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ABSTRACT

Design, Modelling, and Seismic Performance dutrigger Braced Frame SteelBuildings
Subjected to Crustal and Subduction Earthquakes

Aid Jnaid, Ph.D.
Concordia University, 2018

Concentrically braakframes (CBFs) are widely used in North Ameri€he CBFs possess high
stiffness and moderate ductilitwhile braces are designed to buckle in compression and yield in
tension. However, after a brace experiences buckling, its compression strength diminishes and
the system undergoes asymmetrical respomdele the distribution of internal forces and
deformdions is influenced by the frequency content of ground motibns.s pi t e t he sy«
stiffness, CBFs are prone to concentr@d@enage within a floor which leads to the formation of
storey mechanism. To preserve the stability of the system during the aord@emic response,
t he National Building Code of Canada (NBCC)
depends on the selected ductHiglated force modification factor,gRThus, the height limit for
buildings with moderately ductile concentrigalbraced frames, MECBFs, is 40 m and for
limited ductility concentrically braced frames, LCBFs, is 60 m.

To safely increaséhe height limit of ductile braced frame buildings,systemabelled
Outrigger Braced Frame, OBF, is proposed and developdtisnstudy. According tothe
Council on Tall Buildings and Urban Habitat (CTBUH)puilding with more than 14 stories or
more than 50 meters in heighty beconsidered a highise building The aim ofthis research is
to develop, design, model, and study the seismic performantedaise (e.g. twelewstorey)
andhigh-rise (e.g., sixteerstorey)OBF buildings subjected to dynamic loads. It is noted that the
outrigger system functions by tying togetteecore system and a perimeter system. Herein, the
core system is made of MDBFs and the perimeter system is made of gravity columns.
Further mor e, only the core braces are desi gt
diagonals are designed to resg in the elastic range. The performance of OBF system is
controlled by the amount of added stiffness and optimum location of outriggers across the
buil dingds height, the number of |l evel s with
multi-storey buildings are located in higiisk seismic zone of Victoria, B.C. Canada, on Site

Class C. The selection of ground motions was made to capture the seismic characteristics at



buildings location. Herein, two sets of crustal and subduction ground motioascaesidered
such as California records and the m#gast magnitude 9 Tohoku records, respectively. The
nonlinear timehistory dynamic analyses were conducted usingibenSeesoftware.

The main objectives of this thesis are thfeld: i) to identify the effect of subduction
versus crustal ground motions on the seismic response aideywmidrise and higkrise MD-
CBF buildings and to study their seismic performance from yielding to failure, ii) to provide
design method and optimum location for rayggers of OBF steel buildings, iii) to assess the
collapse safety of the proposeudd-rise andhigh-rise OBF steel buildings using FEMA P695
procedure and to compare their seismic performance against that resulted-@BMBuildings.

It is concluded thathe OBF buildingsare slightly stiffer than theorrespondingMD-
CBF buildings and theyexperienced lower interstorey drift and residual interstorey drift than the
MD-CBF buildings. In all case studieonsidered herethe collapse margin ratio (CMR) is
greater for buildings subjected to crustal ground motions than subduction ground motions.
Evaluation of seismic performance sEmplel2-storey and 1&torey OBF buildings shows that
these buildings are able to pass tudlapse safetyacceptanceriteria ACMR O A MR
when subjected to bottets ofground motios. On the other handhe correspondingD-CBF
buildings are not able to pass the collapse safety acceptance criteria when subjected to
subduction records setlence,special attention should be given when designing buildings in

seismic regionsvhich areprone to both typesf earthquake
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Chapter 1. Introduction

1.1. Background

Concentrically braced frames (CBF) avedely used in seismic areas due to their high stiffness
and moderate ductility. The CBF system can be designed with ténsmmpression or tension

only braces. The tensiemompression braces are proportioned to buckle in compression and
yield in tension in ordr to dissipate the input energy. The hysteretic response of a typical
tensioncompression brace is asymmetrical, because the buckling strengtich$ower than the
tensile strength. Then, after a brace buckles, its compressive capacity diminishepdstthe
buckling strength. The main drawback of the CBF system is its tendency to concentrate damage
within a floor which leads to weastorey mechanism followed by system failure. As depicted in
Fig. 1-1, the storey mechanism may be triggered at ground @o@n upper floor. When the
former occur, the CBF system may be driven to complete failure. In the other case it leads to

partial failure.

