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Abstract

Buckling restrained braced frames (BRBFs) are sioling introduced in Chile, considering their auteges over
conventional concentrically braced frames (CBF®)wEver, they are not included in Chilean seismiigtecodes yet. The
seismic performance of a buckling restrained brdicde is studied for a 9-story office prototypélding structure designed
under Chilean standards. The structure is locai#lue central coast zone of the country, a seisagion dominated by large
subduction earthquakes. The resulting building @&lefed considering the relevant nonlinearitieshef problem and the
model is subjected to nonlinear static pushoverdymdmic time-history analyses, using several gdaaotion records from
the last ten years. The performance of the prototystudied in terms of base shear, story dnfpdrtance of second order
effects, and likelihood of collapse. An analogouscgdure is followed for a buckling restrained lecérame for the same
prototype building located in the United Statesamarea with similar seismic conditions. This cfive is designed under
provisions in the U.S. and it is subjected to stptishover analysis as a simple point of compariBashover results show a
high ductility response of the structure, but Withited overstrength. Time-history analysis resédisthe Chilean prototype
indicate that with the current seismic code, thacstire exhibits an adequate performance and itstgasficant reserve
capacity.
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1. Introduction
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Steel braced frames are one of the most efficit®l structural systems to resist lateral forcdw Principal

advantage of this type of structures is the stféneontribution from the braces, allowing a bettartrol of floor

displacements. Buckling Restrained Braces (BRB&g laggreat advantage over conventional steel blessise
they are able to yield both in tension and compoessithout buckling [1-4]. To achieve this behavibuckling

in compression is inhibited assembly of several é@myponents. A BRB consists of a steel core coaidta

low-frictional material and encased by a hollowestructural section filled with a specialized taoror another
confining material. BRBs offer robust cyclic perftaince and significant cost savings, compared tgesaional

bracing systems.

In Chile, due to the high seismic activity, bradednes are a solution often used in steel buildiagst is
interesting to study the seismic performance ofding Restrained Braced Frames (BRBFs) designee e
Chilean building seismic design code, particulaihyce this kind of buildings have not been incogped in the
codes yet. There are no studies of BRBF performéorce Chilean design with the actual seismic bodccode,
which was modified after the 8.8 (Mw) earthquak&elbruary 27, 2010, struck the central part of&€fiherefore,
it is necessary to study BRBF performance to ino@ie it in the Chilean code, for use in new cartdion or
rehabilitation projects. In this paper, a BRBF dasd according the Chilean code is evaluated witticsand
dynamic analyses, and a BRBF designed accorditigettinited States code provides a reference cosgrari

2. Background

Tremblay et al. [5] describes the testing of twoE3Rand an analytical study carried out to evaltiadeseismic
performance of BRBFs. A 3-story braced structurth BRBs, designed according to the Canadian bujldode,
was evaluated and compared to the same buildingtste with conventional steel braces. The infleen€
specifying different brace core lengths on thersgiperformance of BRBFs was also examined throwgtinear
dynamic analysis of a 3-story building model lodaite Vancouver, B.C., along the Pacific west cads€anada.
The structure was divided in a storage area anetal area, separated by a construction joint agttabing
individually. To model the structures, the BRBs &eonsidered as bar elements with an equivalessegectional
area. The design of the 3-story building showedtl stay drifts can be reduced by specifying BRBgwehorter
core dimensions, but this results in higher stclimands imposed on the brace cores. A significhrargage of
using BRBs is the reduction in the forces imposedoondations and surrounding structural elemexuspared
to conventional concentrically braced frames stmgd. Nonlinear dynamic analyses indicated thakstie
demands tend to concentrate at the bottom flosgltiag in core strain demands exceeding the desdpres,
especially when short brace cores are specified.ribmlinear analyses also demonstrated that cdonahtCBF
structures can experience smaller lateral defoomatcompared to BRBFs, but similar drift amplifioatat the
lower floor was observed and much larger forcesevimposed on the surrounding structural elemerites@
forces can be adequately predicted for BRBFs usppgopriate capacity design rules.

