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Reza Saadi Andis, Saman Bagheri *

Faculty of Civil Engineering, University of Tabriz, Tabriz, Iran.

ABSTRACT: Seismic fragility curves serve as tools that relate earthquake damage to its intensity. These
curves specify the probability of exceeding certain limit states associated with the considered damage
measures as a function of the seismic intensity measure parameter. Among the engineering demand
parameters that can be a measure of the damage of structural and nonstructural components as well as the
comfort of the occupants, are the interstory drifts and the absolute floor accelerations. This paper aims
to derive and evaluate structural and non-structural fragility curves of steel building frames equipped
with buckling-restrained braces (BRBs) at different damage states based on the above two engineering
demand parameters. For this purpose, incremental dynamic analysis (IDA) of the finite element model of
a ten-story building frame under 44 FEMA-P695 far-field earthquake records has been used in OpenSees
software with Python interpreter (OpenSeesPy). Comparing the fragility curves of the frame model
without BRBs and with BRBs showed that the addition of buckling-restrained braces to steel building
frames significantly reduces the probability of damage to structural and drift-sensitive non-structural
components in all four damage states (slight, moderate, extensive, and complete); but it does not have
a positive effect on the seismic fragility of acceleration-sensitive non-structural components. Based on
the results of this study, it is possible to quantitatively evaluate the effect of buckling-restrained braces
on the probability of damage to structural and non-structural components of steel buildings at different
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1- Introduction

Buckling-restrained braces (BRBs) have been widely
studied and used, especially in Japan, the United States, and
Taiwan. Wakabayashi et al. [1] initiated work on a type of
BRB consisting of flat steel plates placed between precast
concrete wall panels. In Taiwan, experimental studies were
conducted on BRBs, including tests on braces with a steel
core made from low-yield-strength steel [2]. These braces
were subjected to cyclic loading. Additionally, several large-
scale tests were carried out by various researchers [3-4]. The
seismic responses of building frames with different bracing
systems, including BRBs and conventional braces, have also
been evaluated and compared in several studies [5-6].

To probabilistically estimate the structural damage in
BRB-equipped frames, fragility curves have been developed
and evaluated in some cases. For instance, Ghowsi and
Sahoo assessed the seismic fragility of buckling-restrained
braced frames under near-field earthquakes [7]. Hu and
Wang reported a comparative seismic fragility assessment
of mid-rise steel buildings with buckling-restrained braced
frames and a self-centering energy-absorbing dual rocking
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core system [8]. Ouyang et al. analyzed the seismic fragility
of an 8-story reinforced concrete frame with BRBs using a
performance-based plastic design method [9]. They used a
set of far-field ground motion records and evaluated the
application of 16 different earthquake intensity measures
(IMs) in seismic fragility analysis.

BRBs have emerged as a suitable choice for seismic
force-resisting systems; however, structural performance is
not the sole consideration in evaluating the effectiveness of
a seismic-resistant system. The seismic performance of non-
structural components is also important. Several studies have
been conducted on the seismic fragility of non-structural
components in some building systems [10-12]. However,
most seismic fragility studies on steel building frames with
BRB have focused on structural components. Therefore, the
present study addresses seismic fragility analysis of both
structural and non-structural components of a steel building
frame equipped with BRB at various damage states. A
comparison of the results with the building frame without
BRB is also done.
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2- Methodology

Fragility functions are useful tools for assessing the
seismic vulnerability of structures. They are defined as the
probability of exceeding a certain limit state (LS) for a given
level of considered seismic intensity measure (IM) parameter.

Fargility = P[DM > Ls | IM] (1)

Typically, a lognormal cumulative distribution function
is fitted to the obtained fragility data in order to derive a
continuous fragility curve [13]:

2
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where @() is the standard normal cumulative distribution
function, 0 is the median of the fragility function, and £ is the
standard deviation of In(IM = x).

