sla s anls (gl ol
ol 4 S LSS g ) eadllas 5 Lol Lol
5 e sal sl s @l [A7] el Loy
Oy bl ot plisns Jha sla powie (V) 05
g5 55 - S adllle 550 Slaosle Lol glacsls
lods &l 5 5 (Slat gy 35
ARD s o el ainin (V) Jgik 53 6 slilan
Y ) /0 /Y Bl o il sk Gl S
o5 gl OF blae lude 4 BRBF o3l a gl A )s
ol s LB e A3 e ) 3l 2is L. RBRBF
o3l b avglis 53 RBRBF o5l gy 3 Shee S0L s
W) J5o ol ey i plralr J 28,5 BRBF
wlraalr cidoe gl Llie 3 hep alie Dot
C> BRBF 5 RBRBF (slasjlu (sl s Loy s
sdalive S glailan das s 0L |y il slas, S
e bl e Rl L 2lse (eled 53 05 e
5 Blomy (s plraslr mlw 5l e Sy Llony
A S Sl s S e Al Rals B
BRBF slaosln gl = Lloy o 2l asile
mb S ol S5 ae¥ I RBRBF (slassle 5l 2l
Sl s slas, S5 o asdlls 3550 slaesle sla U
das e 0L 1 Lelie Ls) 30

5RBRBF sLasiluw | — Arp SS& sla o
A s i § Gl 4 s sles, S, <o BRBF
OLE () UK s bl ood plraslr (sl o as S
oo ba e ol S A Cls.ﬂ Lled esls
o=l as e Ll e hpp Llee Ll Sapcer(T1)
A e Bl o s a4 a (S
o Sy b laclis L s il e 15
ampn S Ol A1 s ged 5 ek 53 (S Jedas
1) A2l S i) 50 Koy s 2l o
b ol (doys /Y Mo s gl il 4 gl



AN\

\\Q\ 5/ &) \w 09> \\ \\ \\ e Ul}*g{"”\"é’“ u"“"UJ" Lf“’k"’

5 S () k4,5 53 B \ e Bles ) o sla i ¥ JS5

T1 (4-Story RBR
T1 (8-story RBRBF)

Sec \ T1 (12-story RBRBF) 2 12
.09 gl (12-story RBRBF)=2.1 o~ T1 (4-Story BRBF)=0.96 Se
----- Telc(A-story BRBF)=0.96 Sec = ===z, T1 (8-story BRBF)=1.83 Sec \\\
11 o= === Ti(12slory BRBF)=2.125ec N &
0.001 0.01 0.1 0.1 1 0
Sa(T) (g) a(T) (9)
(b/&)
Fig. 7. Seismic hazard curves corresponding to first mode per: .\ ructures under: (a) subductid@ground motionsand (b
crustal gr N
_4.5.:.]9\"(g“;ﬁb)ﬁ—@/\(g)AJﬁb‘jﬁ—@i(J‘:L&aj \ LMC%-‘J{L&‘)-:}‘RDQ‘MAJSJ‘
6‘@}1—@\“(6}6‘@)%—A(Ucd‘Wy— 'b}‘).é
1E-02 1E-02 X
——RBRBF N
——BRBF
o LE-03 o LE-03
& &
1.E-04 1.E-04
0 2 0 1
RD % RD %
(C/g‘a)
1E-01 1.E-01
RBRBF
1.E-02 ¥|3RBF 1.E-02
a a
Fi1E0m \\ < 1E03
1E-04 1.E-04
0 1 2 0 1
RD % RD %
Y C) e/&) /<)

Fig. 8. Residual drift hazard curves for the both groups of structures: (a) 4-story_Subduction, (b) 8-story_Subduction, (c) 12-
story_Subduction, (d) 4-story_Crustal, (e) 8-story_Crustal and (f) 12-story_Crustal

4ib \Y (¢ RBRBF «ib A (0 RBRBF il ¢ (il s a8 L 55 glacile gl 231553 slas, 555 o App S8 sla pomn & K2
BRBF 4L \Y (» s BRBF <2l A (& BRBF 4ib i (= RBRBF

8.E-03
RD=0.2% RD=0.2% 6.E-04 RD=0.2%

- RD=0.5% 2E-03 RD=0.5% — RD=0.5%
o 6E03 RD=1 I 3
= e = RD=1% < RD=1%
g == g RD=2% 3 4E-04 RD=2%
T 4E-03 = =
= = LE-03 =
147] 5] =2
3 2E03 2 % 2E-04
= = &
= - =

