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Buckling-restrained braced frames (BRBF) offer effectdve lateral resiztance by preventing global buckling of the
brare core under compression, resulting in symmetric hysteretic loops and efficient energy dizzipaton However,
dezpite enhanced cyclic performance compared to conventional braces, BRBz =till lack sufficient post-vielding
stiffpess, leading to exceszive drifis. Core length reduction effectively increazes BRB stiffness withour altering
core cross-sectional area. Braced bay beam-to-column connections al:o influence BREF lareral response.
MNonlinear static and dynamic anakyzes were conducted on 4 buildings, including 4, 7, O, and 12-story souetures,
with conventional and reduced core length BRB: (RL-BRE] in diagonal and chevron configurations. RL-BRBs with
20% and 40% core lengths were evaluated, considering hinged and rigid connections. A 4-story dual SMEF-
BREBF wat included for comparison Fesul show RL-BEBF: exhibit superior lateral response, increasing
seismic response modification factors by approxdmately 30% in DBE level and 66 % in MCE level, with added

benefits of being replaceable, repairable, and cost-efficient compared to conventional BRBF=.

1. Introduction

Buckhng-resirained braced frames (BEBF) have been broadhy
acknowledged and used as an effective lateral resistance system m re-
zions with high seizmic hazards. BRBs are enhanced versions of con-
wventonzl braces. Conventionszl braces tend to buckle when subjected to
compressive axaal loads. This phenomenon reduees the ulbmate capae-
ity of the brace; Thus, the size of the brace ncreases in the process of
detormuming the proper cross-sectional area. Moreover, braced bay
beam-colummz and connechions must be designed to be capable of
resizhing the vield capacity of the braces [1.2], resulting in an meresse m
their corresponding demands due to the increase in the brace zize. These
undesirable azpects sought researchers to improve the buckling behavior
of conventional braces. The first attempt=s were carnied out in Japan by
proposing grout encasing for H sscbon braces to improve the
post-buckling behavior of the brace [3]. Though their efforts showed
promuse they faled to achieve optimum rezponss dus to the bond be-
tween the grout encasing and the steel H zecton which resulted in
excessive stress mn the restramner. Further investigabons were conducked
to provide a proper debonding mechanism between the core plate and
the encasing. These studies led to the introduction of the wery first
practical BRBz consishng of mortsr infilled steel tube restraimng the
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global buckling of the core plate [3]. BREs behave almost symmestncally
in both compreszion and tension. Such behavior indicatez exceptional
energy dizsipation as opposed to conventional brace behavior. The great
energy dissipation capabibity led many of the sngineers to consider BRBs
(also known as unbonded braces) as a type of hysteretic damper [4,5].
To ascertain the fussy performance of the BRBz rescarch projects were
conducted which concluded in design procedures [6]. BREs can al=o be
uzed in the selsmic retrofit of stesl and conerete structures [7,8]. To thes
day, several seismic analyical studies have been performed on BRBF: to
evaluate their seizmic response. A study by Tremblay et al. showed that
zhort core BRBs can effectively decresse the difts in the stucture,
nonctheless, 1t can drastically increase the mdoced stress in the re-
strainers [9].

In a study conducted by Kazerm and Jankowsk incorporation S3 in
conventional BRBz was proposed and aszessed a5 a solution to reducs the
zeizmically induced rezidual dnfis [10.11]. Other stodies also pad
attention to use machine learming n measuring the mduced dnfiz and
residual dnfts in BRBF= by employing statiztical indicators [12]. Recent
studies proposed a new method for eshmatng medizn residoal drfis of
Buckling Restrained Braced Frames (BRBFs) by Asgarkhani et sl [13]
named The cosfficients method, which was calibrated for esttimating the
median of maamum residus] drifts of BRBFz. The studies further
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developed deflechon amplification factors for the BRBF: to assure the
proper mechamsm of the stroctore [14].

Even though BRBFz have provided better lateral response compared
to the conventional bracing systems, there are zhll conecerning dizad-
vantages that need further improvement. Inveshgsbions carned out on a
prototype 4-story BRBF by Fahnestock et al indiecsted satisfactory
seizmic performance, however, the results msmuated that the duetility
demand iz bevond that of considered in the design procedures [15]. The
results of another shudy econducted by Merzouq and Tremblay on a
mmlti-story BRBF loested in Victoria, B.C. showed excessive seismme
drifts [16]. The performance of the same structure was evalusted as
zatisfactory when designed slong with a secondary lateral resistance
svstemn (Le., dual SMBF-BERBF). The somewhat poor performance of
BEEFz in certam cases was assumed to be cansed by the low post-elastie
stiffness especizlly when the braced bay beam-to-column connectons
were considered == pined [17,18]. Zaruma and Fahnestock aszzeszed the
collapse performancs of BRBF: and the affecting perameters [19]. They
noted that conventional BRBF: do not exhibit adequate overstrength and
are prone to large drifte. They recommmendsd dusl SMBF-BREF az a
mrans to prowvide sufficent overstrength. To overcome the poor
post-slashe stiffness, Razawi ot al propossd a method to inereass the
stiffness of the BRBs by reducing the core length [15]. The proposed
Reduced Length BRE (RL-BRB) 1= made up of 2 BRE and an elastic HSS or
Pipe brace, az depicted in Fiz. 1. Expenimental and mmenes] studies
were conducted on RI-BRB: to assess their cyelic behavior [20]. The
propozed RL-BRB proved to be effective in reducing the mduced drafts
and residusl drifis due to the mncressed post-clastic stffnesz of the
dissipating unite [21]. important to know the reason to mmcorporate
reduced core lengths in BRBs. Buckling restramed braces mmprove the
force capacity of the bracing system, on the other hand, they generslly
possesz lower values of stiffness, while being cost-efficent. Henee, 1n
cases the dnft response of the structure cannot be controlled by the
conventional BRBs the RL-BREs are great solubions. Furthermore, due to
the fact that fuse segment of the structure or the RI-BRB 1= smaller, the
replhicability of the fuses are greatly enhanced. Regarding the state of the
art, several eitations have been made which mclude rezponse modifi-
cation factor derivation for specific EL-BRE: which derived the responze
modification factors vet in much smaller scopes end neglechng some of
the parameters azseszed in thiz study. While the aforementioned articles
derived response modification factors for the RL-BRBFs, the current
study 1z far more nclusive by considering the braced bay beam
connection influencs, the dusl achion, vanety of core lengths and
different seismie intensities though ET method. Another very important
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factor which have been neglected before m previously conducted
research 15 the decreased ultimate strain eapacity of the RL-BRBs due to
fatigne (which was derived from expernimental results as cited in the
literature’} which play a very important role on determining the rezsponse
parameiers.