There are several procedures for performing nonlinear
dynamic analyses to collect the data for estimating a fragility
function. A common approach is incremental dynamic
analysis (IDA), where an ensemble of earthquake ground
motions is repeatedly scaled to different IM levels [14].
This analysis procedure is used in this study to evaluate the
structural and nonstructural seismic fragilities of the building
model for various performance objectives (damage states).
Four damage states defined by HAZUS [15] are adopted here
for structural and non-structural components, namely Slight,
Moderate, Extensive, and Complete damages.

44 horizontal components of 22 earthquake ground
motions from the FEMA-P695 [16] far-field database are
used in this study to perform the nonlinear dynamic analyses.
The building models considered for analyses are 10-story
building frames with and without BRBs.

3- Results and Discussion

The results are presented in the form of seismic fragility
curves by varying the following parameters: the type of
the building model (with or without BRB), the damage
type (damage to structural components: S, damage to
displacement-sensitive non-structural components: NSD, and
damage to acceleration-sensitive non-structural components:
NSA), and the damage state (Slight, Moderate, Extensive,
and Complete). For example, Fig. 1 shows and compares
structural and non-structural fragility curves for the building
frame with and without BRB at the Extensive damage state.

The obtained results show that for all four damage states,
the addition of BRBs to steel building frames significantly
reduces the probability of damage to structural and drift-
sensitive non-structural components; but it does not have
a positive effect on the seismic fragility of acceleration-
sensitive non-structural components. For instance, Fig. 1
shows that for Extensive damage, the IM (= PGA) level
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with a 50% probability of damage (i.e., the median of the
fragility function) increases with the addition of BRB by
82% and 63% in structural and drift-sensitive non-structural
components, respectively; while it decreases by 7% in
acceleration-sensitive non-structural components.

4- Conclusion

Seismic fragility curves derived for a 10-story steel
building frame with and without BRBs show that at all
four damage states (i.e., Slight, Moderate, Extensive, and
Complete), the addition of BRBs significantly reduces
the probability of damage to structural and displacement-
sensitive  non-structural-components.  However, for
acceleration-sensitive  non-structural components, the
addition of BRBs does not have a positive effect on the
damage probability. The comparison of the heightwise
distribution of peak seismic response quantities, obtained
from the average of the 44 earthquake records, also
confirms these findings. For all different damage states in
the considered building model, the changes in the median
of the fragility curves due to the addition of BRBs range
from +54% to +82% for structural components, from
+48% to +100% for displacement-sensitive non-structural
components, and from -3% to -19% for acceleration-
sensitive non-structural components.

References

[1]M. Wakabayashi, T. Nakamura, A. Kashibara, T.
Morizono, H. Yokoyama, Experimental study of elasto-
plastic properties of precast concrete wall panels with
built-in insulating braces, in: Summaries of Technical
Papers of Annual Meeting, Architectural Institute of
Japan, 1973, pp. 12-20.

[2] C.C. Chen, S.Y. Chen, J.J. Liaw, Application of low
yield strength steel on controlled plastification ductile
concentrically braced frames, Canadian Journal of Civil
Engineering, 28(5) (2001) 823-836.

[3]S. Mahin, P. Uriz, 1. Aiken, C. Field, E. Ko, Seismic
performance of buckling restrained braced frame systems,
13th World Conference on Earthquake Engineering,
2004.

[4] M. Dehghani, R. Tremblay, Design and full-scale
experimental evaluation of a seismically endurant
steel buckling-restrained brace system, Earthquake
Engineering & Structural Dynamics, 47(1) (2018) 105-
129.

[STL. Di Sarno, A.S. Elnashai, Bracing systems for seismic

225

retrofitting of steel frames, Journal of Constructional
Steel Research, 65(2) (2009) 452-465.

[6]]. Shen, O. Seker, B. Akbas, P. Seker, S. Momenzadeh,
M. Faytarouni, Seismic performance of concentrically
braced frames with and without brace buckling,
Engineering Structures, 141 (2017) 461-481.

[7TA.F. Ghowsi, D.R. Sahoo, Fragility assessment of
buckling-restrained braced frames under near-field
earthquakes, Steel and Composite Structures, 19(1)
(2015) 173-190.