0.E+00 0.E+00 0.E+00

0 1 2 3 0 1 2 3 0 1 2 3
Sa(T/Saycex(T)) Sa(T WSaycpp(T,) Sa(T)/Saycer(T))
e/ (b/<) (asA)

04



6.E-02

_ RD=02% _ 4ED

- RD=0.5% E]

= =

7 4E-0 RD=1% 7 3.E-02

< <

= RD=2% =

= = 2E-02

] ]

'_g 2E-02 %

= Z 1B

= =
0.E+00 0.E+00

0 0

[

1
Sa(Ty/Saycpr(T))

4 7] C)

1
Sa(T, ) Say;cpg(T;)

(e/&)

RD=0.2% P RD=0.2%
RD=0.5% 'Bf o RD=0.5%
RD=1% ¥ RD=1%
) S 4E03 RD=2%

RD=2% = =2%

)

w

= 2E03

=

m -

0.E+00 ————

2 0 1
Sa(T)/Saycpr(T))

d/o)

[}

Fig. 9. Arp disaggregation curves under subduction ground motion records for the structures: (a) 4-story RBRBF, (b) 8-story RBRBF,
(c) 12-story RBRBF, (d) 4-story BRBF, (e) 8-story BRBF and (f) 12-story BRBF

S Dby e S eesle (b sl b b 38
Sph Bld ol b 5o USSR

Ll 53 i plralr SIS s bl S5 4 Y
S5 o3 3 6 RS sl OF sz ey 5 RBRBF (slsol
T bl bl b aan L S s ol
Glas, 55055 55y Cod 5 Lloy i el
amslie 53 Laosle (I RDMR - poslie ¢ 2505 5 5 glatm
Al e i s B b« BRBF slassla L
sl aid Jle 5 (Sass gla s w ax 5 LY
Loy o 2l ol polod Gl cbilany (o
oaria e Sl das, S5 05 S 3 a Cod
o 2l C]ad Sl e Jlax! Sa(Ty)/Samcer(T1)
o3l L amslie 53 BRBF o5l o (gl Jai 550 Llony
Al e 2w 0T L blus RBRBF

lassla U aslio ;3 BRBF slacluhpp pislis 4
(S b 4 Ail e 2iy x5 LG b 4 RBRBF
o2aLS SIRBRBF (slasjla 53 Sl 126 (sl = 55
OHleS ladkilee oled S s il e il 5w e
Lol il S or 65 o o aib S s b
el gl ) glaly 3 o plralr CH S 055
ool kb SO ol Wl el ol sl
el o Slas bl ol 53 55 0 8
BRBF (slseslo L alie 53 (5 g sl oy o
Ll

L S i8S Olg oo (IS 4t S Ol 4 a5k«
Sl Ol e b gladl il ol 0o Jatme 4 a5
i 3l ebitl casllan 35 50 oSl (sl SV 5b
030l 4 s (5 S 5 g 4w S Wl 5 o RBRBF

(S 5 4ol =0
MNLWJJ\%VS@»LSUJBRBF slaesla
6Lh4jjj)u.pj5u)buo)bw‘L;ﬁf)bgcJﬁijMMj
S LU slaas = dlasl cle o Vb Ol Sode L
wallas ool 53 s (9l L L Corge Ll g e j2ies
4z aS RBRBF slaojle blewy ol olralr s Sas
S350 S5 Sl gl AU LS glay s
\_!l_édiéjil&.ﬁ}uﬁ)b_;w)fb)ﬂwb})ﬁ
Sl Sl Gl b 4l anslie BRBF (slac sl
lea_w Sl am sl (Seloys sla Jdos LaeLw
)\ oJLﬂ’.’:.w‘L:M).)Y }\ /0 L./Y JJLW. W L}.;l?-ﬂbl?
adb \Y g A eV osle 5 (B Claal 4 plaas
J:aJ_.aTw:@G.u.wwﬁjﬁjae}ﬁJJQBJJ

Sl ke addlas ol
Cb_wﬁ\j_é\lﬁm_dbwﬂduaju%élﬁ.\
slas; S, o3 RDMR jliie 4y glacw s slas, S,
S 5 e ol I A e Gl
slas, S i Ll d olS > Ol Dds o e
S Rl L glann gy slas, S5 Langlie js 2l 08
P e 3D d&uo@lﬂ: BERTC TN WA P PP

J_E)Jﬂh‘jw g:,.w\ p‘}} cJu.)‘J)lJ} L}“:"'\)jjﬁ LSLQA“_}J)



\i'YlJLN/Y D)LM:/(_)L@;;}%@)}:

[9] Tremblay, R., Poncet, L., 2005 Seismic
performance of concentrically braced steel frames in
multistory buildings with mass irregularity, Journal of

Structural Engineering, 131(9), 1363-1375.