Fermandois [6] designed, under the previous Chilaafding seismic design code, a set of five office
buildings of normal importance of 4, 8, 12, 16 @ddstories, with the same floor plan and structuvitd BRBFs
and with a two-story X braced configuration. Thdding was located in seismic zone 3 in soil typ& he design
results showed that the base shear for the 4 btolging was controlled by maximum base shear8tlaad 12
story buildings were in the intermediate range, hedl6 and 24 story buildings were controlledh®y/minimum
base shear. Fermandois defined four structuralréaitriteria: maximum absolute ductility of BRBsaximum
cumulative ductility of BRBs, maximum rotation obrinections nodes, and formation of a possible psda
mechanism. To evaluate the lateral displacementaddmand strength of elements, pushovers withrdiffe
lateral load profiles and incremental dynamic asialyIDA) were applied to the models of the propety. These
analysis results show that the ultimate limit statehe structure is always related to the limétstof BRB
elements, reaching high ductility capacities anthwsin adequate control of the lateral displacemditits frame
yielding progresses from the braces at the uppetddo the lower floors. Failures on beam-colurannections
appeared eventually beyond the BRB failure poihe Tapacity obtained from IDA analysis is greabtentthat
from pushover analyses when the number of floocsemse; however, the results are in the same oftier.
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inelastic deformation demands on the structure® wétained through time-history analyses, showasidual
drift at the roof. The 4-story building exhibitedesponse where the fundamental period dominatéte for the
rest of the buildings, higher vibration modes cititte.
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3. Prototype Design
3.1 Geometry and gravity loading

The prototype braced frame building corresponds %estory model building studied in a comparisosa&$mic
design provisions for BRBFs between United Sta@esmada, Chile, and New Zealand [7]. The building floar

buckling restrained braced frames in a chevronibgamonfiguration in the E-W perimeter for the @aih design.
For the US design, two BRBFs are used in the E-Mttdbn. The structure plan view, the braced frafeeation

and design gravity loads are shown in Fig. 1. Thitimg of 45.72 m x 45.72 m floor plan, is an offibuilding

of the normal importance category. As shown, thikdimg has a single-level basement and taller fitsty height,
a common feature in office buildings.
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Fig. 1 — Prototype Structure
3.2 Building location and seismic data

The structure designed under Chilean standarde#dd in Valparaiso, Region V. The seismicity mlpéaraiso

is dominated by large subduction earthquakes tbatirofrequently at the boundary of the Nazca andttSo
American tectonic plates. The building is assunwele constructed on firm soil conditions, correspog to a

site class C according to NCh433 [8]. In Chile, sieésmic input for design is essentially charazeatiby the

effective peak ground acceleration at the sitep#ialiso is located in seismic zone 3, where tHigevis equal to

0.40 g.

The structure designed according to US provisisrigdated in Seatle, WA. Sites in Seattle are exghts
crustal and sub-crustal earthquakes as well asgeggound motions originating from the Cascadihdsiction
zone. Firm soil conditions are also assumed far ¢hse, with a site class C and correspongipertral values
for the seismic inpytSus = 1.365g an&v1 = 0.6869g

3.2 Seismic Design

The BRB yield stress iBysc = 290 MPa and the strength adjustment fad®yrso, and are taken equal to 1.0,
1.4, and 1.1, respectively. In the analyses, theibg members are assumed to have an equivalesst-segtional
area over the brace workpoint length equal toitngg the core yielding cross-section area. Beardcalumns
are assumed to be fabricated from ASTM A992 |-sHapembers with a steel yield strength of 345 MRz=arBs
are non-composite and the frames are analyzed esigretd assuming that the beam-to-column connaction

3
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pinned. The beams are assumed to be verticallgtrag the BRB members at mid-length and lateratiéd at
guarter points and mid-length.
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For the seismic design and detailing of the bugdimmes, the 2010 edition of the AISC Seismic iions,
AISC 341-10 [9], AISC Specification for Structur@teel Buildings, AISC 360-10 [10] and Chilean cdde
seismic design NCh433 [8] are used. The final desi@Chile is controlled by the minimum base steeat a strict
drift limit of 0.2 percent of the story heiglh, specified by NCh433. The effective value of thee& modification
factor (R«) used for the design is 3.98. This value is the@aesponse modification factor that resultsrafte
consideration of the minimum base shear requirenidrd final member sizes for the prototype desigraioed
using a response spectrum analysis, are listedldfeTl. The model for design was implemented in ABDGen
software, obtaining a fundamental period for tlystem of T=1.55 s.

For the US scenario, the frame was designed inojusiability provisions from AISC 360-10 [10] and
after sizing the members to satisfy strength regquoénts, the story drifts and stability coefficiewere within the
applicable limits, hence these factors did not mdrthe design. The final member sizes, listedable 1, were
also obtained using a response spectrum analysimodel in SAP2000 was generated and the obtained
fundamental period of the system is T=2.64 s.

