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Abstract

The development of modern damagsistant buildingshas received greaterattentionin the aftermath ofrecent
damagng earthquakesit is envisioned thainstalling fussesfor input energy dissipation, the structural sysiesuld
mitigate weakstorey responseninimize residual driftwhile havingstructuralmembers remaifree of damag

This study presents theismic performance of dual frictiesliding braced frames @BSBF)versus frictionsliding
bracedframes (FSBF. Although previous studiesonducted on EFSBF haveproposedRy valuesbetween 4 and &
comprehensiveharacterizatiornas yet to beonducted Herein, R is the ductility-related force modification factor
Since friction deviceslide at lower interstorey drif a backupmoment resisting frameMRF) is recommended to be
installedin parallelwith the FSBE to providean elastic frame actiomvhile friction devicesare in the sliding phase
Similar to other conventional steel frame systethe backup MRF is proportioned to sustain 25% die bui | di n¢
base sheawhile the FSBF is degined to reist 100%

To investigate the collapse niemism ofthe D-FSBF system, the effect of modelling assumptions dinel
simulation of membes b e h a vdonsidered Aadetailed friction device model should be able to simulate the
slipping and bearing phaséNhen full-scale experimental tests werenducted on frictiorsliding braces using Pall
friction dampersit was observed that friction devices resistedbearing about two timegheir slip force and the
adjacent structural membenrgre subjected to higher demattthnassumed inhe design. D mitigate this drawback, a
limit for the increased slip force should be considered. The proposed numerical masde¢ercalibrated against
experimental test results.

The effect of long duration ground motigms the seismic responsé the strutures, arealso investigated through
a case studgonsistingof an 8storeyprototypeD-FSBFbuilding located in Vancouver, B.C., Canaddnich iswithin
close proximity of the Cascadia subduction fault. The studied buildingdésignedin reference tothe provisions
provided inthe National Building Code of Canad2015)andthe Steel Desigrtandard(2014) Time-history analyses
are performed using a detilnumerical model developed in the frameworkhe® OpenSees environment. Incremental
dynamic analgiswas employedand a multilevel seismic performance assessnveat conducted to verify the margin
of collapse safetyTheinvestigated parametease interstorey drift, residual interstorey driftndfloor acceleration.

Thus, thepurpose ofthis study is thredold: i) to quantify the seismic coefficients (e.gsR3) of the D-FSBF
system using FEMA 895 procedure, ii) to emphasize the effaxftthe modelling assumptiaby the verification of
collapse safetyising OpenSeeand iii) to invesigate the effect of longluration earthquake shakingonthesi | di ngé s
response

The innovative features of this study are as follow: ¢haracterizatiorof D-FSBF system, the effect of long
durationsubduction earthquakeersus shortiurationcrustalearthquakson the proposed building systaesponse, as
well as,the modelling aspects to simulate the nonlinear behaviour and capture the collapse mechanisms.

Keywords:steel braced frame; friction damper; earthquake; nonlinear fiistory anaysis; collapse safety

© The 17th World Conference on Earthquake Engineering -2c¢c-0183 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering/VCEE
Sendai, Japan Septembet 3th to 18th 220

1. Introdu ction

Concentrically Braced Framm¢CBF) arepopular earthquakeesistant systespossessindpigh stiffness and
moderate ductilityDespiteits easy instdhtion, CBFsare prondo weakstoreyresponsafter braces buckle
and losetheir compressie strengthwhile the mirroredbracesact in tensionTo overcome tis asymmetric
responsend limit the magnitude dénsileforces developedn the bracesresearcherhaveproposediuctile
fusesto dissipate the input energilthough friction dampersave beernstalledasductilefusesin new and
existingsteel buildingsno extensiveresearch wasonductedo characterie the structuralsystem.Decades
ago, friction dampers were installeddteelmoment frames in order to reckithe interstorey drift. Due to
lack of guidance friction dampers were also installedline with braces of CBFs to increaiee systera s
ductility. However,the CBFs with friction dampers installed iline with braceslabeledhereinasfriction
sliding braced fram®e (FSBF) are prone tolarge residual interstorey drifand dynamic instabilitywhen
subjected to seismiexcitations A feasiblesolution could be to @kignthe FSBF asa dual systemlabelled
hereinD-FSBF. Howeverdesignprovisionsfor such structural systenare notavailable.