2. Research movelty

Performance-based dezign (PBD) in structursl enginesring aims to
evaluate a stuehwe’s behavior acroes diverse loading seenarios,
ensuring it mests specific performance criteria such as safety, fune-
tionality, and resilienee, rather than zolely adhering to fixed code re-
quirements. PBD offers a more custormized and efficient approach to
structural design, taking into aceount factors such as material properties
(ulomate strain capacity), seismicity, and oocupancy to enhance per-
formanee and mitigate risks. In thiz study, a performance-based asseszs-
ment was conducted by considering a wide array of influential factors
and structural configurabions while evahiating the structure’s response
to various seizmmic intensities, thereby aszishing engineers in Integrating
PBD more effechvely into RIBRBF zystems. In order to comprehensively
evaliate the ssizmie response of Reduced Length Puckling Restraimed
Braced Frames (RL-BRBF:), a senies of sruchures ranging from 4 to 12
storles wers considered, with combinations of inverted V braced frames
in one direction and diagonzl braced frames i the other. The brace
lengths 1n each frame wers vaned to correzpond to 100 %6, 40 %, and
20 % of the totsl brace length=. Both hinged and fixed connections for
the braced bays were examuned for each frame. Additionally, a 4-story
frame wath dusl bracing was mncludad, resulting in a total of 49 frames
designed and analyzed.

All frames underwent anslyzis under monotonic ztatic loads as well
as mtensifving tme hizstory. The dynamic analyses utihzed the Endur-
anece Time Method (ETM) as proposed by Estekanchi et 2l Thiz method
imwvolves subjectng structures to specially dezigned aceslerozrams
determiming their Endurance Time {ET) based on their ability to with-
stand the dynamic forces applied during the process. The procedurs for
generating unmiform ET aceelerograms that mest code requirements 1=
outhned 1 [17], with a specific s=t of three aceelerograms emploved in
the analy=is of moment and braced steel frames.

The noteworthy new aspeets of the rescarch are as follows:

& The current dezign smdes focus on specific seismmie mtensity levels,

whereas the performance base design (PBDY) procedurss consider a
wide range of ntensities. Due to the fact that the design response
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modificsbion factor 15 demand baszed, the currently available
response modification factors as well az other response parameters
are prone to Imprecise design results. In this study the structoral
response parameters are derived in a variety of seismic intenzities
and can help structural enpineers and researchers in regards to FBD
procedures.

Previows studies have examined fixed brace bay beams, RLERBs with
warying vielding segment lengths, and disgonal and chevron con-
figurations. However, they did not compare these vanables mnterac-
tively or within a performance-bazed dezign (PED) framework across
different seismie intensities. The influence of each of the mentioned
warizbles on the seizmic response parameters iz studied in this
mvesthigabon.

Though studies were carned out to assess the selsmic response of the
RLBRE framez, thiz system has never been assesszed before using the
Enduranes Time Method {ETM). Employing such & method will not
only result in the denivation of values for Responze parameters such
az, overstrength, duchlity factor and response modification factors
for selected selzmic excitation levels, but in fact, the method remults
1n an extenzive wide range of response parameters for vanehes of
earthqualke levels. The comparative resulis are indeed useful to grazp
a comprehensive understanding of the core length mfluence on
zeizmic response of the RLBRBF systems. Morcover, the grand
zcheme of the analyees iz 2 guasrantes to mumimum error. Vanous
parameters and structural confipurstions were also ineloded 1 the
zcope of the work, such a= breced bay beam connection megidity,
warious core lengths for BRBs, bracing configuration, and dual SMEF-
BRBF zystems. Owerall, thiz study provides wide and extenzive
research regarding the RLBREFz, hoping to help sngineers and re-
zearchers to fully understand the proposed system

A detsiled report was compiled and presented to facihitate compar-
tsom and achieve a comprehensive understanding of the seismic responze
exhibated by the proposed svstemn. Overall, thiz study offers a compre-
hensive and extensive investigation of RLBREF:, siming to enhance
engineers” and researchers” understanding of the proposed by con=id-
ering the interscton of & wide range of vareties zystem. Such a thor-
ough and inclu=mive study has not been conducted by resesrchers

previonsly.
3. SEISMIC design of brbf buildings
3.]1. Prototype building: and seismic data

Though several mumerieal stodizs were conducted on latersl
response of BL-BREFz, there are stll aspects that need to be investigated.
In this study, nonlinear static and dynamic analyses are performed on 4,
7, 9 and, 12-story buildingz wath the plan dimensionzs 0of 30 m x 225 m,
az ilhustrated m Fiz. 2. The story height wasz assumed to be 3.5 m. Two
diagonal BREFz in the East-West direction and one chevron (Inverted V)
BREF in the North-South direction were considered. Each of the lateral
resizhing frames were designed wath three BRB core lengths, 1.2, con-
ventional BRE and RL-BRE with cors lengths of 20 % and 40 9% of total
brace length. Each of the frames were designed with both pined and
rigid-end connections. The 4=tory diagonally braced frame was alzo
designed az dual SMRFP-BRBF. The braced bay beam connections were
conzidered sz pined, while the ruddle bay beams (between the two
braced bawvs) were considered as SMRF moment resisting beams,
designed to be capable of wathstanding 25 %6 of total baze shesr. In total,
40 frames were analyzed. The oversll three-dimensionsal view of the
buldings equipped with RL-BRBs iz pressnted mn Fig. 3.

The structural site location 1= assumed to be in the San Francisco bay
ares. The design iz performed in accordance with ASCE 7-16 [23]. The
roof and floor dead loads, as well as the weight of the extenor cladding
are equal to 2.8, 3.4 and 0.75 kPa, respechvely. The roof and floor live
loads are equal to 1.0 kPa and 2.4 kPa, respectively. For seizsmic loading,
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Fig. 2. Floor plan of the buildings.

it was assumed that the buldingz are located on zoil Type D with Fa
= 1.0, Fv = 1.5 as per ASCE 7-16. The mapped maxmum considered
earthquake (MCER) spectral response aceeleration parsmeters are Sz
=1.03 g at the short period and 5, =0.6 g aft the 1.0z period. The
structure 1= assigned to the Seismic Dezsign Category (SDC) E and the
BRBF system with & responses modification factor B = & is selected. The
importanice factor I 15 equal to 1. The fondaments]l pernods, seizme
masz, and the design base shesrs, are presented mm Table 1. The design
spectrum 15 illustrated in Fiz. 4.

3.2 Seismic design of BRBFs

Seversl new studies have pomnted out the proper amphification fae-
tors and drft control procedurss for seizmic demizn of BREF: a& previ-
ously mentioned in the liferature review [13,14]. The studies emphasize
on considering the resultant forces of the BRB cores on the boundary
conditions. The design procure 1z explained m thiz s=chion. The steel
frames members are designed in accordancs with the ATSC 360-16 [24]
Specification and the AISC 341-16 Seizmic Prowvizions [1]. The
crozs-zectionsl areas of the BRB cores were selected to resist the design
zeizmic basze shear in tension and compression. ASTM A36 was selected
a5 the BRB core matsrial with a vizld strength Fy = 262 MPa (reported
by coupon tests). Beams and columns were szlected from wide-flange
sections conforming to ASTM A992 steel with Fy = 343 MPa. The
zame zkeel grade 10, ASTM ADOZ was used for the elastic pipez. The
force-controlled slements mcluding beams and cohummns and 1n the case
of RL-BRBs, the clasztic pipe braces, were then designed to camy the
expected forces resuling from the tensile or compressive vielding of the
BEB cores. The beams with moment-resisting connections were designed
to rasizt the combination of seizmic and gravity-induced moments while
conzidering the mteraction with the seizmic-induced aas] foree. The
zeizmic induced sxisl forces of the force-controlled elements were
denved using the procedurs depicted mn the free-body diagram m Fig. 5.