[8] S. Hu, W. Wang, Comparative seismic fragility assessment
of mid-rise steel buildings with non-buckling (BRB and
SMA) braced frames and self-centering energy-absorbing
dual rocking core system, Soil Dynamics and Earthquake
Engineering, 142 (2021) 106546.

[91 X. Ouyang, Y. Zhang, X. Ou, Y. Shi, S. Liu, J. Fan,
Seismic fragility analysis of buckling-restrained
brace-strengthened reinforced concrete frames using a
performance-based plastic design method, Structures, 43
(2022) 338-350.

[I0]R.P. Dhakal, A. Pourali, A.S. Tasligedik, T. Yeow, A.
Baird, G. MacRae, S. Pampanin, A. Palermo, Seismic
performance of non-structural components and contents
in buildings: an overview of NZ research, Earthquake
Engineering and Engineering Vibration, 15 (2016) 1-17.

[11] D. Gautam, R. Adhikari, R. Rupakhety, Seismic fragility
of structural and non-structural elements of Nepali RC
buildings, Engineering Structures, 232 (2021) 111879.

[12] A. Wanitkorkul, A. Filiatrault, Influence of passive
supplemental damping systems on structural and
nonstructural seismic fragilities of a steel building,
Engineering Structures, 30(3) (2008) 682-675.

[13]J.W. Baker, Efficient analytical fragility function fitting
using dynamic structural analysis, Earthquake Spectra,
31(1) (2015) 579-599.

[14] D. Vamvatsikos, C.A. Cornell, Incremental dynamic
analysis, Earthquake Engineering & Structural Dynamics,
31(3) (2002) 491-514.

[I5]HAZUS 5.1., Hazus earthquake model technical
manual, Department of Homeland Security, Emergency
Preparedness and Response Directorate, FEMA,
Washington, DC, USA.2022.

[16] FEMA. Quantification of building seismic performance

factors. FEMA-P695, Federal Emergency Management
Agency, Washington, DC, USA, (2009).



785 500 ()] yo (o kien & i

VES B YYY Glrio OF-F Jlo o 0)lod DY 0,95 cyusS pool (o (suskigee el
DOI: 10.22060/cee}.2025.22656.8018

lojlw s g ol o) (SaiSus (o sosio 51 QU LS glaniy)lee ST 2L 3]
&Y silaidlu ol

* 68U ol bl (gaaw LS,

ol Gy Gy oD ol pes  pwdige 03l

16 99ld dzxdey )b
VEY/-SINE il
VEYTA/ Y 1 S5l

ol il oo )1 5l (o8l oyl g 05 0151y dlaly oaimd LS 45" s (63l (gloj,) (Sl (glay s tduo A
A5 il glacind § b Oygo 4 bl cos pilie 1) cjlud adls wis b G casdSs Jlas) @dly ) b oo

VXA ey
VXY IV 1o T )

Slojlu e 5 (slojl (il Slas 5 ()3 (sl (padli g )lns Llgi o0 8 rizn Gl (sl ptalyly dboor 1550 oo paseie

Slojlo e g (glojl (gl (69, Sos Clises olaws )5 (598 Frusly ol 93 bl S0iS sl imio (b)) g 4nkd ¢ yig

: (W]
uff:i ; 3 osaie cnl gl 28l e (BRB) b isle” slasin)las & jaeme (63¥58 Slaiblo ool Clid g olols 4 olue
Qe il P 520550 T 008 (gl e b i Sl 3 el 03 291200 (Sl oo (IDA) I3 Saled o
A5; aly uL.u U isleS diylee (gl 5 diylee oy B SuiiSs sl e duwlie (ol o odlaul 1?EMA-P695 )90
Vb ool ol Jlosnl 4295 LB (ialS 9o 0)lgen CUsleS” oo (139331 ¢ JolS g gy Mo i ol o oy 3 &S
Slosles el Lo (9531 S & Qs 4y ol slojloped (i) 2)90 ) (g 29800 (2lomle @ (el (glojlu s 5 (Shojl (32
Sloslan el OlFe 33 ol @lis (elol 2 900 039381 (3 L) 55 (Sl (93 g0 3 8L 05 0d ] Jlos] 2l c2 90
3 Sdas il gglawyd (63V98 slapleidlo lojlué g glojlr slipl ol Jlois] p QUL a0 )lee 13 3590
e
o il Aatus et g o3l Jlasl Gliis b il cdgpaw dodlo —
ol > Wil o CULILS gladis)lee (wizren w698 A5 Su il s 08 uimen 5 (5l9SS g ple 938l5g) i 4 a2 L