Table 1 — Prototype frame member sizes.

Chilean Design U. S. Design
Story | BRB (mm?) Column Beam BRB (mm?) Column Beam
9 2520 W200x59 W 200 x 71 184« W 200 x 5¢ W 250 x 38.!
8 4625 W 200x59 W 460 x 82 278¢€ W 200 x5¢ W 360 x 57.
7 5600 W 310X 226 W 460 x 89 3337 W 310 x 15 W 360 x 57.i
6 6020 W 310 x 226 W 460 x 97 377¢ W 310x 151 W 410x 6
5 6580  W310x226 W 460 x 97 418¢ W310x15:  W410x 6
4 7520 W 360 x 421 W 460 x 128 460¢ W 360x28  W410x 7t
3 8640 W 360 x 421 W 460 x 128 507z W 360 x28 W 460 x 8:
2 9600 W 360 x 421 W 460 x 144 558¢ W 360 x28 W 460 x 8t
1 12000 W 360 x 592 W 460 x 177 696¢ W 360 x42: W 530 x 10.
-1 - W 360 x 592 W 200 x 100 W360x42; W310x6

4. Numerical Model

To perform nonlinear analyses of the prototype,calehwas developed on the OpenSees platform. Tagem
was based in the BRBF model proposed by AriyaraaaaaFahnestock [11]. Force-based beam-column elsme
with fiber sections were used to model the BRBFimeand columns, considering a uniaxial bilineaglsteaterial
with kinematic hardening (Steel01). Columns wexediat the base and their lateral displacementeggined
at the ground level. The gusset plates in the bearti€olumns are incorporated as elastic beam-coklements
near the beam-column connections. Beams are counsretween columns and pins are introduced ibebens
adjacent to the gusset plates.

Each BRB was modeled as a truss element of corataatand the variation of sections along the hiaee
BRB connection region, non-yielding BRB core regiamd yielding BRB core region) was represented by
employing an equivalent elastic modulus. This moslis based on a BRB length that is taken as 70%eof
distance between the working points, a yieldingedength that is taken as 70% of the BRB lengtk, amon-
yielding BRB core region that is assigned an aneatimes that of the yielding core. Thus, the $rakement area
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was equal to the area of the yielding BRB coreaegGiuffré-Menegotto-Pinto steel material (Ste¢l@2as used
for BRB elements, which were connected to gussgeplmodeled as elastic elements.
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To account for second-order effects due to theityrévads, a single leaning column was includedsTh
column, shown in Fig. 2, is pinned at the base, iarmbnstrained to have the same lateral displantasethe
braced frame at each floor level, simulating adridiaphragm. The leaning column is also made dproé-based
fiber elements, with properties based on the suthetross-sectional properties of the gravity cwla tributary
to the BRBF. The seismic mass of each floor offithme corresponds to the total mass of the floaddd by the
number of braced frames acting in the directioar@lysis, and it was distributed between the ceftgravity of
the BRBF and the node of the leaning column at élach level. As indicated in NCh433 [8], these wed are
based on the structural self-weight, superimposstidoad and a 25% of the live load. However, ffier /S
design the live load is not included. Rayleigh damgpvas used with viscous damping ratio of 3% asslim the
first and second modes.

@
Y
@
a

-—— Leaning Column

ESANANANANANANANAN
v avavaVavevdva

— Pinned Connection

Fig. 2 — OpenSees Model

5. Nonlinear Analyses

Two types of nonlinear analyses were performedgufia OpenSees model to evaluate the seismic pafare
of the prototypes: a nonlinear static pushoveryaiglusing a load profile consistent with the firsbde of the
structure for the Chilean and the US prototyped, @gynamic analyses with eighteen acceleration dscftsom
different Chilean earthquakes, only for the Chilpastotype.

Two of the structural failure criteria proposedfsrmandois [6] were used to define the ultimartt Istate
of the building, and hence the structure’s capacity

1. A maximum axial ductility jic) of BRBs of 20.
2. A cumulative plastic ductility (CP of BRBs of 300.

The first criteria is valid for both static and d@ynic analyses, while the second is valid only fygmainic
and cyclic analyses. The node rotation criteria m@sconsidered because the beam to column cooneactiere
modeled as pinned.