The smphfication perameters of @ and @f (1e, the tension and
compression overstrength factors derved from the backbone curve of
the BRBz) were caleulated for 2ach BRB using the expected elastie strain
demand of the brace cores at each floor. The BRB core strain demand for
each floor was calenlsted after preliminary snalysiz and design. Onee
the BRB cores were designed, the corresponding expected foress in
tension and compression were calculated. The zelected member zizes of
the bmldmgs are summarized m appendix 1. Each gives the selected
zechions for both BREF and RL-BRBF with pined and fixed braced-bay
beam-to-column connections. Appendix 1 also contsins the dezign
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Fig. 3. Three-dimensional overview of the case smdy buildings {RL-BRBF configuration shown only), (a) 4-story building, (b) 7-story building, (¢} 9-story building,

(d} 12-story building.

Table 1
Seismic properties of the casze study buildings.
building ASCE-7, 18] g chear (kN]
4-ctary 0.53 10938 1400
T-gtary 0.6 19668 2520
Sgtory o.57 25547 3270
12-sacy 1.2 231 3560
12
1
0.3
206
=2
0.4
0.2
1]
a 1 2 3 4 5

Time (5)
Flg. 4. Design speetrum wsad for case study strustures.
results for the 4-story dusl SMRF-BERBF.
4. Structural Analysis
4 1. Finite element modeling

Numerical macro models were forrmilated to reprezent the lateral
behawvior of Buelkling Restrained Braced Frames (BRBF:) in both chevron
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and diagonal confisurations within the SeizmoSoft SeizmoStruct soft-
ware [23]. Thess models were constructed emploving a combination of
elazhe beam-column elements and springs to account for lumped plas-
ticity. The BRE cores and =lashec pipe sections were respectively char-
acterized usng Truss and Non-linesr beam-colunm  elements.
Additionzlly, the rotational stiffness of the gussct plates was integrated
usmg a shffness factor.

To determmne the shffness factor for sach beam-column member, a
zenies of Finite Element (FE) analyses were conducted on individual
zechons with and without gueset plates, considering confisurstions with
one end and both end gussets. The FE analyzis results vielded average
shffnees factor values of 1.85 and 1.33 for beam-columns with two
gussets and one gusset, respectively.

In consideration of the P-Delta effect of the gravity frames, = single
leaming column was mcloded in the model. The horizontal translation of
the primary nodes at each floor level, including those associated with
the leaming column, was constrained usmyg ngd diaphragms. Fig. ©
provides an illustration of the macro modeling approach emploved.

The lumped plazhoty was incorporated at the beam-to-column
connechons for ngidly connected beams and for columns. The non-
lnear moment-curvature of the corresponding sections were adopted
to Modified Therrs-Medina-Erawinkler (MIME) [26,27] springs as
shown 1n Fiz. 7. The MIME springs can simulste both monotomic and
cyclic deteriorstion of moment capacity. The Interachion of aaal force
and bending moment at flexural plastic inges was accounted for by
reducing the beam bending moment capacity based on the theory of
plasticity. Previous studies have pomted out that conventional BRBs
ultimately reach 1 3. Thiz value obviously be higher in RI-BREBz as they
are generally shorter in the fuse length, The expected induced can be
linearly scquired, meaning that the BL-BRE with 20 % of total length a=
fuse length will reach a strain demsnd of 5% This valoe was al=o
confirmed by experiments conducted by Razavi et al., furthermore, their
investigetions have shown that thiz stran demand 1z well withon the
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(b)
Flg. 5. The expected forces caused by the BEB yielding, (a) diagonal bracing configuration, (b} Chevron bracing configuration.
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Flg. 7. Connection simulation: {3} Chevron BRBF; (b} Diagonal BRBF with pined beam connection; and (¢} Diagonal BRBF with fixed beam connection.

capacity of the RI-BRBe and 1z not the ulira-low cvele fatigue range. This
wvalue was considered as the ulbimats strain capacity for the braces.

4.2 Calibration

adopted model, the required parameters were carefully cahbrated with
experimental results. For thas purpose, the hysteretic loops obtamned by

Ervasar & Topksya [22] and Razawi et al, [20] were uzed for BRE and
BL-BRB rezpecively. The adopted parsmeters can be zeen in Table 2
The verified hystenic loops are depicted in Fig. 8 and Fig. 9.

Giutfre-Menegotbo-Pmito (GMP) steel model was used for the BRB
and RL-BRE corss. The GMP model can precizely simmlate the asym-
meirical hysterstic isotropic hardemung of the cores. To wvenfy the



5.A Rosmi and ME. Mocird

Table 2
Calibrated Ginffre-Menegotto-Pinto (GMVF) steel model for BRB and RL-BRE.
Mizterial Properries Carventional FL-BEB
BRB
Mindulue of elmticoy (Ba)kPa) 2.00E4 DB 262000
Errain hardening parameter (ji]) 0o 0.01
Indtial Value of Corvamre Paramezer (RO 23 23
Ciaranre Degmdamnl?anmm Bl 0.925 094
DJn'ammDegnﬂa.n'.uanmEt:r (13941 0.15 0.14
Eotopic Hardening in Compremion Parametar 2 2
CAZ)
Eotopic Hardening in Tension Paramet=r (A3 0.03 003
Eoiropic Hnrﬂm.ﬁigin.IﬂLriﬂanhﬂr{}H-} 1 1
Loo
400
300
200
= 100
=
o o
o
g -10
-200
-300
-400
-500
006 -nnd ooz 0 ooz 004 Q.06

Dizplacement {m)
—— Experiment

—FE Analysis

Flg. 8. RL-BEB axial force-axial dizplarement (experimental data by Razawi
et al [20]).

Fonce [kN)

-5

-100

-150
g2 -0Dts -0

-0.005 0 oods 001 05 002
Dizplacement {m)

Expariment FE Analysis

Flg. ©. BEB axial force-axial displacement (experiments] data by Eryasar ecal
2009, [28]L

5. Lateral rezsponse azsessment methods

5.1. Influsnce of core length on ranural pertod of buckling-restrarmed
braced frames

The buckling-restrained braced frame (BREF} iz a highly effective
lateral resizting zystem that serves as an immproved verzion of conven-
tional concentric braces through the prevention of global buekling. The
BREEF system iz capable of providing enhanced energy dissipation and
higher ultimate capacity owing to its almost symmetrie behavior in both
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tenzion and compression. Becent ztodies have demonstrated that
reducing the vieldng segment of the core can lead to a further
improvement in the lateral performance of the BRBF system. Specif-
ically, thiz reduetion rezult= in a significant deerease in the drifts and
residual dofts of the shucture.

However, thiz improved lateral performance 15 accompamied by an
increase In the lateral sbffness of the frame, which In turn rezultz in a
lower natursl period than the expected values in guidelines such a=z
ASCE 7. The accurate prediction of the natural peniod 15 essential for the
zafe design of these structres. Thus, the influenes of the core length on
the natural period was investigated In this study.