N Caglio &y pliws slaiea (gloj) (gjlopglie Blual (gl 25250
0,5 1,8 oolital 350 Syt (sladalins jldy50 (604 IS 5 s
P ohed ledynS Cpgoar eS QULELS sl

SIS I8 i g aalllas 3590 ¢l o 1S ol ylf b ole)iS
2 sgae Vb dld (S)go 93 4 (plf ) BBl Mo porie
Bl drngs (6358 BME )3 jgazee (gt g Al (S sl S
GBS slariles I o9 9y 2 B D] ohlSes 5 8LLET
Bl 9> o 45 292 (63V5h s (slas)g 5 USie o5 W2 ST,
Oygo & GWlhs 35 (el 5aS 53 Lo 48)S )18 adle ey (0
il ol 5 sl 85 Sypo BBRB ly alSiyls)l

Vo) omb pdes G55 L oYl ond adle gdtwn b Aisles (g9

Slosll (piomen o (008 gloojlo (giluge 4 jl5 dmojle I (ke
IS dgde prlasl 08 4 wie laojle ) g (slaglpss
&5 SVl Slinzs 5l eolatwl cdlial oyl cas culio sla,Kal,
dox ol 51 (BRB) CbjtileS’ (sloaiylee & 2l glablo
Lodgw (gl S e & QU IS glani)loe b (sboojl il o
9 0L) Sy IS8 o)lid lagys ot basiylee (LS pas plas
a5k 4 Sl Hlid 5 s )3 Vb (55l Sl 5 Gl ol
o3kl )90 (sloj ) (sl plp )3 pglie i o Gl 4 sl 038
S5 AW ot ;503 b auglio ) cpl  ogMe ilad S )5
Wle eyly gaumte sblie CULELS Slasylee (il slojy

s_bagheri@tabrizu.ac.ir :olsle Jlsore odiag ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )


https://dx.doi.org/10.22060/ceej.2025.22656.8018
https://orcid.org/0000-0001-6059-5577
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

VES B YYY docio VFF Jlo o 05l OV 093 638 puol ) yos (it &yt

ey g yShis (PGA) ooy clid Sl ailer calisee d3;
G 00 (23059 Ak Cld g Jgl 390 3 (ab Sls (PGV)
L odlatwl (glojy) (SausSs Jloo jd ol 550 dus jd 0SS lie p >
Oled b (gloj ) (Fauss dwslio g b, VoV Jlo ;5 Kilg g 90 [VY]
5 iS5 balasls SUT (ghls bl di)lpe b dib (i (o2Vsh
a ohlSen 5 Sligl [VF] Waged G315 1 LS55 5 (closnS iumses
A o o GBS jo glojy) (SaiSs la ove Jdow g 40
Sazdly ohb g 5l oozl b GliLskS slaiylee (ol dib
05> (35S dsgermo | (Buins Cplyd VO] a5 Slee p e
Sl o o Ay cad i Jlxe V5 25 5 A ool ye0
8,5 )18 bl 2y90 los )
Sly cwle Ol S a4 GBELS wu)lhe b slacl
38es Jg o s loj)) (Sl 69585 pln 3 polie lapiu
995 pslin s o il IS i) > Ao e (sl
Sanlon pilis cgloj ) o Slas jlas I pme Bun S 4y olotwd (s
Ol el (glojlu s g lojl Glapiu g sl 3)Slos zolaw (1
il Glr pre aix S lojloys Slipl loj) 5Skes (2bj)]
Veo) ass VA iyl gloj)) lagys pln ) polie slagpiu
5,Sdas a8 oy flas W] (s YoV 4,68 YV di; 9 V] s
g wlall sl jl weg B i 4 peie hjleps i
o151 51 xsusg il Jolis Slg5 o (ol s elin] 305 o0 Lo sy
b W15 o e (il calizie WY Ladl g (golul sl dap
S5 3l9 by om0 OIS b3 (5] wle lagualy I ao
Olpisn cslos) ey ai 5l (ST sy s S 53 i i 35 S,
bl lojlope (slizl g s250 slaploidl g 2 Slilllas
ol bl byl a5 cadf)) gsby 5l Lol el eanlis
b ot b (glojlopue (glinl (gloj ) o Sdas YV Jlo j3 cdigos lgicdy
dibio YO b VoVe ol cladlyl; M5 )5 adjes edS
SIS gl oo g Ab gy VAL ySan o JI15 Lawsgs (652508
YN Jlo jo ezmad 3,5 &) glojlo e (clinl Sy el sl )
b ladle slojlwpe slinl (glojy) o)Shes [VA] Ko 5 digyp
S 30 Caomd VoV Jlo Al 0 1) (g5lwopdd (sloansd g b iS40