The National Building Code of Canada (NBCC, 2010) specified limits for building heights
(expressed in meters) inrfation of system ductility and the level of seismic zone. Thus, in
mediumto-high seismic zones, moderately ductile CBFs with ters@npression braces {R

3 and R = 1.3) and ductile bucklingestrained braced framesqR 4.0, R = 1.2) are limited to

40 m height, while the limited ductility CBFs with tensioompression braces {R 2.0 and R

= 1.3) are limited to 60 m height. It is noted that conventional construction braced frames are
limited to 40 m heightvhere EF:S4(0.2) > 0.75 but those for ssembly occupancy type to 15 m
height. Herein, E is the earthquake importance factor of the structugas Fhe acceleration
based site coefficient and(8.2) is the spectral response acceleration value of uniform hazard
spectrum at period T = 0.2 30 account for building irregularities, more critical design
requirements were adopted. For example, verifications for stiffness irregularity (Type 1), weak
story irregularity (Type 6) and torsional sensitivity (Type 7) are among them. For instance,
dynamic analysis is required even for lemse buildings showing irregularityype 7, or for
buildings with other irregularity types that have the fundamental period > 0.5 s. In spite of
reinforced code provisions, the likelihood of westkrey response in CBFs dareven EBFs

(eccentrically braced frame) systems may still occur due to the lack of lateral force redistribution

1
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Hence, for buildings taller than 60 m or even 40 m height another type of earthquake resistant
braced frame system is required. Since 1970, researchers found that adding horizontal outrigger
trusses that ti¢he earthquake resistambre systemto exterior columns, the efficiency of the
building system improves by about 30% (Schueller 1977) Important number of studies
conducted have considered the reinforced concrete shear walls as being the core system, while
the outrigger trusseserefixed to the coreand pinned to perimeter columns. Different types of

core systems and outrigger floors are depicted in FRy.1fh general, this system was proposed

with the aim to reduce the lateral intgorey drift, as well as, to reduce the duening moment
developed in the shear walls and in consequence the size of shear walls foundation. It was
concluded that the benefit of employing outriggers was to reduce the building construction cost.
In addition, if belt truss systems are employed |alberal drift of the building is reduced by 30%

to 40% in comparison with the free cantilever system.
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Figure1-2 Different types of outrigger system (Krem, 2012)

Theoretical and experimental studies weoaducted on lateral load resisting systems to reduce

the effect of earthquakes and respectively the damage and number of causalities that lead to
economic losses. The knowledge and experience grow after each earthquake event lead to the
improvement of degn regulations. According to the Insurance Information Institute Munich Re

the cost of losses resulted from the most 10 damaging earthquakes ranked Tohoku earthquake in
the first place and Northridge earthquake in tH@Bce as shown in the table below.

Table1-1 Northridge and Tohoku earthquake loss (Insurance Information Institute, 2017)

_ Losses in US$ m N
Rank Date Location Fatalities
Overall | Insured

1 Mar. 11, 2011 | Japan: Aomori, Chiba, Fukushim 210,000 | 40,000 | 15580
Ibaraki, Iwate, Miyagi, Tochigi

Tokyo, Yamagata. Includes tsunam

3 Jan. 17, 1994 | USA (CA): Northridge, Los Angeleg 44,000 15,300 |61

San FernandoValley,Ventura, Oran

2017 Munich Re, Geo RidResearch, NatCatSERVICE; Wikipedia
https://www.iii.org/

1.2. Problem statement and recent development

Nowadays, cities expend vertically to accommodate growing population. The Council on Tall
Buildings and Urban HabitdCTBUH-2010)defines tall buildings as those higher than 50 m or

taller than 14 or more stories. Due to faster construction time, CBFs are good candidates for the


https://www.iii.org/

core system of taller buildings. However, the system used in the past to resist mostly wsnd load
was not studiedbr high-rize applications designed high-risk seismic areas.