After the Christchurch earthquake in New Zealand, insurance policies have shaped-&aethgatke
decisionof building structuresAs a responsé¢o reduce the economic lg$3ettinga et al[1] concluded that
residual interstorey drifts should be reduced or completely eliminated. To do thidatoage systems with
selfcentering capabilities are recommended. In a study conductédicBprmick et al [2], the authors
concluded thatt is less expensive to denish and rebuildhe buildingthan to repaiit if the structure
exhibited residual interstorey drifts greater tlhebohs, wherehs is the storey height.

To mitigate the storey mechanism response of conventional braced,frasesgcherg3-4] proposed
thatan option could beto design the braced framas a ial systenthat embed®ackup moment resisting
frames(MRF). The addition ofMRFsis justified by th& capabilityto undergo large deformability in the
elastic rangevhile possedsg the elastic fame actionwhich can serve as a restoring force mechanism to
partially recenter the building after an earthquake evémtl4] it was reported that designiriguckling
Restrained Bracedr&me (BRBF), as a Dual systemesuled in a small decrease in theabes ductility
demand as well as thes y s t peakinterstorey drift However,the addition ofthe backup MRFreducel
significantly the residual interstorey drift. These findings were reported by analyzistpee$and 6storey
building configurationsSimilarly, in[4] it was show that the amount of shear force assigned to the elastic
MRF did not display differences in termsitfinterstoreydrifts. Neverthelessghe specific desigprovisions
for a dual system are stiiinited.

The curren National Building Code of Canad&BCC) [5] alows a variety ofseismic force resisting
systems derived froma combination oftwo conventional systemsFor example, in the Structural
Commentariesf the NBCC[5], it is noted thaDual structural systemmay be designed so that 100% of the
seismic load is carried by the system having the highkre of RiRy, whereRy and Ry are the ductility
related and overstrengtblated force madification factor, respectivelfythis design approach is followed,
the other system, which is not considered to be part ok#iemic force resisting systel®@FRS must be
designed to support its gravity loads while undergoing earthejndkeed deformations.

The objective of this research is thifedd: i) to quartify the seismic coefficients (e.gRo) of the D
FSBF system usinghe methodology presented FEMA P-695 [6], ii) to emphasize the effects dtiie
modelling assumptionby the verification of collapse safetysing OpenSe€l&] and iii) to investigate #h
effectoflongd ur ati on eart hquakeresponseki ng on the buil di ng:¢

The innovative features of this study are as follow: the characterizatiorf-&HP system, the effect
of long durationsubduction earthquageersus shordurationcrustd earthquake on the proposed building
systemresponsgas well as,the modelling aspects to simulate the nonlinear behaviour and capture the
collapse mechanisms

2. Prototype Building Models

An 8-story office building with a rectangular footprinillustrated in Fig. & was consideredfor
investigation. Theprototypebuilding is located in Vancouver, British Colombia, Canada, on Site Class C
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(stiff sail). In this studyFSBFs and Dual FSBEareanalyzed from yielding to failurduilding Model #1 is
braceal in both orthogonal directions by foE6EBFsandthe elevation is plotted in Fig. 1@he FSBF system
is derived from the moderately ductile CBRBystem.The latter wasdesignedto withstand seismic loads
reducedby RiRy=3x1.3as per5]. As depicted, edcbracedframé s | ocated i n onse qua
plan and is placed symmetrically with respecthecenter of massThe braced frame configuratiohawvs
single diagonal brasger bay All bracesare made ohollow structural section(HSS)andaredesigned to
respond elastically in tensiarompression. The upper end of each brace is connected to theliraogha
traditional gusset plate and the lower eafleach bracés connected to the Pall friction mper which is
bolted to a gusset plat®nnected to the framAs illustratedin Fig. 1d the Pall friction damper is made of a
middle plate that slides between two external channels bolted togetipeetbytionbolts. The end ofthe
middle plate is weldedlongthe slottedholes ofthe HSS bace andboth channels are bolted to the gusset
platethat iswelded to the framdt is noted thathe ductility of CBFs which is based on the capability of
steel braces to yield in tensiam, lower than that ofriction damperdevices. Nevertheless, thductility of
friction dampers is at least equal to thatbotckling restrained brac€B; = 4) [5], but theydo not possess
overstrength(Ro =1.0). Thus, b design thd=-SBF system the seismic loads are calculated basedRpn4.0
andRy=1.0.1t is notad that a value dRy=4.0 can be accommodatiédiampers possesdequate slip length