Yy

el [Y] 0 plol Yo od Lo po ()8em g 2 Lausgs 45 350 (JISliSe
MR adlandyge US98y )b cod ) CULELS wle g5 0
Gilisee i by S5 pobie )3 Glle)] cudiz psien 03D
ExSsle sl almylSal, hSen o Laoh [F-Y] A5 o3l casy
alio 5 u5,) [0] w3905 41 BRB aomis 515 inidgo ,20LeS ]
wilie ailee Slapios b Sladlo ol dloj) slagul
o plosl alisee lalllae )3 5 Jgese 5 CB LS sbaiiy)lee Jolis
@335 5 oy Sllls ylSen o ysulil Lawgs 5o 1ysl [5-Y] cul
B 00ty (2900 Gl S b CBS” slasisles 555 2
a5 JHlSen 5 SO hawgs (pimen [A] Cunl 485 g0 (S
Sy S S 5 ol CELBLS (slasiyloe 3 (Sand jos
4] ol 05 aslllan
2 bpuleS lasin)lee sly 0ad 03 pb sblie o yle
Olizmen «GYsb plod loj b gladllj 1o b 5wl jlews ol
ol polie s 55 cal 4 oo sloojlo )3 23 gl Jloi!
5 sl b)) sl 5l (Ko o)l sy bty (lagtins ulo b
ol (gloj ) (SaSs lasiznio daojl )3 o)) (e 5l (I ©jlud
5T latan Slul cloojls 5| (Saiss cla oo gl sl
P 3 ol (Ssadcsl 5035 oo jlins (sl ) ool ol 4512
Sl SUSS Glagonie VAL Jlo )3 canl STyl s 05 )y
SHESS (Sla e porde (e V0] 45 rkae (Slatan (slaolSy,
elgl lp Ll zlymcul 9 [WV] b 03> drwgs opdjle 5 42,8 bawgs
Syl g ol (Vo] 3,505 (sl 00,8 ST (glojler (slaptum
o imie b)) s aws BRB & jeome Slasls cbols 5 lojle
2 onlo g (wwgslS (Jlo lgieds .cuwl aslpbul (60)lg0 o Saiss
B leS” a)lee sl slacl (gloj ) (Suiss by VN0
b cdn OB Sy Ll Y] w3l plool 1y JuS S5 sladl s cos
Phb wlee il 1S @y sly asbinn] bilss peluly 1y
S (o Slowny (2lmle g (il (o (o 2l Sl g 2538
o g o 5905 o3latsl (lojl ol b olize gy sla el b lgisa,
Sai)lee 4 ome wil pladle Sy (glojy) (Saiss ¥R Jlo
o5 g, jloslatal L1y (VD) joSiug (sl S0 5 (BRB) b isleS
oo (1 S0 35 D505 Dgaore «BAm L 133S Sl sl el (Sl