Although outriggers are used in several higle buildings since 1970, there are not sufficient
studies leading to a design method for earthquake resistant braced frameatugger trusses.

Since that timgsignificant advances have been made in nonlinear analytical capability and in the
definition of ground motions to be used in performance based design. This need was underlined
in the Guideline for Seismic Based Desmjnrlall Buildings developed by PEER as part of Tall
Building Initiative (PEER, 2010). As illustrated in Fig-31 the main motivation of this study

to develop a design method proposing the computation of outrigger system capacity.

(-‘— CAPACITY =7

1]

I

=
Figure1-3 Searching for outrigger capacity assessment (adapted from PEER, 2010)

Recently, DardisAISC, 2017 highlightedthe importance of outriggemlmdded to a structudes
coresystem in order toedue the lateal drift and increase the shear capacity. He also advanced
the term Avirtual belt trusseso that <can be

as illustrated in Fig.-4.
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Figurel-4 Steel truss outrigger system: a) a conventional outrigger system, b) a virtual outrigger
system incorporating a hat truss and a belt truss (Dardis, 2017).

1.3. Objectives

The main objectives of this thesis are:

(i) To identify the effect of long duration groundotions that characterizes subduction
earthquakes versus crustal ground motions on the seismic responseriselowiddle
rise and higkrise moderately ductile concentrically braced frames {®BF) buildings;

(i) To develop a design method for a floor ayeer system, its optimum geometry, stiffness,
and location as part of the proposed Outrigger Braced Frame System (OBF) for tall
buildings

(iif) To study the effect of long duration ground motions on the seismic response of tall OBF
steel buildings and to valide their response against the pair4@BF building response
and

(iv) To assess the seismic performance of-tm&, middlerise and highrise MD-CBF
buildings and OBF buildings using the FEMA Pg86ceedre

Here the following building configurations habeen consided for the present study: (2-a

storey and 4-storey buildings representing lowise buildings; (i) an8-storey building



representingniddlerise building; and(iii) a 12-storey anda 16-storeybuildings represingigh-

rise buildings All buildings have the same floor plan and are located in Victoria, Bahada

For Victoria, B.C., the important contributions to seismic hazard are mode+atge crustal
earthquakes of magnitudes M 7.0M 7.5, as well as, the megathrssibductionearthquake of
magnitudes M 8.0 M 9.0 that may occur along the Cascadia subduction fault. According to
NBCC 2010, the uniform hazard spectrum, UHS, for Victoria is defined based on the
probabilistic crustal hazard for 2% probability of excee#ain 50 years. The Cascadia
subduction source contribution was not considered in the UHS given in the 2010 edition of
NBCC. As proxy subduction ground motions compatible to study the seismic response of
buildings in Victoria the ground motiomecords fom the megathrust M9 Tohoku earthquake in

Japan (March 201T1)ave been selected for the present study

1.4. The thesis layout

The presenthesis includes six chapters that linked to each other. The first chmpaatts the
introduction where the problem is stated and objectives are formulated. The shaptet

covers the literature review. The thidhapter presents the design and nonlinear dynamic
analysisof low-rise, middlerise and higkrise MD-CBF buildingsusing the @enSees software.
Thesebuildings were designed and subjected to two sets of seven scaled crustal and seven
scaledsubduction records. The effect of accidental torsion andvas considered in design. All
buildings were verified to respond in the elastinge to wind loads. A detailed numerical model

that is able to simulatén¢ MD-CBF response from yielth failure was developed in OpenSees.