[10] Khatib, I. F., Mahin, S. A., Pister, K. S., 1988
Seismic behavior of concentrically braced steel
frames, Berkeley, CA, USA, UCB/EERC- 88/01:
Earthquake Engineering Research Center, University
of California.

[11] Bosco, M., Rossi, P. P., 2009 Seismic behaviour
of eccentrically braced frames, Engineering

Structures, 31(3), 664-674.

[12] Rossi, P. P., 2007 A design procedure for tied
braced frames, Earthquake engineering & structural

dynamics, 36(14), 2227-2248.

[13] Pachideh, G., Gholhaki, M., Kafi, M., 2020
Experimental and numerical evaluation of an
innovative diamond-scheme bracing system equipped
with a vyielding damper, Steel and Composite
Structures, 36(2), 197.

[14] Pachideh, G., Kafi, M., Gholhaki, M., 2020
Evaluation of cyclic performance of a novel bracing
system equipped with a circular energy dissipater,
Structures, 28, 467-481.

[15] Gholhaki, M., Pachideh, G., 2015 Investigating of
damage indexes results due to presence of shear wall
in building with various stories and spans, Int J Rev
Life Sci, 5(1), 992-997.

[16] Pachideh, G., Gholhaki, M., Daryan, A. S., 2019
Analyzing the damage index of steel plate shear walls
using pushover analysis, Structures, 20, 437-451.

[17] Tremblay, R., Merzouq, S., 2005 Assessment of
Seismic Design forces in Dual Buckling Restrained
Braced Steel Frames, In Proc. First International
Workshop on Advances in Steel Constructions, Ischia,
Italy, 739-746.

[18] Foschaar, J. C., Baker, J. W., Deierlein, G. G.,
2012 Preliminary assessment of ground motion
duration effects on structural collapse. In: 15th World

Conference on Earthquake Engineering, Lisbon:
National  Information Centre of  Earthquake
Engineering.

[19] Chandramohan, R., Baker, J. W., Deierlein, G.
G., 2016 Quantifying the influence of ground motion
duration on structural collapse capacity using
spectrally equivalent records, Earthquake Spectra,
32(2), 927-950.

[20] Barbosa, A.R., Ribeiro, F.L., Neves, L.A., 2017
Influence of earthquake ground- motion duration on
damage estimation: application to steel moment
resisting frames, Earthquake Engineering &
Structural Dynamics, 46(1), 27-49.

[21] Bravo-Haro, M. A., Elghazouli, A. Y., 2018
Influence of earthquake duration on the response of
steel moment frames. Soil Dynamics and Earthquake
Engineering, 115, 634-651.

[22] C.S.1. 2016, Computer program ETABS ultimate
2015, Computers and Structures Inc., Berkeley,
California.

[23] ASCE/SEI 7-10., 2010 Minimum design loads for

W

oot Ol e pwdige gk — ode alae

1L BRBF )

S 3wl
D3l 518 St 53 gl Lussb S BT 51 08ty 5

Klo ol pdlel
S5y ile (25l 5 s oS LS s 2Ol OB ks

..))\Ju.

&y
[1] Bosco, M., Marino, E.M., Rossi, P.P., 2018 A
design  procedure for pin- supported rocking
buckling- restrained braced frames, Earthquake
Engineering & Structural Dynamics, 47(14), 2840-

2863.

[2] Feng, Y., Zhang, Z., Chong, X., Wu, J., Meng, S.,
2018 Elastic displacement spectrum-based design of
damage-controlling BRBFs with rocking walls,
Journal of Constructional Steel Research, 148, 691-

706.

[3] Black, C., Makris, N., Aiken, 1., 2002 Component
testing, stability analysis and characterization of
buckling restrained braces, PEER Report 2002/08,
Pacific Earthquake Engineering Research Center,

University of california at berkeley.

[4] Uriz, P., Mahin, S., 2008 Toward earthquake
resistant design of concentrically braced steel frame
structures, PEER report 2008/08, University of

California, Berkeley, USA.