To ovecomethe FSBB drawbackspresented later in this paper, the=SBF systenis proposedo
brace the Building Mods#2 and #3 As depictedn Fig.1a the MRFs are displaced symmetrically in both
orthogonal directionsThe designapproach usedto proportionthe D-FSBF system is similar to that
presented ing] for ductile (steel) plate wall®\ccordingly, friction dampers are designed to resigd%0of
the applied factored storey shear faremd the backup MRdare designed to resist at least 25% of the
factored storey shearThe backup MRF is detailed as per thquirements ofhe moderately ductile MRF
characterized b¥r, = 1.5 [5]. Thus, forthe DFSBF system, an overstrength factor of at least 1.125 can be
proposed leading tB4Ry = 4.5. For comparison purpose, the desigtheD-FSBFs, employed in Building
Model #2, werelabelledasD-FSBF(4) and ibased orthe seismic loads computed wilRy=4. In addition,
the DFSBH?5) system designed witRsRy = 5 was also considered and used to brace the Building Model #3.

To quantify the buildin@ seismic performance fears the methodology presented FEMA P695 p]
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Fig. 1 - Building modelgeometry: a) plan view, b) elevation of FSBRd MRF, c) loadsonsidered in
design d) detail ofPallfriction damperfrom testing setufiQ]
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is appliedto all studied Building Modelswhich have the same floor plai€onsidering the buildiny s
symmetry in both orthogonal directions, the analysisonducted for half of the buildingn this paper
calculation is conductetth the NS direction only According toFig. 1h there ardawo FSBFs designed to
carry half of the building base shear arah associatethreespanMRF. In the numerical modetlescribed

in a section below, both FSBFs and th®Mare connected with rigid linke simulae the rigid diaphragm
effectof the floors. The length ofthetypical bay is 7.0 m, the height of ground flaordtypical floors are
4.0 m and3.8 m respectively The total building height), is 30.6 m. AllIFSBF beams and braces are pinned
connected at both ends and thé& B Fediusnns are pinned connected at their base and continuous over two
storeys. All columns and beams are made e$h&pes with a nominal yield strendtp= 345 MPa and
tensile strength= 450 MPa All braces are made ofolow structural sections (HSS) arhe friction
dampersareillustrated in Fig. 1. The dead loaahd live loadat typical floor and roof levelas well as, the
snow | oad and cdregidedin Rigg cThe désnacdveightofd of eachbuilding including
25% ofthesnow load at theoof level is the same for alllding Modelsand equal t&\= 62847 kN.

3. Design Procedure

The design procedure used for #@BFsystemis not covered in thiuilding code provisios[5]. To design
the FSBFsystem ofBuilding Model #1, a proposed forcdbased design methdd®], similar with that
presented for CBFs is applieficcording to p] theseismic base shewr calculateds:

V= S(T)MJEW/(RiRo) 1)

whereS(Ty) is the 5% damped spectral response acceleration expriasseits ofgravitationalacceleration
corresponihg to 2T,, My is a factor accounting for higher modes effect on base ,shkearthe importance
factor for earthquake loadassociated to building importance categdyjs the seismic weight anddR,
=4.0. For normal importance tegory buildingsJe = 1.0 and from calculatioM, = 1.0. The fundamental
lateralperiodin the direction of consideration is determinelas0.025h, for braced framesyhere R is the
building height For the case studield; = 30.6 mandT, = 0.765 sWhendynamic analysis is employet,
shall not be tken greater thanT2 which in this example becomes 1.53 s.

The sitespecific response spectral accelerations for Vancouver (Site Classh@kspecified periods
of 0.2, 0.5, 1.02.0and 5.0s are 0.848, 0.751, 0.425257and0.08 g, respectively. These valuase based
on a2% probability of exceedancim 50 yearg(2475year return perigd The effect of orsion caused by
accidental eccentricity and notional loadsneglected, but the-R effectwas considered=romEq. (1), the
base shear is equa V = 5279 kN. However, the design base sheédy; resultng from dynamic analysiby
means of modatesponse spectrum methstall not be taketess than0.8V for regular buildings or as
resuting from dynamic analysis i¥/q > V computed for2T.. The firstand secongnode period evaluated
from eigenvalue analysis in theSldirectionaregiven in Table 1Using a 3D model and ETABS software,
T, is slightly lower than 2, and the base shearabout 10% greater than that computed with Eq. (1)