The fourthchapter contains the design method for the Outrigger Braced KRB s/stem

with conventional outgger and ductile core system. The nonlinear seismic response of-the 12
storey and 1&torey OBF buildings subjected to both sets of crustal and subduction records were
investigated. A detailed numerical model developed in OpenSees was used. Thieafifthn
presents the computations required to verify if the studied buildings subjected to crustal records
and to subduction records are able to pass the collapse safety acceptance criteria defined in
FEMA P695 (2009) provisions. Fragility curves associatemintoediate occupancy limit state,
design limit state and collapse prevention limit state are provided. The bixgitec presents
conclusions and future work. Due to large amount of analysis and computations some work is

given in Appendices.



Chapter 2. Literature re view

The outrigger and belt truss systems, as well as advances in numerical modeling developed
for steel braced frames in the OpenSees environment (Open System for Earthquake Engineering
Simulation) are described in this chapter, as well as the methodoleggnted in FEMA P695
for the computation of collapse safety acceptance criteria is also presented. An example of using
outriggers and belt truss system in higge buildings is illustrated in Fig-2.

Figure2-1 Shanghairower(ModernSteel Construction 2013)

2.1. Outrigger and belt truss system

2.1.1. Background

According to NBCC 2010he CBF system cannot be considered for buildings taller than
60 m height. However, by addirgrizontaloutriggers and/ obelt trusgs the performance of
buildings improve byabout30% (Schueller, 1977)It is worth noing thatthe exisiting codes do
not have any provisions fautriggers as an earthquatesistant systentChoi and Joseph, 201L.2
The outrigger trusses tie the central core to perimeter columns and the belt trusses tied all the
perimeter columns. Thus, the middle core is free to deflect laterally between two floors where

outriggers are installed. This is schematically illustrated inZgy.
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Figure2-2 Multi-level floors of belt truss and outriggefsa(vazia and Fatima, 2010)

An example ofa building with outriggers and belt trusses is thes&k#ey Chifley tower in
Sydney, Australiaconstructed in 1992. The building system has a steel braced frame core and
two levels of outrigger systems. It is noted that in a study about the evaluation of earthquake
resistant systems for tall buildings, Gunel and Elgin (2006) stated that outrggebelt trusses

is an evolution of braced frame system. Furthermore, Taranath (1998) stated that adding
outriggers it reduces the foundation cost of the core system.

In 1998, Nairstated that storey shear forces can be transferred from the core system
through the rigid floor diaphragms to a system composed of trusses that are not directly
connected to the core. This truss system was
belt truss system is used as the virtual outrigger system.

On the basisof connectivity of the middle core system to perimeter columns, the
outrigger truss system may be classified as: i) conventional outrigger and ii) virtual outrigger. An
example of a structural system made of a core and conventional outriggers iseliustiéig. 2
3a and a structural system composed of a core system and virtual outriggers is showrn+in Fig. 2
3b. As depicted, the outrigger system is developed along the height of a floor or several floors. It
is noted that thexterior columns strength arsdiffness should provide resistance to overturning



moment caused by lateral forcdsis is mostly the case when the core consists of a reinforced
concrete shear wall. The transfer of forces from the core to perimeter columns using
conventional outriggeris illustrated in Fig.-2 and using virtual outriggers in Fig-52
Nair (1998 pointed out somarawbacksregarding conventional outrigger tressin
high-rise buildings:
1 Space occupied byutriggertrusses implies functional limits at floors wheretlaee
located.
Outrigger trusses installed one or several floors maffectt he bui | di ngds ar ¢
Connections between outrigger trusses and core need special design mewalnactisis
different if the core is made of reinforced concrgiear whs or braced frame
1 Under gravity loads, the shortening of the core and exterior columns are noVéqeal.
the truss is pinned connected to exterior column the above phenomenon does not affect.