5.1 Pushover analysis results

This static analysis is defined by FEMA P695 [1I&jammendations, which establishes that the combimased
for gravity loads is given by 1.05 times the deaatdl and a 25% of live load. The lateral force patiedicates
that, at each floor, the force must be proportidadahe product of the story mass and the modah fassociated
to the structure’s fundamental period.
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Figs. 3(a) and 3(b) shows the structures respfanghis analysis. There is no strength degradadiweh no
evidence of RA effects due to the gravity column. The ultimatgesis reached at a roof displacement of 1.49%
of the building height for both the Chilean and d&3igns. Figs. 3(c) and 3(d) shows that the irieldeformation
concentrates in the middle stories, while the finstl top stories remain almost elastic. The lirtates of the
building is reached by the failure of the BRB oa thght (in compression) at the 5th story for ba#isigns.

According to the story drift reached by the stroet(Figs. 4(a) and 4(b)), which is directly relatedhe
ductility of the BRB members, the building respomsehis static analyses is affected by the coiitynand
boundary conditions of the columns at the strudbase. These columns are capable of resisting $aogg shears
through bending due to the fact that they are rddifeanchored" in the basement level. This is tomdd in Figs.
4(c) and 4(d), where floor displacements are laagéne intermediate levels. For both frames, #wgh was done
according to the modal response spectrum procedhieh accounts for higher mode contributions.comtrast,
the static pushover analysis was conducted wiitstrhode profile. This difference between thecéoprofile
used in design and the force profile used for aiglieads to a lack of uniformity in the distritartiof BRB
ductility demand. The main energy dissipation (Fi{g) and 4(h)) is produced in the middle storyBBRembers.
The story shear distribution is consistent with phevious results; there is no significant differerbetween the
first and second floor due to the low level of astlc demand on the first level, while the top floearly reaches
the design shear.
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Fig. 3 — Pushover general results
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Fig. 4 — Pushover story results
5.2 Time-history analysis results

The Chilean prototype was subjected to eighteealaction records, obtained from the horizontal ponents
(east-west and north-south) measured at nine ssatithe main feature why they were selected, isithédarity
between soil conditions between the stations aadothilding foundation. Earthquakes from differeahes of
Chile of the last ten years were considered, inolydecords from February 27, 2010. Table 2 shoagramary
of the selected records.

Table 2 — Ground Motion Record Summary

# Epicentre Date Station Duration[s] Mw Component PGA [g]

1 Tarapaca 13-06-05 Pica 252 7.8 PICAOS_EW 0.735
2 Tarapaca 13-06-05 Pica 252 7.8 PICAO5_NS 0.544
3 Tarapacéa 13-06-05 Iquique 196 7.8 IQUIO5_EW 0.227
4 Tarapacéa 13-06-05 Iquique 196 7.8 IQUIO5_NS 0.217
5 Tocopilla 14-11-07 Mejillones 218 7.7 MEJI_EW o1

6 Tocopilla 14-11-07 Mejillones 218 7.7 MEJI_NS D4

7 Cobquecura 27-02-10 La Florida 208 8.8 LAFLO_EW .133

8 Cobquecura 27-02-10 La Florida 208 8.8 LAFLO_NS .186

9 Cobquecura 27-02-10 Puente Alto 147 8.8 PTEAL_EW 0.268

10 Cobquecura 27-02-10 Puente Alto 147 8.8 PTEAL_NS 0.266

11 Cobquecura 27-02-10 Hospital Curico 180 8.8 HCBEW 0.414

12 Cobquecura 27-02-10 Hospital Curico 180 8.8 HCNR 0.475

13 Iquique 01-04-14 lquique 297 8.2 IQUI14_EW 0.316
14 Iquique 01-04-14 Iquique 297 8.2 IQUI14_NS 0.202
15 Iquique 01-04-14 Pica 286 8.2 PICA14 EW 0.335
16 Iquique 01-04-14 Pica 286 8.2 PICA14 NS 0.279
17 llapel 16-09-15 Monte Patria 470 8.4 MPAT_EW 83
18 lllapel 16-09-15 Monte Patria 470 8.4 MPAT_NS 7R