Table 1- Characteristics of Building Models

Static Equiv. ETABS OpenSees
Building Model ReRs 2T|:1/Ieth0(3/ TIl_lner:erz;InaIys\l/sd NoTnlImear ar}ailyﬁs
(9 | kN) | (9 | (9 [(kN) | (9 (s)
Building Model#1: FSBF 4x1.0=40 5279 1.40 | 0.44 | 5907 | 1.45 0.482
Building Model#2: D-FSBH4) 4.0 1.53 1.34 | 0.44 | 5945 | 1.36 0.465
Building Model#3: D-FSBH5) 5.0 4223 | 155 | 0.51 | 4349 | 1.54 0.508

The first step in the preliminary design is to qgurtethe axial slip forceFsip, triggered ineachfriction-
sliding brace The procedure is similar to that used to compute axial forceaditional CBF bracesThe
friction damperis installed irline with the braceandis only activatedwhen Fsji, is reached otherwisethe
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FSBF system beaves as a traditional CBF. Tosemecontinuous and uniform sliding within the damper,
braces should behave elastically without undergoing bucklingguBmantee elastic response of braees,
safety coefficient of 1.8 appliedin design.This safety coefficient was also recommended in ASCE/SEI 41
[10]. Hence, all HSS braceshould be designed twarry a factoredhxial forceof 1.3Fsj, of the attached
friction damper, while responding elastadly in tensioncompression.Thus, tle bracé scompressive
resistanceC; should bdargeror equal tahe factoredaxialload C:. To size the beams and columnsF&BF
and toersure their elastic responge capacity design methasd applied. However, the process is not
straightforwvard. Based on an experimental test conducted on a full Balleiction damper of 700 kN slip
force explained in9], the friction damper was able to resist a slip fogoeaterthan ZFsi. When friction
damper was loaded further than aailablestroke, the end bolts hit the end ifed a mper 6 s s | ot t «
and thefriction damper behawkin bearing. Thestroke parameter results from design. To ensafety
seismic respons¢hestroke wa multiplied byl.3 safety factomandthe value wagrovidedto manufacturer.

Theelements that dissipate the input enasgythe friction dampeyinstalled inline with HSS brace
subjected to tensieoompressiorthat should be Class 1 or Rccording to B], the probablecompression
resistance oHSS braceC,, is 1.2G/ ‘whereC; is computed usinRFya n d « = HSQ sectidhg the
probable yield stred® F, shall be taken not less than 460 MBJ From calculationit results that a force of
2Fsip corresponds approximately to the probablmpression resistance of HSS brace. To preserve columns
in the elastic range, theshould be proportioned to carry the factored gravity loads and the brace forces
corresponding to the brazeprobable compresat resistance. Columns shall be continuous aindonstant
crosssection over a minimum of two storey®lumnsof braced bays shall meet the requirements of Class 1
or 2 bearrcolumns.For columns designnaadditional bending moment in the direction of the braced bay of
0.2ZF, in combination with thexial loadsshall be considereavhere Z is the plastic section modulugtoe#
columrd srosssection.Columns and beams are made osWapesections

The DFSBF system employed Building Modek #2, #3 wassimilarly designedAs afaementiond,
the SFRSis composed of FBSFand backup MR&: The beams othe MRF were designed to possess
sufficient flexural resistance such that 25% of the applied factored storey shear force is resisted by the MRF
membersBoth beams and columns thfe MRFs are mde of Wshapesections Although a slightly larger
overstrengtirelated force modification factor can be uged). Ry = 1.125), RiRy= 4.0 was considered for
Building Model #2. The EFSBF of Building Model #3 was designed for seismic loads bas&dRar 5.0.

4. Analyse Seismic Response of Building Models
4.1 Numerical nodel

To investigate the nonlinear response of studied buidimgmerical models were developgdOpenSees

[7. Each model was built f oandtk diectim af darthquakie bpgplicatiagvéss f | o
consideredn theN-Sdirection only The FSBFsystem of Building Model #tvas geometrically modelled as
two-dimensional To simulate the behaviour of frictiesliding bracewith incorporate friction damper, the
twoNodeLik element object wagsedand defined witha nonzero length and three degrees of freedom
(translations along local, y, axes and rotation about lozzdxis) for the 2D-case ThetwoNodeLinkelement

has the length of the braptusdamperand each of itends wereconnected tarigid link thatreplicaesthe

length of gusset plate connecting #tieing-bracememberto theframe Thus, theriction damper properties

were assigned ta translational spring inserted in tn@NodeLinkelement This translatnal spring is made