To this end, 49 anslyzes were conducted on four buildings of varying
heights (four, seven, mine, and twelve-story sbroctures) equipped with
conventional snd reduced core length buckling-restrained braces (RL-
BRBcz} in both diagonal and chevron configurations. Two core lengths, 1
=, 20 % =nd 40 % of the total brace length, were considered for the RL-
BERBz. The ztudy also exarmined both pinned and nizid braced bay beam-
to-column connections.

Az a rezult of thiz mvestigetion, a new relation was proposed that can
predict the natural peniod of the RL-BRBF:. Thiz relation will be of sig-
nificant benefit to designers and enginesrs in ensunng the safety and
effecovenssz of these structores. Owerall, thiz study underscores the
importencs of considermg the effects of the yiclding segment of the core
in the design of BRBF: and provides valuable inmights mito their lateral
performance and natoral period.

5.2 Influence of core length on narural period of burlding-restroimed
braced frames

The analvtical resulis show that the braced bay beam connection
rigidity decreases the structural penod, although this reduction is too
LitHe and can be neglacted. Purthermore, the diagonally braced frames
exhibited higher values of natural perniod despite possessing two braced
bayzs in total five compared to one braced bay in three bays of inverted
chevron braced frames. A= anbicipated, the core length reduchon results
in substantial incressze in lateral shffness of the frames which reduces the
first mode penod of the sbructure. Thas decresse in the period can in-
crease the dezign base shear which iz currently neglected mn the ASCE
7-16. The code does not account the infhuence of core length and trests
the RI-BRBF: the same == conventional BRBF:. Moreover, the fimds-
mental period per ASCE 7-16 1= generally more conssrvative i taller
building=. Thiz neghgenes in the inerease of lateral soffness can sigmf-
icantly underestmate the actoal structural demand. As a =zolubon, a
factor 15 derived from the comparizen of the results which undertales
the influence of core length reduction in natural period of the RL-BRBF=.
The proposed factor 1= az follows:

T. = aGlF EY]

In which, T, iz the fundamentsl period of the sbhructure, G, and x are
0.03 and 0.75 for BRBF respectively, and a is the proposed factor
caleulated as follows:

a=ﬂ.??(ﬂ.3;:-+ 1) (k)

In which, L is the core length, Ly is the total brace length.

5.3. Push-over FEA and lateral collapse parameters

Nonhnear stafic analysis, commonly lmown as Pushowver analysis,
offers a comprehensive inmght into the lateral performsence of Buckhing
Bestrained Braces (BRBs). Thizs method enables us to examine the impact
of the yielding segment of the core and the contribution of braced bay
frame achon. To achieve thiz, a esse stody was conducted, where
structures were analyzed under two different lateral load patterns. The
first pattern was mass proportionste at cach story level, whils the second
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pattern was equivalent to the sbuctural deformed shape m the first
mode shape. The most ertbieal seenano among the two was selected as
the structural lateral response. Addittionally, a novel direct method 1=
propozed in thiz study to determine the structural response modification
factor of the struchures. Thiz techmigue 15 3 combination of the Federal
Emergency Mansgement Agency’s (FEMA) P65 and Usng’s method
[28.30]. The associated parameters are depicted in Fig. 10.

Nonlinear static anslysis, also referred to as Pushowver anslysiz, pro-
wvides an mm-depth understanding of the lateral performance of Buckhing
Restraimed Braces (BRBz). This analytical method allows for the evals-
ation of the vielding behavior of the core segment and the contribution
from the braced bay frame action. To investigate this, a case study was
conducted imvolving structural analy=is under two dishnet lateral load
patterns: one proportional to the mass at each story level, and the other
corresponding to the structure’s deformed shape in its first mode. The
more eritical of the two seenanoz was identified az the primary strue-
tural latera] rezponse.

Furthermore, thiz study introduces an innovative direct method for
determmming the stroctural response modificstion factor. Thiz methed
synthesizes elements from the Federal Emergency Management Agen-
cv'z (FEMA) P&0O5S guidelines and Usng’s methodology. The parameters
used in thiz approach are illustrated in Fiz. 10. FEMA P695 mnvolves a
20 % reduction in base shear to compute the overstrength and ultimate
dnft displacement of the structure, providing a realistic and directly
calenlable sstimate. However, it recommmends a preadictive relationship
for caleulasiing the effective yield dizplacement. Converssly, Uang’s
method offers a predictive relationshap for ultimate drft displacement
but overlooks the reducton in base shear, potentially compronmsing the
accuracy of both the overstrength factor (£) and the duetibty reduction
factor (R). Uang 'z method dozz consider the equivalent elastic responze
of the structure, which can be directly derived from the pushover curve.

The advantages of both methods were integrated into a direct lateral
response calmalation method, referred to as the Direct Method. This
method Incorporates parsmeters such az overstrength (£2), the foree
reducton factor (RY), and the response modification factor (R), which
can be denved using relastions 1-4 respectively. The overstrength factor
(€3} 1z guantified as the rabo of the maxmmm base shesr (Vmax) to the
first significant vield base shear (Vs) of the structure.

The guantified overstrength (£2) factor iz the ratio of the masdmum
base shear (Vo) to the first sigmficant vield of the strochoe (Vo)

base shear
FY
¥ .
Y. ? Equivalent elastic base shear
]
{
i - I'|.||||'.';|Ir=11 ﬂhlxh-i' - -"‘.-—-"-,
rn' r,_f-" response arei (A P
i Pushover curve area (A)
! o
nomal _,r/f
vield § i sercingih /
W T t
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-
roof displacement
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Fig. 10. The puzhover curve and associated definifions according to the pro-
pased direct method (combination of FEMA P695 and Uang's method [30]L
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Fig. 11. Linear relationship of spectrum intensity and ET tme.
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(1)

The force redoction factor 1= the ratio of the equivalent slashe base
shear (Vo) to the first sizmficant vield of the strocture (Vi):

Vo
Re=v_ 2
The responss modification factor 1z the multplicaton of over-
strength (L) factor and The force reduction factor (Ry):

R=MxH, (3}

5.4. Endurance Tome Method (ETM) and lateral collapse parameters

To identify the Enginesring Demand Parameter (EDF) of a building
for a sperific ssisTme event with a defined Intensity Measure (IM), an
Incrementsl Dhvnamic Analyzis (IDA) 1= essential. However, this analysis
can be excessively ime-consuming, particularly for complex structures
zuch as the one examined 1 this ztudy, wihich renders it impractical. To
address thiz challenge, an myventive dynamic pushover techmique called

F 3
e
=
o 4 -&.;L
o
Dierigw [im: '
-
-
- >
.':l'gf.':lﬂl
i m
il Uil
ET fire {Intensity)

Flg. 12. Schematic representstion of ET records and EDP in different
design levels.
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L

Hg. 13. Method of plotting increazing corves of ET results.