b wlde 1ix 5l g 09 (ool iyl x5l edlazul b (gladls oy



> sl s b Kl el 5l ojle () e3gme JS JalS
o Jain y50 0 wlie cullCls cov lojls Je ¢ wlie pl8
2 ojlw jhainyge 5 iz saguly pSlie g oad Jad e (Seelid
Ol 4 4 095 0 sy BB (63959 U35 oad Cilisee (sla polie o
@ oy b Rl (Seelad Jdog Jolye 250 00 aiS IDA ixie
2905 4o o 7y

o5k (g5l Jde —dll

ol ylud b ol 5l (g)lme o8 ojles Fuly ey Sl -0
il

Al ons pebie Ol -0

lio a5 (gl g8 ) Gl —o

LneBES 3905 ol 5 qasbie (solile o5 Gl -

ghw 4 Gy U wlde o )3 ojle (s Sealuy Jdod -2
oMb iy (63)Sdes (0> gl b (ol 5

Olysd ©Ad olide cuws ol bl ol bgel ) —g

IDA >

&lojy) (SISS g =Y
dmojls (gloj) (s pdpaml (2l ) sl sl 5 (S
Taw 3l o5l el cus3SE i) oS ol Saisls la v
Ol omej sloj) Gl sl calisre Cud olaw (sl 1y Hasuin wi
Loy slojle cilie (slip) (gplcaml (o5 plo polaieds e
oo Sl g9 2590 )3 (lpior A5 Cad e o lojlu et
21y cal e 65l cdiSTE L gody Jlean! (slojlupe sl b
ol 2l b 5 Sa(T) PGA oo d3f; ad Bpne Sy o o
Mo oo @ cnd (i golaw (glp Gldas (pl 1S5 05005 4l
osliwl 03,5 o (Fragility curve) Suusls coxie 4 powge Joxie
23 ool gloj) (6 ppacaml oliee 35910 Cap (SIS la i |l
Sl e Wgi )0 pre a5 Gl 00)S oy 2lgy sl i) gl Lo
2y 5 )3 1y s g0 adlats
55 b g (ot (tins ©9ldB (025 slasil bl eslazal L
la goxie Lo cdlsyd ygl vty 1) Saiss la goxie olgi o
clisee slacid cod wjlw ol (gilwdnds bl o wluly

g lojle izl sl loj) (S @y aged (g Wl 598
g 35 Y0 Jlo 035 53 Jlg )98 sl oozl (sljlu s
5 hlos Cldllas ate; 3 [V ] W08 con g &)l Kan 4 pbsS
S s jlopolio & 3,8 o)lal IS 5 I 5Sasly S & ol
o 1y oSy 5 S yiumst (5l S0 5l o0lil b (3Y s losbl
255 035> A5 2,65, ¥F cod Ll (Seelud ilow 5l g ooly 1,8
golw ) Slojluye 5 lojl slipl (Saisd slapone 4 sl
IVV] 05,8 edlitwl Calises (60, Slas
Slapiacs plo 350 )3 42 ST & am3 0o (i Vb Clados 950
Sl g lojls (gloj)) (SauiSl slo dioxio duslio 5 b)) slojls
B ileS ai)le (g1l 60V 98 G wituw 3550 10 (Jg Cawl 0 1]
Szl 5 55 (ol (elinl elog) (SASs g0l laid clalllas 5T
cilize golaw ;> (gloj)) (SuSS slaizie pob dlie > plpl
@ e Ve Sledle (ol (lojluy o (slojls (63,5es
235 o yly8 g dyge (JB et QB L awslie jo b kS Ai)lee
5 slojle linl s jlmo oS gladds py wd obuls p ogdle
Oleeds o lads IS Gl sl obuls 4 wlus glojlu e (gl3s]
L gdioe 488 a3 e s lojluopé (slial Coml Jlns
Slp Sass b pove (ol (Seolnd g o zuls ooliiwl
3350 9 035 sy JolS 5 g o i ((63,So) ] s Loz