of the uniaxiaBoucWermaterial, whichwas selected to replicate the smooth hysteresis behavior of friction
damper and is able to accommodate the development of high nonlinear Coulomb flibiéoimput
parameters used in the defioiti of BoucWenmaterial are: the initial elastic stiffneks exponentn that
influences the sharpness of the model -yieldstiffnressdo t r a n
the initial elastic stiffnressando and b par angthe shaps of the hysteresik tycle. Other
parameterssuch#,A, 3 and d control the stiffness and str
weretakenaAozl,UzAz3=q=0,whi l e 2 and b parameters weede con
on t he etgbga tly)" ¢vingren 910. To simulatethe bearingphase that occunghen the demand
exceeds the a mp etroké shree parallel springsmade ofthe Elastic-PerfectlyPlastic Gapmaterial were
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addedin thetwoNodeLinkelement.The nunerical model proposed fdhe Pall friction dampeinstalled in

line with an HSS bracewvas calibrated against experimental tests resefisrted in[9]. Columns of EBF
were modelled as nonlinekorce-BasedBeamColumnelements with distributed plastigiand fiber cross
section discretization. Each column was divided into 8 elements having an iniadtsitaightness equal to
1/1000 of its length and the/-shape columrsectionwas made of 120 fibers. Beams were modelled as
elastic members. It is notddat a 2% Rayleigh damping waspecified in the first and the third mode of
vibration of studied buildings.

The OpenSees moddkvelopedfor the MRF of D-FSBF system of Building Model#2 and #3is
similar to thatpresentedn [11]. Thus,each MR- beam is made ahe BeanWith Hingeselementwith fiber-
based crosssection discretization within the plastic hinge zone to which riwified Gausfadau
integrationscheme was assigned. The strength and stiffness deterioration caused by flange kiegli®uc
simulated by assigning a calibrated loycle fatigue material modaksignedo theflange fibers aper[11].

4.2 Ground motions

For Western Canada, the important contributions to hazard are moderate to large earthquakes of magnitudes
M7 1 M7.5 which are compatible with the design spectrum developed for a 2% probability of exceedance in
50 years. An additional contributor to hazard is the megathrust M9 earthquakeathatcur along the
Cascadia subduction faultlithough it is recommended thatminimum of 11 ground motion records be used
for each suite, using fewer than 11 records for a suite is permitted provided that no less than five records are
used for each suite and the total number of records in all suites is not less {Bnidths study two
suites of sevenground motions werselected tcwomply withthe reference ground condit®of Site Class
C, characterized by timaveraged shear wave velogityss, between 360 m/s and 760 mile first slite
containscrustal ground motian selected from the PEBERGA ground motion databasend he second
containssubduction ground motions recorded during Tohoku earthquake in Japan (March, TAts1)
characteristics of selected records are preseantdable 2, where NGA is the record iddication. The
magnitude othe earthquake evestthe peak ground acceleratidPGA), peak ground velocityPGV), the
Trifunac duration t6), the principal period othe ground motion T,) and the main period dhe ground
motion (Tr) are also provided.

According to[5], ground motions are scaled such that the megponse spectrum of the suite does
not fall more than 10% below tlo@de design spectrum across the period of intere$t 0.2T1, whereT: is
the firstmode period of the building he response spectrum of all scaled records, their mean and the code
desiq spectrum are plotted in Fig. 2, while thealing factorsSFaregivenin Table 2.To match the code
design spectrum across the period of interest, some subduction recordsbeheeated with a factor greater
than 1.0. These records selected from thg Marthquake are already very severe. For this reason, the
subduction records were scaled carefully and it was accepted to let therempanse spectrume drop
slightly more tha 10% below the code design spectriamT > 2.0s It is noted that the subduction records
were selected to match the geotechnical profile for Site Class \ancouver and the distance to the
Cascadia subduction fault.

4 02T1 Indiv. GMs 4 02T1 Indiv.GMs
- - = = = Mean . ]| Mean

R 3 Design Spectrum - 3 - :'\‘ Design Spectrum
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Fig. 2- Response spectruof ground motionscaled to match the design level: a) crustal, b) subduction
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Table 2- Ground motions