. .WM T

Enduranes Time (ET), proposed by Estekanchi et al [22] 1z utilized. The
ET method iz an inmovative and efficient method which can replace IDA
analysiz method with much less analyties]l ime consumption [3]1-36].
The method has proven to be precise in=z a vanety of engmeesring
meorporation such az structorsl design of new buildings, =zeismic
retrofit, and performance design of structures [31-36]. The method has
alzo been venified m different structural systems zuch a= SMREF, CBF,
BEBFz [3]1-35]. These intensifying acceleration fimections have been
produced making use of numerical and optimizaton techmgques. The
main advantage of ET records is that their response spectrum at any time
1z linearly proportional to the response spectrum at a target fme (&,
= Bzec) which is suymmanzed m Relation 47 and presented in Fig. 11.
So, the time in these records 1= a entieal factor determining the intensity
of the excitation; the more a typical structure withstands ET records, the
more favorable iz itz seizmic performanes. This iz schemsticslly shown
m Fiz. 12 which mdicated Demgn A canmot mest codez requirements
becanzs the bulding expenieness collapse before resching the target
ame. Also, as can be seenin Fig. 13, up to a specfic time, the measamum
wvalue of each EDOP 1=z entical, ime-hiztory of the maxmmim of sheclute
results of ET records are plotted besides the maximum EDP from real
carthqualkes.

5a(T.t) =, 5a(T) (4)
t T
Su|T,E) = nmsﬁm X g (5]
CAV,(T,t) = -:-;F;mvn{n ()
S0 Y (e _ 2
MinimizeF(a,) — E j:— {[s,.{T,r: Sar{T, 1))
+alS. (T, ) — 5.¢(T, 0 Ll

+B|CAV(T, ) — CAVL(T, &) }d:dr
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Fig. 15. The processed base shear versus time (intensity) in endurance time
method (ETM) [Z2].

Each of the structures are anslyzed under three ETM records as
displayed in Fig. 14. It should be noted that the analyses of the structures
are carried out both conventionally and onee done considering all ma-
tenialz a= elashic to acquire the equivalent elashic response of the shrue-
tures, mm other words, =ach sbucture was anshyzed =zix tomes
Subsequently, the base shear versus me (seismic intensity] will be
derived and proceszed aceording to Fiz. 13, thereafter, the structural
response parameters are then ealeulsted and illustrated. The sbuctural
response parameters were caloulsted sccording to Fiz. 15 and the same
relations used for push-over anslvses (relatons 1-3), howesver, in ETM
the maximum baze shear (Vo] 1= replaced with the real strength of the
structure (Vg) at a specific bme (ntensity). Henee, the relations 8-10
were used for caleulating the responss parameters. Such method was
also used by Mohsemian et all, [37]. The findings of their study
demonstrate the effectvenss: of the Endurance-Time approach in
accurately deternmming the performance level maxrmm mbter-story
drift distribution, and structural responses of sbeel moment-resisting
frames, whils Incurmng lower computstionsl expenses in companszon
to tradibonal techmiques [37].

The quantified overstrength (L) factor 15 defined a= the ratio of the
structural real strength (V) to the first significant yield of the structore

[va):
Vi
1A

The force reduction factor iz mow defined as the ratio of the

o= {£:4)

15 15 15
1 1 1
D= [ 0= i
e 0= | = 4.3 T -z
I 1 -1
15 -1LE -LE
[} 5 10 1= m '} 5 10 1= 0 ] 5 0] 1= 20
Time 3] Tinee (1) Time {3)
ET0S —ETS1d —ETI1020 ET0: —ETZ10 —ET1-M ET05 —ETS10 —ETI20
ETA20inx01 ETA20inx02 ETA20inx03

Fig. 14. The ETA records used for FEA of sooetares [22].
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Table 3
Seizmir rezponse parameters of the case study strucmures.

Seruetmes 72 (2025} 108218

Eedonic response parameters af the 4-story diagonally braced frames

v, 0 v a0 V. (D

hinged fixad hinged foced hinged
Chzal - 1164.93 - 194855 -
Comny BRB S4LET 110418 1256.49 1924.63 7OoE.E9
0.4 BEB 93975 1145.45 1311.50 2024 05 4277 46
0.2 BRB 9740z 1187.29 1I7E.46 213307 72942
Eedsmic resporse paramerers of the 4-gtory Inverced WV braced frames
Comr BREB 960 62 103030 124540 151077 761673
0.4 BRB 10053.50 1052.80 1337.79 1936.96 466015
0.2 BRB 101452 1073.52 1423.86 164657 422530
Eeiomic resporse paramerers of the 7-story diagonally braced frames
Comvr BEB 160245 152034 1913.36 26502 25 11345.34
0.4 BRB 163451 1715.86 2148.09 2962 45 ==l
0.2 BEB 1686.97 1E01.99 1224 B2 2939 28 G621.946
Eedsmic resporse paramerers of the 7-story Invereed V braced frames
Comv BRB 178072 1539.88 X124 B2 266117 13394.98
0.4 BRB 166750 1853.75 I590.02 2BE7.29 O2E7.46
0.2 BRB 1E72E2 1912.74 2565.31 1645.04 720E.06
Eaigmic respomse paramerers of the S-otory diagonally braced frames
Comv BREB 1E72.82 2178.30 261255 313912 12B04.90
0.4 BEB 2143 88 2195.09 2G8E.7F0 J409.02 S0E473F
0.2 BEB 2161.53 23531 280135 HE4LTT 774419
Eeipmic regpomse parameters af the S-stary Inverzed V braced frames
Comnr BRB 225.69 2319.47 263572 3356.04 15636.43
0.4 BRB 223247 2476.71 2350.00 ITo0.04 11575.86
0.2 BEB 2261.95 2419.66 302071 3700 22 520124
Seisrmic response parameters of the 12-snory diagonally hraced frames
Comnr BEB 2507 22 2585.99 283512 I62E.39 1459390
0.4 BEB 256293 2613.06 326046 4103.E1 1084201
0.2 BRB 256358 2649 .66 337204 4133.02 BS1EA4T
Eedomnic response parameters af the 12-story Imverted V braced frames
Comny BRB 2448.06 2479.06 287545 HTLTE 13723.54
0.4 BEB 2507 47 BILET 3300.35 366763 1063023
0.2 BERB 2533.18 2554.96 245E.79 381342 BESE 24

o B, r
fix=d hinged fre=d hinged fixed hinged fixed
9934.43 - LE7T - 8.55 - 1429
10223.70 L35 1.74 .60 9.26 10.65 16.14
6E57.33 1.40 1.E5 450 5.97 628 11.04
551577 131 1ED 383 465 5.03 535
S664.36 1.30 148 783 947 1023 14.03
6665.28 133 1.64 +.63 6.33 6.19 11.65
6092.56 1.40 1.72 416 562 564 276
1376102 119 160 7.0B 246 E45 13.50
10E9E6.680 131 173 5.39 6.35 7.0B 1057
E0G4.93 132 163 393 445 318 7.30
1431620 115 1.44 .52 797 940 11.48
10254 04 L3 155 497 552 [ BE55
T746.43 L3 L43 3.BS 4.05 .28 .02
13420.50 1.39 144 6.64 708 9.54 10.20
10515 46 125 149 24 458 533 6.51
£435.50 1.30 1.52 356 368 464 &.56
1680E 77 119 145 7.0 75 47 1049
11597.61 L3z 1.51 nl9 5.08 6.65 T.6%
ELT2TE 13 1.57 363 367 4. B6& 576
1627616 113 1.40 a94 6.29 672 EB3
12354 39 1.2 1.57 4377 49 543 773
F454.36 131 1.56 332 353 436 5.5%
1445113 117 1.28 561 5.83 658 74T
1166251 132 1.45 424 462 556 672
9494.75 L37 145 3.42 372 467 5.55

equivalent slastic base shear (Vo) to the structurs] resl strength (Ve):
V:
i o
Ro—p (©)

The response modification factor is unchanged and defined as the
multiplication of overstrength () factor and The foree reducton factor
(B
lateral Response Assescment resulfs

FEA results are presented in this sechon. It should be remunded that
single frames were modeled in the FE software, representing one of the
exizhing two struetarsl latersl resisting framez in the whole structure and
conzequently exhibiting half of the oversll shear capacity. Henee, the
shesr capacities should be doubled when compared wath design values
presented i Table 1. The aforementioned obviously does not influenee
the obtained response parameters in any way whatzeever.