xS o )L 2L

o] 381 (Sewlys Jalos -
b)) (Saiss o gie glzwl (ddos lagty, 5
4l 4 pladtS 4l ) ojls Jld) o conl (las s Ll G 4
ol B yme dlex S (giloand (B3009,8 50 U g plundS yé
3905 o)Ll (IDA) (il 3l (Solied Jdows &yl o0 (o gl s,
s sl ol IS gl g e odlil Gl 51 Smehy ol 55 oS
S8 g 0ad (gager J)S g ogSemslyely bawg VoY Jlo 5> (sloj)
IYV] 05 olaiy il (uine )3 (655,84 sl o] oo st
oolie (0 o (paix 4 5 BBl da b o Gy ol 2
dil; )68, ud wlis Lad o Jlosl ojle 4 dls podsdls 1o g 0l
kol ool gloj 3 ik Qld (PGA) () Sl 8> il o0

Oy (93)S olide I Bam sl cawd (ol 5l g3)lse b g Sa(T)) ol

YYA



VES B YYY docio VFF Jlo o 05l OV 093 638 puol ) yos (it &yt

N —1C

stm

b= \/ f(ln(x /9))? (©)

&9 S los gl -F

Sl a g Gljle izl 2)50 3 @ 1) (Saiss (la gz
Sl by S 5 caml it golan 3 e (slojl
Gek ol 3 25 Lbi)l g gl oo Sles ilize polaw S0
Gillae lojluys 5 (lojl lipl (93)8os gslaw 5 (25 clacl
mMo ((Slight) s o )lud maw Hos > {YO] HAZUS Lylss
(Complete) JolS' 5 (Extensive) awss b 03,5 (Moderate)
@y YU oo 1 plaS,m b Blize s clacdls sl snd Sl
(drift rario) gldab o oo 2bols Cons bl (glojle sl5]
sl oyl ol (st Lolulyp ol oas 03,91 V Jodo j> 45 b e
High-) o cglojy) 3kl gllas canl Sao ploidle ol
094 b g (Low-code) (b (Moderate-code) lawgio {code
&t pen 03l 013 plol (Pre-code) csloj) by Jlae
buwgie (High-rise) sl wlg o ojle et le Clab slass g glas))
Jol5 slos ) (b a5 b aisl (Low-rise) obsS L 4 (Mid-rise)
a8, b > High-code clls «iagh opl o bl slaJse
High-rise daww il o5 Jto Slids dliad 4y a5 b puiomed g 3445 0
Dgd o Jlos]

Jio plged) obuls 4 plas Glojlupt Gl 4 conl
SMED b 2l ) o ke (O3 o 5 slagrtiisl
lisees o lyiea) i & il sl (sl s el
S g o el (JS) illao i 3] ol (S 5 (S5lSo
losloyt sl sl ¥ Jgio )3 & Cilises @)l zolaw bl
s 5 slojl i g5 ) s sl 525 55 ol & olus
5 e (63,8kae gl wlial ) dil Glub Abb o (sloj)) Lalgs
S ol odd 035l Ol 4 wlas (clojlope (clinl glp ¥ Jgas
Wb (b Gloj ) Lol aw U Jg (slojl s £ 51 Jiine
e 0,55 High—code s (gly bl 3 g

5 elojls (clog) SaS  5 dlie oyl )3 45 sl S5 4y pyY

Gl g 0050 Jlainne (WBas) Sy ol &lei jl eolatul b (glojlu e

yya

log ol abw 5l 8l ey ol 3 Ysans oo Casd 4 435
LYY 0,5 ool dllune dgazee (glin! Jio los s

Jloinl & canl (5 (8l Hls I (s gove a4 255 L
o3l wdige gl w2 b S B 3 (DM) o)lus (adls csis)
435 s ) e o o 53 (LS) s oy S o 51,
2, iy ) Cpgedr]) loj) (SIS (g e S o Gl (IM)

Fargility = P[DM 2 Ls | IM] ()