Crustal Ground Motions
ID NGA Event M, | Comp | PGA PGV tp T, T, |/ S.F.
() (@) (m/s) (s) (s) (s) | (m/s)
c1| 779 19%>9rieﬁgma 69| 000 | 0525 | 0917 | 1015 | 070 | 0.80 | 417 | 0.45
c2 787 19?,%;‘;““’" 69| 360 | 0277 | 0313 | 1161 | 030 | 0.69 | 425 | 1.5
c3 787 19%3;;2”“’" 69| 270 | 0207 | 0314 | 1266 | 080 | 0.88| 425 | 1.2
ca| 802 198P9rie';gma 69| 090 | 0321 | 0434 | 802 | 022 | 057 | 381 | 1.5
1994
cs| 983 Northridge | 67| 022 | 0.428 | 0.837 | 1249 | 076 | 132 | 489 | 065
1994
ce| 1013 Northridge | 67| 064 | 0498 | 0674 | 665 | 030 | 088 | 629 | 0.71
c7| 1089 1994 67| 180 | 0272 | 0221 | 1422 | 026 | 047 | 405 | 2.00
Northridge
Subduction Ground Motions
ID Station Event M, | Comp | PGA PGA tp T, T, V.30 S.F.
(@) (@) (s) (s) (s) | (m/s)
S1| FKS005| 2011 Tohoku | 9.0 | EW | 0.45 0.35 92 015 | 0.32 | 469 | 1.00
s2| FKSO | 2011 Tohoku | 9.0 | EW | 0.86 0.56 66 018 | 027 | 409 | 1.8
s3| FKS@0 | 2011 Tohoku | 9.0 | EwW | 0.83 0.44 74 020 | 020 | 387 | 1.00
S4 | MYGOO1| 2011 Tohoku | 9.0 | EW | 0.43 0.23 83 026 | 027 | 441 | 18
S5| MYGO04 | 2011 Tohoku | 9.0 | EW | 1.22 0.48 85 025 | 0.26 | 430 | 1.00
s6 | IBROO4 | 2011 Tohoku | 9.0 | EW | 1.03 0.38 33 015 | 0.21 | 382 | 1.65
s7| IBROO6 | 2011 Tohoku | 9.0 | EwW | 0.78 0.30 36 012 | 025 | 406 | 1.40

4.3 Designlevel

The nonlinearseismic responseof the studied buildingsis presented in terms dhe interstorey drift,
residualinterstoreydrift, and floor acceleratiorecorded at the code demand levd. presented in Table 1,
the firstmode period T;=1.36s) computedfor the D-FSBF(4)system of Biilding Model #2 is lower than
that resuling from the FSBF system of Building Model #Iwhich is 1.45sHence, for Building Model #1,
the spectral acceleration ordinaterresponding ta, = 145s is S(T1) = 0.346 g and in case of Building
Model #2, the spectral acceleration ordinate correspondifig t01.36s isS(T1) = 0.365g The SFRSof
Building Model #3 is less stifthanthat of Building Model 2. In consequenceéhe first-mode periodf D-
FSBF(5)is longer(T:=1.549 andrequireslower seismicdemand(Si(T1) = 0.334 g, thanthe D-FSBF(4)
system The interstorey drift, residual interstorey drift and fl@mcelerationacross the buildir $ieight
wererecorded at design levahdare presentetbr all case twidiedin Figs. 3, 4, and5, respectivelyThe
mean and mean + standard deviaijptean-SD), computed for the saisic response parameters resulting
fromeach suite of scaled ground moti@msalsoplottedin thesefigures The seismic response under calist
ground motions is plotted in blue and that under subduction ground motions lingedorth noing that the
total record duration, as well as the Trifunac durati®significantly greater for subduain recordsthanfor
crustal recordsHence,for Buildings Model #2 and Model #&e peak ofmeanand (Mean+SDjnterstorey
drift are within the codelimit which is 2.5%h. Comparing the interstorey drift configuration along the
buildingd &eight for DFSBF(4) versus B-SBF(5), it appears that the mdlexible system tends to show
peak demands at upper and lower floors while the more stiff system ekigibier demand at bottom floors.
The peak othemeanresidual drift is below 0.5%lfior both DFSBF(4) and EFSBF(5) systems under both
suites of grond motions. However, for the FSBF system of Building Model #1, the seismic response is
different. At design level, several friction dampers located at the upper and lower floors reaihed the
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allowable slip length and exhibited bearing. Under the crustairds, the peak of mean interstorey drift

occurredat the 7 floor followed by the bottom 2 floors and is still within the code limit. Conversely, this is

not the case when the effeaif subduction ground motiorare investigated. As depicted in

Fig. ,3the

building reached collapse at the design level. Thus, the FSBF sigstetrecommended tbe used in high

seismic zonedn the case of floor acceleration, the demand is about two times greater under the subduction
thancrustal ground motion suitesinder the crustal record suite, the demand is uniformly distributed along

the buildingds hei ghQ49mfor®-FSBR(4) apbe5a3gfor D-FSBE(B)
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Cru. -
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Interstory Drift (h,%) Residual Drift (hy%) Floor Acceleration (g)
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Fig. 3- Seismic response &1SBE a) interstorey drift, b) residual instorey drift, ¢) floor acceleration
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Fig. 5 - Seismic response of-BSBF(5): a) mterstorey driftp) residualinterstorg drift, ¢) floor acceleration