5.5 Influsnee of core length on naoural pertod of bueklng-restratred
braced frames

Az depicted m Fig. 16, The proposed factor can adequately predict
the core length effect while marinating the conservativity in taller
structures, a5 ntended in the ASCE 7-16. It 15 recommended herein to
use the propozed relation when one iz going to design the structore with
FL-BBREBF as the mam lateral resizhng system.

Prediction of natural period of the stroctures 1= the first step to
seizmic design of structures. The current ASCE 7-16 relafion does not
conzider the influence of core length reduction the natural period of the
FL-BRBF:. To assess the aforementioned effect, 48 frames are anshvzed
and compared. The results are:

A factor (@) 15 derrved from the mumerical results which adds the core

11

Iength influenes to the cumrent ASCE 7-16 relasbon. The proposed rela-
tion shows great accuracy in predicting the natural peniod of the low to
mid-rize struckures and iz conzervative in high-rise buildings, az iz the
ASCE 7-16. It was alzo niobed that the braced bay beam cormechion has
insigmificant nfluence on the structursl period. The diagonally braced
frames possess lower values of natural period even though they have

5.6. Push-over FEA remdes

The pushover anslysiz results are iThastrated m Fiz. 17. As can be
zeen, the moment resizting beams contributed to the overstrength factor
of the frames. The 4-story dual frame performed almost the zame as the
moment resisting frame. Furthermore, reducing the core length of the
BEREBz resulted in an incresse in the post-elastie shffness of the frames
which also resulted in higher ultimate shear foree capascity. Addition-
ally, the BREF: with hinged braced bay beams exhubited the least
overstrength compared to the rest of the frames. The fatigue appeared to
be the goverming factor in imibng the ultimate displacement capacity of
the frames. The RL-BRBz mupiured in lower drift amplhitudes due to the
core length reduetion and the fahgue, henee, the duchlity has drastieally
decreazed. Though lez= dnft capacity 1= observed m the RL-BREFs, the
earthquake indueced driftc are expected to decreass due to the higher
stiffness. More quantitafive resulis are given in Table 3. Owversll, the
results chow an inerease in overstrength by finng the braced bay beam
comnnechon which led to inerease the (£ factor from an average value of
approcamately 1.2 to an aversges value of 1.45 for conventonal BRB.
Thi= inerease was calculated to be 1.33 1.62 for 0.4 core length RL-
BRBF: and 1.34-1.63 in the 0.2 core length RI-BRBFz. In contrast to
overstrength, the reducbion 1 eore length resulted I a decrease m the
duchlity factors which was expected. However, the fixed connection of
the braced bay beams compensated for thizs dizadvantsge to some
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4 storev dizgonally braced frames
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4 storey inverted chevron braced frames
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Fig. 18. ETM base shear versus dme (intensicy).

degree. The (1} factor of the 0.2 core length RI-BRBFz were evaluated as
least, which were calenlated =5 to an average of approsomately aqual to
3.71 in the hinged braced beams and 4.27 n the fixed braced beams. The
denived responze modification factors were equal to 498, 6.2]. 876 in
the 20 %, 40 %, and 100 % (conventionsl BRB) of the core length BREF:
with hinged braced bay beams and 7.03, £.89, 11.07 in the fived bracsd
bay beams, correspondingly. It should be noted that the results indicate
the ultimate lateral response capacity of the struetures without consid-
ering the demand and real-life performance of the sbuctures. Az evident,
the push-over curves have all ended at an umstable stage indicating
latersl collapse, which was caused by the predefined ultimate stramn of
5 % conzidered for the BRE corez. This strain rate was the highest ex-
pected strain exhibobion reported by several previously conducted
experimental ressarch [20,38-40]. This decresze m the response
modification factors do not necessanly mean degradation in perfor-
manee level of the RL-BREFz, especally zince such high levels of drifts
(the ultmate capacities denived mn conventional BRBF=) are not probable
mn sbructures, hence the conventional BRBs duchlity (), ductibity
reduction factor (By), and response modification factors (R} wall be
below the calenlated ultimate wselues. In contrast, in the case of the
FL-BRBz, these values are at levels which are expected to ocoor during a
seizmic event. Brgo, it iz an indiestion that the strochures can withstand
the expected latersl forces with the same cost while maintamming higher

12

lewels of elasticity by providing post-clastie shffness and decreasing the
lateral drift demand in conjugsation to an mmoresse mn latersl fores ca-
pactty demand. Henee, nonlinesr dynamic analyses must be performed
to assess the real-bime performance of the struchwes and assess the
response parameters while fully conmdering the seismmie demand of each
siructure.

3.7. Endurance Tome Method (ETM) FEA results

The ETM analyzes results are presented in thiz sechon. The total base
zhear versus ssismic Intensity (Gme) of the case structures are depicted
in Fig. 15. As can be zeen, it iz evident that decreasing the core length of
the BRE:s have resulted in an inerease in the indueed basze shear, 1n other
words, an incresce in the lateral foree demand. This ineresce n demand
15 sigrmificantly less apparent in taller structures. The derived response
parameters according to ETM method previously explained in Fig. 13
and relshions (8) to {10} are lusirated versus seismme mtensity (ETM
record time 1n 5] 1n Fig. 19. The quanifisd values of the parameters are
reported 1n Tables 4 for two selsmic levels, namely, DBE earthquake with
exreedance probability of 10 % in 50 vears (475-year rehurn period)
MCE carthqualke with exceedanes probability of 2 % m 50 years (2475-
year return period). The overstrength factors (£} at the DBE leve] wers
caleulated az equal to an aversge of 1.14, 1.16, and 1.28 in the BREF:
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Fig. 19. ETM =oucmral response parameters versus tme {intensity).

with hinged braced baby beams and 1.13, 1.14, and 1.24 in BREF: with
fixed braced baby beams for the conventional BREFz, RI-BREFz with 0.4
core length, and RL-BREFz with 0.2 core length, respectively. The values
were calenlated 1.34, 1.40, and 1.73 for hinged braced bay beams and
1.41, 1.47, 1.71 m the brace bay beams with fixed conmections mn the
MCE level, correzpondingly. The average value of doctility reducton
factor increased from 2.87 in hinged bay beam BRBF to 3.27 in fixed
braced bay beam in the RL-BREF wath 0.2 of core length a= the yielding
segment, in the DBE level of seisrmicity. Consequently, at MCE level, the
ductlity reduction factor incressed from an aversge of 3.41 In the
conventional BREF: to 4,55 in the RL-BRBFz with 0.2 core length. Ul-
omately, the average valoes for the seismie responze modification fae-
torz also mereassd mm RL-BRBF:, much expectedly, see Table 5. The
results indicate close performance in RI-BRBs with 40 % and 20 % core
lengths, henes, 40 % of total brace length az the vielding segment of the

13

BERB can be the optinmam core length, since as the core length decreases
zo does the ultimate drift capacity. The 9-story structure shows 2 notable
improved response 1 the imverted chevron braced configurstion
compared to the diagonally braced system. The 7-story structures sppear
to have performed similarly up to 13.5 zecond: (approcamately) n the
inwverted chevron braced frame, while the RI-BRBEFz exhibited increased
basze shesr capacity in the diagonally braced frames. This shows fre-
queney semsibivity 1n the zystem. Oner all the results show that the
disgonally braced RL-BRBFz possess nereased base shear capasiiss.