[5] Kumar, G.R., Kumar, S.S., Kalyanaraman, V.,
2007 Behaviour of frames with non-buckling bracings
under earthquake loading, Journal of constructional

steel research, 63(2), 254-262.

[6] Asgarian, B., Amirhesari, N., 2008 A comparison
of dynamic nonlinear behavior of ordinary and
buckling restrained braced frames subjected to strong
ground motion, The Structural Design of Tall and

Special Buildings, 17(2), 367-386.
[7] Pachideh, G., Gholhaki, M., Lashkari, R.,

Rezayfar, O., 2020 Behavior of BRB Equipped with a
Casing Comprised of Steel and Polyamide, Institution

of Civil Engineers-Structures and Buildings.
[8] Lai, J.W., Mahin, S.A., 2015 Strongback system;

A way to reduce damage concentration in steel braced
frames, Journal of Structural Engineering, 141(9).



Probabilistic collapse resistance and residual drift
assessment of buildings with fluidic self- centering
systems, Earthquake Engineering & Structural
Dynamics, 45(12), 1935-1953.

[37] Yahyazadeh, A., Yakhchalian, M., 2018
Probabilistic residual drift assessment of SMRFs with
linear and nonlinear viscous dampers, Journal of
Constructional Steel Research, 148, 409-421.

[38] Kamaris, G. S., Papavasileiou, G. S., Kamperidis,
V. C., Vasdravellis, G., 2022 Residual drift risk of
self-centering steel MRFs with novel steel column
bases in near-fault regions, Soil Dynamics and
Earthquake Engineering, 162, 107391.

[39] Kitayama, S., Constantinou, M. C., 2018 Seismic
performance of buildings with viscous damping
systems designed by the procedures of ASCE/SEI 7-
16. Journal of Structural Engineering, 144(6),
04018050.

[40] Tzimas, A. S., Kamaris, G. S., Karavasilis, T. L.,
Galasso, C., 2016 Collapse risk and residual drift
performance of steel buildings using post-tensioned
MRFs and viscous dampers in near-fault regions,
Bulletin of Earthquake Engineering, 14, 1643-1662.

[41] Atlayan, O., 2013 Hybrid steel frames (Doctoral
dissertation, Virginia Tech).

[42] Sabelli, R., 2001 Research on improving the
design and analysis of earthquake-resistant steel-
braced frames, Oakland, CA, USA: EERI. pp. 1-142.
[43] Asgarkhani, N., Yakhchalian, M., Mohebi, B.
2020 Evaluation of approximate methods for
estimating residual drift demands in BRBFs,
Engineering Structures, 224, 110849.

[44] Yakhchalian, M., Ghodrati Amiri, G., Nicknam,
A., 2014 A new proxy for ground motion selection in
seismic collapse assessment of tall buildings, The
Structural Design of Tall and Special Buildings,
23(17), 1275-1293.

[45] Raghunandan, M., Liel, A.B. Luco, N., 2015
Collapse risk of buildings in the Pacific northwest
region due to subduction earthquakes, Earthquake
Spectra, 31(4), 2087-2115.

[46] u.S. Geological Survey,
https://earthquake.usgs.gov/hazards/interactive/.
[47] Eads, L., 2013 Seismic collapse risk assessment
of buildings: effects of intensity measure selection and
computational approach, Stanford University.

2021

A\

buildings and other structures, Reston: American
Society of Civil Engineers.

[24] FEMA 356, F. E., 2000 Prestandard and
commentary for the seismic rehabilitation of
buildings, Federal Emergency Management Agency:

Washington, DC, USA.

[25] Eurocode 8., 2003 Design of structures for
earthquake resistance-part 1: general rules, seismic
actions and rules for buildings, Brussels: European
Committee for Standardization.

[26] ANSI/AISC 360-10., 2010 Specification for
structural steel buildings, Chicago: American Institute
of Steel Construction.

[27] ANSI/AISC 341-10., 2010 Seismic provisions for
structural steel buildings, Chicago: American Institute
of Steel Construction.

[28] GCR 10-917-8., 2010 Evaluation of the FEMA P-
695 methodology for quantification of building
seismic performance factors, Gaithersburg: National
Institute of Standards and Technology (NIST).

[29] Krawinkler, H., 2000 State of the art report on
systems performance of steel moment frames subject
to earthquake ground shaking, Federal Emergency
Management Agency, Report no. FEMA-355C, SAC
Joint Venture.