S

Conversely, under the subduction ground motion suite, the peak of the mean occurs at bottom floors and is

about 1.1gThus special details should be considered when acceleration sensitive components are installed
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in the buidings; these may be damaged when the floor acceleration is larger tlgan 0.8

To explain the behaviour ofiefriction dampers installed ian FSBF system, the response7fstorey
of Building Model #1 under the Loma Prieta recéiB7-360 is preaented below. For buildings of normal
importance category, the code limit for interstorey drift is 2.586tch yields 95 mnfor a storey height of
3800 mm.The projection of this drift with the angle formed by the brace with a horizontal line is 84 mm.
Considering the safety factor of 1.3, thevidedslip lengthis 1.3x84 =110 mm which was used to model
the fiction damper. Thus, after this slip length is consumed, the end bolts of friction damper hit the end of
slotted hole and behaves in bearing. Whea occursthe damper does not fail and the axial forcethie
friction damper starts increasing above the slip foldes,(T1) = 0.27g, which is the design level of scaled
ground motion, largdnterstorey drift andresidual interstorey drift are obsered (Fig. 6a). Fromthe
associatedhysteresis loopof thefriction damperplottedin blue color inFig. 6a, it is shown than the damper
slips in one side until the stoke wabnostconsumedWhen the demand increasesS3¢T:) =0.35g, the
damperwas pushé in the bearingphase, while respondingidewa. Similarly, analyzing the seismic
response of the'floor of D-FSBF(4 system, the behaviour is shownFig. 6b. As depicted, the residual
interstorey drift is reduced, the responseheffriction dampe is more centered and the beamshefMRFs
are still in the elastic range. After the beamshefMRFs experience hinging, the dual system leans in one
direction and the system experies@e significant increase mesidual interstorey drift. The yieldjnof the
MRFO beamsoccurs around 1.5%h
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Fig. 6- Response of the™floor under the #78B860 crustal record: a) FSBF systéashD-FSBF(4)system

4.4 Incrementabdynamicanalysisto collapse

To assess the collapse safetytld studied structal systems, Incremental Dynamic Analy§iBA) was
employed 12]. The IDA curves are computed for each studied structural system subjected to crustal and
subduction ground motienTo plot the IDA curves, thpeakinterstorey drifamongall floors weresdected

to present thdamage Masureand the spectral acceleratiant t h e frdt-made genod ® present

the Intensity Measure The sevenIDA curves that show the response of Building Model #1 subjected to
crustal ground motiosuite are plottedn Fig. 7a and the response under subduction ground naufiterare
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plotted in Fig. 7b. The 30percentilelDA curve is shown withared line and the black dashed line shows the
code demand at the firgtode period presented above. As depicted inFgthe friction dampersf FSBF
systemstart slippingat around0.5%h associated t0.1g. The response is stablatil the interstorey drift is
about1.5%h and after that all IDA curves show softening behaviour where damage is accumulated at
increasedrate fora small increasen intensity demand. Three out of sevemstalrecords subjected the
building to collapse above the code demand and thgé@entile IDA curvendicates collapse &(T1) =
0.48g. In the case ofthe subduction records, the B& system cannot sustain the demand and failure occurs
below the code levelWhena 25% MRF was added to the FSBF, the response of getdmsubstantially
improved. The IDA curves that show the response efF 8BF(4) of Building Model #2 are depicted iig$.
8a and8b. Under both suites of grounaiotions, the response is stable until the MRFs beams experience
hinging in flexure, which occurs at about 1.5%tterstorey drift. However, the softening behaviour of IDA
curves shows a bit of hardening. Afteet2%Hh drift is reached, the deterioration starts increasing. THe 50
percentile IDA curve, obtained undemustal ground motions, indicates collapseSafT:) = 0.79g. The IDA
curves showing the building responte subduction ground motions are comgmeabut the hardening
characteristic is lower. The 8@ercentile IDA curve, obtained under subduction records, indicates collapse
at S(T1)= 0.64). In the case of Building Model #3, the IDA curves computed for both crustal and subduction
records demarsdare depicted in Fig. 9 and is similar with those shown for Building ModelT#& 5@
percentile IDA curve, obtained under crustal and subduction records, indicates collaps®-¢iSBF(5)
system af(T1) =0.75g andSy(T1) = 0.62g, respectively.
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5. Seismic Performance Evaluation