5.8, Concluding remarks

Lateral rezponse of Buckhing-Restramed Braced Frames (BRBFz) was
evalnated while conmidenng prineipsl factors such az yeldng core
length varety in the BRBs, ngdity and moment capacity of the braced
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Table 4
Seismir rezponse parameters of the case study strucures according to ETWL

Seruetmes 72 (2025} 108218

DBE earthquake with exceedance probability of 10 % in 50 years (475-year retum

MCE earthguake with exceedance probability of 2 % in 50 vears (2475-year retum

period) period)
Eeiomic regpomse parameters af the 4-stary diagonally braced frames

a R, | a R, B

hinged fimed  Thinged fixed hinged fimed hinged fxed  Thinged fixed |hinged fixed
Cheal - 117 - 3.98 - 4 66 - 1.66 - 2B1 - 466
Comy BRB 136 116 216 3.56 2583 413 1.65 1.59 3.49 3.0z 575 473
0.4 BEB 136 111 3.7 a1s alz 355 136 161 4.65 v | 6.34 3.535
0.2 BEB 167 135 1.96 3.67 327 455 8T 1.53 3.26 6.95 835 13.56
Eeiomic regpomse parameters af the 4-stary Inverced V braced frames
Comnr BRB 113 1146 377 375 428 434 144 155 438 a7 £.30 4.34
0.4 BRB 1.3% 153 4.39 a.867 602 .36 177 1.9 9.35 6.57 16.94 1238
0.2 BEB 165 168 6.70 4.61 1105 775 116 176 5 451 1134 13.29
Seimmic response parameters of the 7 mary diagonally braced frames
Comnr BREB 113 1.10 433 419 4 BE 462 140 1.51 6.02 4.63 E42 6.99
0.4 BEB 107 1.13 291 2.55 311 1E9 145 1.50 457 a.57 661 5.96
0.2 BRB 113 L17 240 221 173 157 138 1.52 3.38 297 5.37 4.51
Eedomnic response parameters af the 7-story Invverted V braced frames
Comny BRB 1.0 100 76 .38 176 38 1.3 1.27 .49 319 429 4.07
0.4 BEB 102 1.01 373 2.56 63 159 136 138 344 322 +.69 443
0.2 BRB 1.14 112 3.54 3.36 4.02 379 162 1.72 3.95 3.66 E.36 668
Eedomic resporse paramerers of the S-gtary diagonally braced frames
Comr BREB 131 1.24 242 310 1l6 365 140 153 429 283 £.01 4.34
0.4 BRB 141 1.040 3.38 a.05 340 303 131 137 341 293 446 4.00
0.2 BRB 102 1.06 3.74 3.53 1E3 373 139 1.47 317 270 4.41 388
Eelsmic respomse paramecers of the S-story Inverced V braced frames
Comvr BEB 1,00 1.00 3.32 3.05 332 305 127 135 3.94 3.26 4.0E 440
0.4 ERB 107 1.05 3.30 254 355 310 127 1.24 4.50 473 572 3.64
0.2 BRB 112 111 252 3.53 2Bl 382 141 1.43 244 224 J44 319
Eedsmic resporse paramerers of the 12-srory diagonally hraced frames
Comv BRB 113 1.2 230 245 153 287 112 1.71 4.40 3.68 494 447
0.4 BRB ok 1 119 178 4.20 324 488 137 1.45 3.52 404 4.E1 o
0.2 BRB 133 1.5 198 178 143 15 140 144 471 4.26 E.60 6.12
Eaiomic respomse paramerers of the 12-crory Irverted V braced frames
Comv BREB 1.19 1.16 1.93 2oz 212 235 122 1.24 5.93 3.91 T.25 4.B4
0.4 BEB 117 12 174 230 3120 79 131 131 5.04 35.08 62 666
0.2 BEB 123 1.28 3.05 345 75 442 136 1338 434 B.52 661 11.50

Table 5

ETM average seizmic response parameters for DBE and MCE zeizmic levels.

DBE =arthquake with exceedance probabilicy of 10 %in 50 years (475-vearrerorn. MCE earthguake with exceedance probabilicy of 2 3% in 50 vears (247 5-pear return
0 B, B o Ba B
hinged foeed  hinged fixed |hinged fxed hinged fixed |linged fixed Thinged fixed

Conv BEB Li4 113 1E7 3.06 3315 346 LH 141 4.49 J.41 3.99 47E

0.4 BEB 116 114 .37 3.08 394 354 1.40 147 453 4.15 703 617

0.2 BEB L2E 124 3.24 327 424 413 1.7 171 387 4.35 669 Ta3

bay beams, structural height, and bracing eonfigurshion. A totsl of 40
structures were designed and subssquently snalyzed under static and
dvnarmc loadings. Endurance Time Method (ETM) were used for
nonlinear time history analvees (NLTHs] to reduce the sxeessive number
of analyses. Seismic response parameters were then denived from each
FEA and the noteworthy results are presenibed as follows:

o A novel relationship was proposed to predict the fundaments] period
of RL-BRE structares. Thiz approach accurstely estimated the natural
period for low to md-rize buildings but was conssrvative for ligh-
rise structures, aligming with ASCE 7-16 standards. The stody
found that the conmecton of the braced bay beam had minimal
mmpact on sbructural period. Interestingly, diagonally braced frames
exhibited lower natural peniods despte higher redundaney.

& Reducmg yielding segments in RL-BRBz sigmficantly boosted post-
elashie stiffnesz, reducing zeizmically induced driftz according to
nonlinear static analvees (push-over).

s Both the 4-sbory dual SMREF-BREF and BRBF showed comparable
performance In stafic and dymamic analyses.

# Push-over results indicsted an inereass in overstrength factor (LX) for
conventional BRBs, rizing from approcamately 1.2 to 1.45. For 0.4
core length RL-BREBFs, O increased from 1.33 to 1.62, and for 0.2 care
length RL-BRBF=, from 1.34 to 1.63.

# Besponze modification factors derived from push-over analyses
increazed with shorter core lengths, ranging from 4.08 to 8.76 for
hinged braced bay beams and from 7.03 to 11.07 for fixed braced bay
beams.

& ETM zmnalysez zhowed a simmlar trend in incressing overstrength
factor (LX) for reduced cors length BRBs but revealsd that ultimate
ductility of convenfional BRBz exceeded structural demand. Conse-
quently, duetility reduction factors imereased as core length
decreaszed.