[30] McKenna, F., Fenves, G.L. Scott, M.H., 2015
Open system for earthquake engineering simulation,
Berkeley: Pacific Earthquake Engineering Research
Center.

[31] Yakhchalian, M., Yakhchalian, M., and
Asgarkhani, N., 2021 An advanced intensity measure
for residual drift assessment of steel BRB frames,

Bulletin of Earthquake Engineering, 19, 1931-1955.

[32] Yakhchalian, M., Asgarkhani, N., Yakhchalian,
M., 2020 Evaluation of deflection amplification factor
for steel buckling restrained braced frames, Journal of
Building Engineering, 30, 101228.

[33] Gray, M.G., 2012 Cast steel yielding brace
system for concentrically braced frames, Ph.D.
Dissertation. University of Toronto.

[34] Guerrero, H., Tianjian, Ji., Teran-Gilmore, A.
Alberto Escobar, J., 2016 A method for preliminary
seismic design and assessment of low-rise structures
protected  with Buckling-Restrained Braces,
Engineering Structures, 123, 141-154.

[35] FEMA P-58-1., 2012 Seismic Performance
Assessment of Buildings, Methodology.

[36] Kitayama, S., Constantinou, M. C., 2016


https://earthquake.usgs.gov/hazards/interactive/

Volume 24, Issue 2, 2024 Mod ares Civil Engineering Journal

Probabilistic residual drift assessment of rocking buckling restrained
braced frames under crustal and subduction ground motion records

Mehran Mirzaei*, Mansoor Yakhchalian™, Mahshid Tavakoli', Mohammad Hosein Soltani *

1- Master of Science, Department of Civil Engineering, Faculty of Engineering and Technology, Imam
Khomeini International University, Qazvin, Iran

2- Assistant Professor, Department of Civil Engineering, Faculty of Engineering and Technology, Imam
Khomeini International University, Qazvin, Iran

Abstract

Buckling restrained braced frames (BRBFs) are widely used as a lateral force resisting system due to their
advantageous characteristics such as elimination of brace buckling in compression, high ductility and energy
dissipation. BRBFs may have damage concentration in one or few stories during severe seismic excitations,
because buckling restrained brace (BRB) yields in a certain story and the stiffness of that story significantly
decreases. Drift concentration is undesirable as it can lead to general instability resulting from P-A effects or
residual drift. For controlling damage concentration in one or few stories and achieving a uniform
distribution of drifts in all stories, a new system entitled rocking buckling restrained braced frame (RBRBF)
can be used. RBRBF system generates uniform story drifts over the height of structure and prevents the
damage concentration in one or few stories. Unlike conventional or suspended zipper braced frames, the
braces on one side of the braced span along with the adjacent columns and ties are part of a vertical truss
system that is hinged at the base and designed to remain elastic until the near collapse limit state is reached.
This vertical truss system works as a strong support for preventing damage concentration in one or few
stories of the braced frame. The braces on the other side of the braced span are BRBs and are designed to
provide energy dissipation. RBRBFs are designed according to a displacement- based approach. The novelty
of this paper is investigating the residual drift performance of this new structural system under the effect of
subduction ground motion records, which have higher significant durations compared with crustal ground
motion records. In this study, 4-, 8-, and 12-story structures with RBRBF and BRBF systems are considered,
and their residual drift capacity values given four maximum residual interstory drift ratio (MRIDR) levels of
0.2%, 0.5%, 1.0% and 2.0% are computed using incremental dynamic analyses (IDAs). IDAs are performed
on two-dimensional models of the structures using 22 pairs of short-duration crustal and long-duration
subduction ground motion records. After computing the capacity values given these four MRIDR levels, the
residual drift margin ratios (RDMR), and the mean annual frequencies (MAFs) of exceeding different
MRIDR levels (Agp) are obtained. The results demonstrate that all the RBRBFs have better residual drift
performance than the BRBFs. Based on these results, the use of RBRBF dramatically reduces BRBF
weaknesses including the concentration of damage in a certain story and low post-yield stiffness. For
example, the ratios of the total Arp value given MRIDR= 2.0% for the BRBF system to its corresponding
value for the RBRBF system for the 4-, 8-, and 12-story structures are 21.10, 4.06, and 3.21, respectively. In
addition, for most of the structures, as the MRIDR level increases, the ratio of the RDMR value under crustal
records to that under subduction records increases.

Keywords: Crustal and subduction ground motion records, residual drift, damage concentration, rocking
buckling restrained braced frame, incremental dynamic analysis.
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