According to FEMA P695 proceduf6], the median collapse capacitgﬂ, is defined as the intensity tife
ground motion at which half of the receréh the selected suite of ground motions cause collapse. The

collapse margin ratio, CMR, is defined as the ratio betWgerand Si(T1). The value of thesgarameters
computedor all buildingssubjected to botlground motion suiteare showedn Table 3The collapse safety

is evaluated based on the adjusted collapse maatio) ACMR, which is equal t€MR x SSF, where SSF

is thespectral shape factas pertables provided in€]. To pass the collapse safety critefisshould satisfy

that ACMR O ACMR10%, Where ACMRoy is computed as function offiror and represestthe minimum
permissible ACMR value corresponding to the 10% probability of collapse under a sutmiafs Herein,

bror is the total system collapamcertaintyandis quantifiedbasedon the quality rating ofhe numerical
model. To computéror, the following assumptions were made: (1) the design uncertaagyassigned A
Superior o ,fperddl. ilt;y (r29t itrhge t est daQGoao duon cgeuratfha=d.Byt yr awt a
and (3) t he model unCGeodai mtuw, | biwea®2. Tha wéomarecald A B
collapse uncertainty iBrrr = 0.4. These uncertaintyaluesare used to calculafao=0.5. As presentedn

Table 3, both systems-BSBF(4) and BEFSBF6) pass the collapse safatyiteria. It results that subduction
ground motionssubject the building tanore severe demand than the crugtaund motions. Although the
FSBF system shows borderline pass under crustal ground motions it fails under sabghoctiml motions
andit is not recommended to be used in high seismic risk regions.

Table 3- Evaluation of collapse safety according to FEMA P695 methodology

Item FSBF D-FSBF(4) D-FSBF(5)
Parameters Crustal GMs | Sub. GMs| Crustal GMs | Sub. GMs| Crustal GMs | Sub. GMs
§CT 0.48 0.30 0.79 0.66 0.75 0.62
Si(T1) 0.346 0.346 0.365 0.365 0.334 0.334
CMR 1.39 0.87 217 1.81 2.24 1.85
ACMR 1.90 1.19 2.97 2.48 3.13 2.59
ACMR10% 1.90 1.90 1.90 1.90 1.90 1.90
ACMR/ ACMR10% 1.0 0.62 1.56 1.3 1.64 1.36
Pass/Fail Bordetine Pass Fail Pass Pass Pass Pass

6. Conclusions

The effect of megethrust subduction records versus crustal records was assessed by analyzing the nonlinear

© The 17th World Conference on Earthquake Engineering

11

-2c-0183 -




The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering/VCEE
Sendai, Japan Septembet 3th to 18th 220

response of an-8torey prototype building braced by the FSBF anBIBF systemsdesigned for fRy=4
and RRo=5. Theinnovative features of this study are as follow:

A detailed numerical model was developerdOpenSeeto simulate theslipping phaseof the friction
dampersinstalled inline with the braces as well asthe bearing phase espenced when the demand is
larger than the availablé a mp etroké $he MRF beams of IFSBF systemmwere simulated to replicate
the flexural hingingas well asthe strength and stiffnedeterioration caused lycal bucklingof I-shape
flanges to whth a calibrated lowcycle fatigue material modetasassigneds recommended in [13].

Using the FEMA PF695 procedurethe performance ofhe studied structural systemsawassessed.
Thus, it was concluded that the FSBF system fails to meet thapsellsafety criteria and is not
recommended in high risk seismic regiolmsthe case ofthe FSBFs, after braces slifhe system deforms
sideway and experiences large residual interstorey dfitt.improve theseismic response of tHeSBF
system a soluion could be to provide continuous columighenthe D-FSBF system is considered, its
behaviour under both suites of ground motions is significantly improve. B&BEF systems, designed to
resist seismic loads computed witiR=4 andRsR, =5, pass theollapse safety criterialhe MRFs behave
in the elastic range until the demand associatégetdesignlevel was reached. The peak of mean interstorey
drift is within the code limit and the peakthie mean residual interstorey drift is about 0.5%h

The effecs of the subduction ground motions dhe buildingsare more severthan that othe crustal
ground motions. This is explained by its lotgal duration and Trifunac duratioof about 90 sThe
subduction records induce about two times éarfpor acceleratiasithan crustal records.
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