Typically, the gravity columns supporting outriggers drtha outer edge of the building.

e LISNLALN
Shear wall or Shear wall or =
braced frame ! braced frame |
core 7 Outrigger core = — Belt truss
o —_ truss = as “virtual’
- e cgnnected 71517 outrigger
directly Exterior
Column —= to core Columns —-EEFEF::
-
T =
= = [ |
r
(a) (b)

Figure2-3 Outrigger system outrigger (Nair, 1998)
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Figure2-5 Transferforces from core tperimetercolumns using virtual outrigge(blair, 1998)

The belt trussan be hinged tthe exterior columns rather thasingrigid connectios. When

the trusds connected to thperimetercolumrs by rigid connectionshe system works a rigid

body and the overturningnoment initially resised only by the coreis reduced by the
counteracting moment generated by the doiale developed in the perimeter columns times the
lever arm (Fig. 2). On the other handvhenthetruss is cantilevered from the core and hinged

to the perimetercolumns,there is no bending moment induced in these columns. Hence, the
capacity of perirater columns increases because it carries only axial force instead of axial force
plus bending moment resulted in the previous case. Thefjigin2-7b and Fig. Z7c is
schematically showed the effect of adding on#oor outrigger and two-floor outrigger,
respectively, on the distribution of overturning moment along the building height against the bare
core systenfrig. 2-7a). As depicted, outriggers act as restrainers for the cantilevered core system.

To enhancehe lateral resisinceof structure, theorehas to possess enough stiffness which can

10



be achieved by minimizing the overturnimgpment caused by lateral loadsilasstrated inFig.

2-7
‘ / /-F" - l | ;j,-‘
— e
? ’/—‘; ‘ ‘ |
e

(a) (b)

Figure2-6 Sheadistribution intheshear wall system a) rigid connection b) pin connection to
exterior columns(Bayati et al., 2008)

a) b) c)

Figure2-7 Effect of outrigges onthe distribution of overturningpoment a) CBFsystem, b)
CBF system with top outrigger, ¢) CBF system with top and middle outriggaysiti et al.,
2008)

When braced frames deflect under lateral loads (e.g. earthquake loads) there is a bending
deformation and a shear deformation (Figad. Howeverthis occurs if the columns of braced
frame are continuous over the building height. In case that these columns are continuous over
two stories, as recommended in the CAN/S16 standard, the bending deformation is reduced and
the shear deformation is prederant. The mechanism of forces transferred from the braced
frame core to perimeter columns is plotted in Fi@b2 It is noted that in Fig.-8b, columns of

the core system are continuous over the building height.
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Figure2-8 Deformed shapeasnder lateral forces: &yaced frame, b) braced frame core and
outrigger trussssystem (Buyukozturk and Gunes, 2004)

2.1.2. Optimum location of outrigger trusses

Taranath(1974) concludel that the location of outriggetrusseshas a big impact ro the
structuré® sesponse to lateral loads. In light of this, Taramatbposed a simplified methad

order to recommend the location of outriggers along the building heighaskigmed that
outriggess are installed in one floor and thiegve infinite stiffness,columns are continuous with
constant crossection along the building height and the core has constant moment of inertia. In
the analytical model given in Fig-2, it is shown that the metlis subjected to wind load with
uniform distribution along the height and the outrigger system is arbitrary located at a distance
measured from the top. It was also assumed that the outriggers are rigidly connected to the core
and pinned connected teqmeter columnswvhich are pinned connected at the base. Using three
stiffness parameters representing the stiffness of the core, outrigger and perimeter,dblumns
was possible to combine thessa single dimension parametdiis methodallows for a ragid
procedure to find the optimum location of outriggers in order to cause the largest reduction in the

lateral deflection measured at the top of building.
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It is noted thafraranatld method depends on matching the rotation of lateral resisting core with

therotationof outriggers The restoring moment pat the location of outrigger is evaluated, and

the deflection of core at the top level due to restoring moment is maximized. The mathematical

derivation gives the optimum location of single outrigger in terms of drift coftha.optimum
location was fond to be atx = 0.449. measuredrom the top of the buildingwhere L is the
building heightas illustrated irFig. 2-9.