& Rersponse modification factors (R} from ETM analyses inereased for
RL-BRBs, ranging from approcamately 3.25 to 4.24 in DBE level and
from 4.75 to 7.93 in MCE level with 20 % core length yiclding
optimal results for dnft capacibes.

A multi-level ssizmic performance assessment considering several
influeneing factors such as braced bay connection, yielding zegment fore
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length ulomate state capacities, and Endursnce Time Method (ETM)
were considered in this mmveshigation to embark on less mveshgated
aspects of the BRBF system. Though seweral aspects of the proposed

sysbem were serutinized, further research iz needed to continue the
advancement of knowledge 1in the muech popular BEBF =zystems.

Appendix

Appendix 1 Structural design resuls (AISC section library.}

Smory Bracedbay  Braced bay  BRBCore  Elastic Pipe (EL-BRB cmly)
cahammn Beam Area
(et}
4 W14K53 W15 368 FIFE10X0.625
3 W14X53 WIDES 2258 FIPE14X0.625
z W14X33 WLaX34 Z5EL FIFELGX0.625
1 W14K62 W1aX36 2560 PIPE16XD.625
Selected members for 4-story Diagonal BRBF.
Sty Bracedbay  Braced bay  BRBCore  Elastic Pipe (RL-BRB only)
cahamn Beam Area
(mm?)
4 W14X53 WIIDES 645 FIFE10X0.375
3 W14X33 WLIX3S 1613 FIFE14X0.500
2 W14X53 W1aX34 2258 PIPE14X0.625
1 W14Xe3 W1laX36 2258 PIPE14X0.625

Ealected members for 4-srory dual SMAP-BRB frame.

Seory  Braced bay Braced bay ~ BRBCore  SMEF bay Elzric Pipe (FL-
cohumn Beam Ares cohamn BRE anly)
(o)
4 W13 WILIKIS 645 W14X33 PIPE1OX0.373
3 W14X53 W12{35 1613 w1453 PIPE1430.500
2 W14X53 W1laX36 2258 W14x33 FIFE14X0.615
1 W14X68 W16X36 2258 W14X63 PIPE1 430625
Eelected members for T-story Chevron EREF.
Emry  Bracedbay  Braced bay  BRBCore  Elactic Pipe (FL-BRB only)
cahumn Beam Ares
(oo™}
7 Wl4x4s W1aX2a 1200 PIPE14X0.375
E W14x42 W1aX25 2258 PIPELGXD.500
5 W14061 W16X26 3548 PIPEOXN0.625
4 W14X109 W1ax35 4104 PIPE2OX0.625
3 W14X109 WL16X36 4154 FIPEIOND.625
2 WI14211 W16X36 4516 PIPEIOND. 625
1 WI14KI11 WLaK36 4516 PIPE2OXD.625
Eelected members for T-story Diagonal BRBF.
Smory  Bracedbay  Braced bay  BRBCore  Elastic Pipe (EL-BRB cmly)
cahammn Beam Area
(et}
7 Wl4K48 WL16X26 B6E FIPE14X0.375
-] Wl4x43 W1aX24 1613 FIPE16X0.500
=] W14X61 WLaX2E 2158 FIFE16EX0.500
4 W14X61 W1aX38 3226 PIPE2OXD.625
a3 W14X120 W1laX36 3e71 PIPE2OXD.625
2 W14K120 W16X36 3E71 PIPEOXN0.625
1 W14X120 W1ax36 3871 PIPE2OX0.625
Eelected members for 3-rory Chevron BRBE.
Etory  Braced bay Braced bay BRBCore  Elasric Pipe (RL-BREB cnly)
calumn Beam Area
(zom)
9 W14X3S W1aXs7 1250 PIPE14X0.375
B W14K38 W1aXs7 2258 PIPE16X0.500
7 W14X145 W1axT7 3228 PIPE1GX0.500
] W14K145 WLaNXTT 4154 FIPEIOND.625
5 WI14211 W1aXEa 4516 PIPEIOND. 625
4 WI14KI11 WLaXEa 5161 PIPEIZN0.625
3 W14x223 W1aXEa 5161 PIPEXIND.625
2 W14X223 W1laX100 S4B4 PIPE2IX0.625
1 W14X283 W1aNK100 5464 PIPEXIN0.625
Eelacted members for 9-story Diagonal BREF.
Emry  Brecedbay  Braced bay  BRBCore  Elastic Pipe (FL-BRB only)
cahumn Beam Ares
(oo}
g Wlaie W12{35 =] PIPE10X0.500
B W14X3S W1IK35 1935 PIPE14X0.300
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(contirmed )
Selected members for 4-story Chevran BRBP.

i Wlar4 W12ZX36 2581 PIPEIEX0.625
L] W14 WI16X36 3226 FIPE2OND.S00
5 WI14K145 WI16X36 3548 FIPEZOHD.500
4 WI14K145 W16K36 3E71 FIPE2OND.625
3 W11 WI1EX45 4194 PIPE2OND.625
2 WI14X211 WI1GXK45 4516 PIPE20X0.625
1 WI14K211 W16X45 4516 FIPEZ0ND.625
Selacted members for 12-story Chevron BREE.
Sory  Braced bay  Braced bay  BRBCaore  Elastic Pipe (FL-BEB only)
calumrm Beam Area

()
12 WI14K61 WI1EM26 1290 PIPE14X0.375
11 W14KX61 WI1GXIE 2238 FPIPE20X0.500
10 WI14K6L W16X26 2003 FIPEZ0NN.625
g W1£X145 WI16X31 3871 PIPE20XD.625
B WI14K145 WI16X31 4516 FIPE2ZND.625
] W14K145 W16X40 4539 FIPE2ZZNN.625
1] W14€K357 W16K40 5161 FIPE2ZND.625
5 W14K257 W16X40 S5B06 FIPE24X0.625
4 WI1EX257 W1GXK40 SEDG PIPE24X0.625
3 W14K3T0 W16X45 6432 FIPEZ4N0.625
2 WI1HX37T0 WI1GX45 6432 PIPE24X0.625
1 WI14K3T0 WI16X45 6432 FIPEZ4ND.625
Selected members for 12-smey Dizgonal BREF.
Smry  Braced bay  Braced bay BRBCore  Elastic Fipe (RL-BEE only)

calurm Beam Area

(™)
12 WI14K6L W16X26 968 FIFE10ND.500
11 Wl4Ks61 WI1GX26 1613 PIPE1EX0.500
10 WI14K61 WI16XI6 3226 FIPE2OND.S00
@ WI14K120 WI16X36 3548 FIPEZONN.G625
B WI14€K120 W16K36 4194 FIPE2OND.625
7 WI14K120 WI1EM36 4194 PIPE2OND.625
& WI14X211 WI1GXK45 4516 PIPE20X0.625
5 WI14K211 W16X45 4639 FIPEZZNN.525
4 Wilaal WI1G6X45 4B39 PIPE2N0.625
3 WI14K311 WI16X50 5454 FIPEZZND.625
2 W14K311 WI16MS0 5484 FIPE2ZZNN.625
1 W14K311 W1Gaxs0 5454 FIPE2ZND.625
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