) 2,8 odlal (glojy) Julog g (gilwand (ool

Ly (V) 980 08 4185 Jlas )3 bbb b (g s 51,38 4 oo

&S (65 lge dlawi 5 (N
20)94.0 Og‘ )) .3)91 Cuwd &

Nfall
PDM2LS | IM=x]= ")

sim

& 2l ol Sausis goae glaodls 4 aoldl y YW
e (glojy) (WSS @b plgisdy glatogy (e B dgd 00 (3315
Awbt;c);)u)yow ‘L;KJS\«)J Y\c JQ]WDAJ

P[DM>LS|IM= ]:@(Mj ()

B

$be 0 okl Jlop (ae5 @iy @b D() Vb by
O3S ol Judod jl Jols  Saiss goae glaodly | 5 yaod

g o0 03]

:lm

11'10 = N_ Zln(x ) (\c)

sim =1



s High-code cls (gl y ilisee (5lojlw &y lud zgbans diliw] 13 w0 13 Cunss 33 SlAb (o od (bl B Cww ) Joi>
[val &> ;0 ;) High-rise

Table 1. Inter-story drift ratios at the threshold of different structural damage states for High-code seis-
mic design level and High-rise buildings [25]
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Table 2. Drift ratios at the threshold of different damage states for nonstructural displacement-sensitive com-
ponents [25]
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Table 3. Peak floor accelerations at the threshold of different damage states for nonstructural acceleration-
sensitive components in High-code seismic design level [25]
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Fig. 1. Ten-story building frame models used in this study; a) Plan, b) Elevation
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Fig. 2. Force-displacement diagram of buckling-restrained brace [27]
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Table 4. Designed cross-sections for the 10-story building frame model
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1300 W14x68 W16x40 A
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Table 5. Input parameters for BRB modeling

Fy b RO CR1 CR2 al al a3 a4

Steel02
277 MPa 0.005 26 0.91 0.1 0.045 1.02  0.055 1
Pinching4 Point1 Point2 Point3 Point4
Strain - 0.0001 - 0.00636 -0.023 -0.318
Negative Stress -0.016 Fy -0.032 F) -0.201 Fy -0215 F)
Positive Stress 0.0001 0.0001 0.0001 0.0001
. &, min max

Fatigue

0.191 LR 0.671 -0.035 0.035
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Fig. 3. Schematic sketch of BRB
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Fig. 4. Comparison of the hysteresis curve of the BRB obtained from OpenSeesPy software with the
experimental model of reference [30]
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Table 6. Comparison of the BRB performance parameters obtained from the finite element modeling and the
experiment of reference [30]
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Fig. 5. Comparison of the roof displacement time history (left) and heightwise distribution of peak inter-story
drift ratios (right) in a 6-story building frame with BRB under Landers earthquake, obtained from the Open-
SeesPy modeling in this study and the numerical model of reference [31]
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Fig. 6. Normalized displacement and acceleration spectra of the 44 selected earthquake records for 5% damp-
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Fig. 7. Heightwise distribution of peak response quantities for the 10-story building model with and without
BRB, obtained from the average of 44 scaled earthquake records
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Fig. 8. IDA curves for structural components of the 10-story building frame with and without BRB
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Fig. 9. IDA curves for nonstructural acceleration-sensitive components of the 10-story building frame with and
without BRB
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Fig. 10. Fragility data and fitted fragility curves for structural components of the 10-story building frame with
and without BRB at different damage states
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Fig. 11. Structural and nonstructural fragility curves of the building frame with and without BRB at Slight and
Moderate damage states
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Fig. 12. Structural and nonstructural fragility curves of the building frame with and without BRB at Extensive
and Complete damage states
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Table 7. Earthquake intensity (=PGA) required for a 50% probability of damage (median of the
fragility curve) for structural and nonstructural components in the building frame with and with-
out BRB at different damage states
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Table 8. Relative percentage change in the median of the fragility curve (earthquake intensity
required for a 50% probability of damage) due to the addition of BRB
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