The elastic spectral acceleration for a 3% dam@rgliown in Fig. 5(a). As can be seen in this figtine
Chilean code exceeds almost all the analyzed aakes for the fundamental period of the buildinghwhe
exception of the Hospital Curicé station. Therefdrés expected that the structure would not susignificant
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damage. As can be seen In Fig. 5(b), the time4lyistoalysis using the Hospital Curicé record présére larger
energy dissipation, but the structure does nothreary failure criterion, while for other recordsthtructure
remains elastic (dissipated energy is very low)ichiis consistent with the above information.
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Fig. 5 — Records analyses

The inelastic demand distribution along the buidistories for each record time-history analysis is
presented in Fig. 6. The structure does not reagloaithe two structural failure criteria for anf/tbe eighteen
analyses and has a large reserve capacity, asecseeb in Figs. 6(a) and (b). Fig. 5(c) shows thetbuilding
exceed the design story drift limit when incurringhe inelastic range, as it happens with almbsgtzathquakes.
The maximum drift is reached for the Hospital Carrecord; however for some records with lower giatd
energy, the maximum inter-story drifts in the uplesels are greater, as it happens with Pica (2a668)Monte
Patria (2015). This two ground motions have in camra large PGA (peak ground acceleration) valuéghvh
appears to affect the displacement response abtie

As with the pushover analysis, even when the siracappears to respond in the fundamental vibration
mode, there is evidence of higher vibration modpoese for this building in some records, as carees in
Figs. 6 (c) and (e), but this does not coincideeasarily with the most damaging earthquakes. Adlittformation
indicates that the response of this building duengearthquake does not depend only on the magrétnd peak
ground acceleration of the record, but also onwhg the structure responds to the earthquake. Rasstory
drifts (Fig. 6(d)) are very small, reaching maximuedues of 0.17% of the story height, and do nptesent a
significant problem. Nevertheless, again, the eardike characteristics play an important role.

For Hospital Curicé record, the energy dissipatinoncentrated in the middle floors, and the fitsty
remains elastic during the analysis, similarlyi® pushover analysis. This again shows the effeabeaontinuity
of the columns at the basement level in the stratduesponse. In Fig. 6(f), the base shear is stitwe times the
design base shear and even so, the structuredigsifecant remaining deformation capacity and doesreach
the ultimate state. An interesting phenomenondsftir the Iquique 2014 earthquake records, thettre reaches
the design shear and maximum floor displacemerntis,all its elements remaining elastic.
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6. Conclusions
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For static pushover analysis, the general behafithre structures is very similar between the desigChile and
the United States with no strength degradatiorviolesce of PA effects due to the gravity column. The US design
is much lighter and more flexible than the Chilelsign. The US design base shear is only margisaibller
than the Chilean design base shear, but the piopsrof the Chilean BRBF are governed by the viigtrift
limit, which causes the system to be much stiffet stronger.

NCh433 seismic input parameters for the structesegsh are very strict; minimum base shear anddater
displacement requirements induce a stiff structusging a significant impact in the final respon$the building.
For the time-history analyses, the structure exhi@ivery good behavior, seldom reaching significaslastic
deformations and far from the ultimate state cailufe mechanism, maintaining a large reserve ¢gpddere
is no evidence of capacity degradation dk Bffects on any of the analyses performed witrsthecture.

Even when the structure remains almost elastitifog-history analyses, there is a level of residuaty
drift, which could be amplified and become a sesiptoblem in case that the structure incurs indridgvels of
inelastic deformations. In this work, the firstrgtovas not affected in any of the analyses perfdiriidie main
reason for this result is the presence of a baseenai. The first story columns are continuousg itite basement,
which makes them capable of resisting large stdrgass through bending, without significant inelasti
deformations. For this study, failure was considexben the first BRB member reached a limit stéterefore,
it is a lower bound of the structure’s capacity.

In general, the structure responds in the fundaahgitiration mode for the studied ground motiororels.
However, the final response depends on the eartecarad record characteristics, and the boundargitons at
the ground level of the building. Along the sameeé$i, the peak ground acceleration is not an irmtiazft the
structure’s general behavior and damage, but tepgmt in the way the structure interacts with tregacteristics
of the earthquake. Nevertheless, high PGA valuesftert the maximum roof displacement. The response
modification factors show that the structure hasasonable ductility but low level of overstrength.

The same general results obtained for this 9-sttmycture were obtained for a 4-story and a 15y¢stor
building [13]. For pushover analyses there is mengith degradation and no evidence df Bffects due to the
gravitational column, and for the same recordsuttimate state is not reached in time history gsed. Also, all
the inelastic deformation is concentrated in thddig floors just as the 9-story building.
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