Verif i cation of Taranathos pr oc efldar ougiggersy t
was conducted by Mc Nabb et al. (1975). Theynfd that the optimum location of tvilmor
outriggersis at 0.312 and 0.6851 measured from the top of a structundere H is the building
height However, Rutenberg et al. (198%)ated thatreal buildings equipped with outrigger
trusses dmot fulfill the simplifiedassumptionsonsidered by Taranath (e.g. Fig9R

Meanwhile, Moudarres et al. (1985) used dynamic analysis to investigate the free
vibration of highrise buildings taking into account the inertia of the outrigger, shear deformation,
andmoment ofinertia of thebuilding core.

Simple approximate guidelines to determine the location of outrigger locatioalseas
proposed bysmith et al. (1991).

13
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To find the optimum location of outriggewith or withoutbelt trusses, Stafford (1981)
proposed amphical method. According ®mithand Coull(1991)the number of computability

equations is equal to the degree of redundancy. Thus, he developed a setlimhersional

parameters —jandr ——— which expressed thegidity of coreto-column and

coreto-outriggerrespectively,while the above nedimensional parameters are combined into
one nordimensional parametér ———which represent a structural parameter for a uniform

structure with flexible outriggersierein, El is the flexural rigidity of the core, (EA} the axial
rigidity of the exterior columns, (E)is the flexural rigidity of the outrigged is the distance
between center of the core to the exterior column and H is the height of the building.
ti s stated that the the value of ¥ reduce

increased, and it increases when the axial stiffness of columns increases. Therefore, for a range

of ¥ values, the optimum | ocateadn Bfomutrvaglh
optimum location of outrigger can be determined in term of minimizing the lateral drift. In Fig.
2210 i s shown the ¥ parameter versus the outr )]
number of outriggers as reported in Snatid Coull (1991).
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Figure2-10 Optimum location of outriggesmithand Coull(1991)

14



Using the methoghroposed by Taranath (1974), Hoenderkamp et al. (20@3ented a
method of analysis to be ustat preliminary design of highise braced fransewith outrigges
under lateral loadsThe studiedsystemis illustrated in Fig. 2L1. Later onHoenderkamp et al.
(2008 investigate the location of the secorftbor outrigger with the building having an

outrigger at the roof level.

Figure2-11 Braced frame with outriggesystem (Hoenderkangt al, 2003)

Recommendationfor theoptimum location of singlloor or multi-floor outriggerswere
proposed byraranath(2012) and ardllustrated inFig. 2-12.

h/2 oy - h/2
h h “h

3h/4

S ”2h;’5 |

3h/5 Ah/5

Figure2-12 Optimum location of outriggerusses (Taranath, 29

Taranth (2012) did not recommend placmgrigges at the top floor level because they are not
fully efficient, while placing the outriggers at migtight it may reduce the interstorey drift by

75%. In additionhe summarizedhat the theoretical optimum location for tfloor outriggers is:
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1/3 and 2/3 of the building height. ke case ofa highrise building requiring threefloor
outriggersthe theoretical optimum locations are atZand % of the building heighGenerally
it was recommended to placaitrigges at (1/n+1), (2/n+1),(3/n+1),( 4/ n+1) , éc.,(n/ n+1
where n is the number of outrigger trusseSor outrigges at two-floor or more the drift
reduction could be achieved when adding outriggers at different locabithies than the
theoretical optimum locatiamentioned above, therefore the engisaed architecmayhave
alternative locationfor outrigges.
Herath et al. (2009) investigatéloe required number of outriggers to be placedutrigger
braced hilding subjected to earthquake arwhcluded the following:
1 The behavior of the building is different froome earthquake ground motion to another;
this can be conducted from lateral displacement result.
1 Location of outrigger has a critical influence the lateral behavior of the structirthus
the location of the outrigger should be chosen carefully.
From all the above studig it is clear that the location of outriggémusses and its design
proceduret is an important research topic for steel higge buildings subjected to earthgeak
loads.It is important to determinthe adequate number of outrigger trusses required to control
the lateral deflection ad building. It should benoted that presently there is no comprehensive
design method for outrigger braced frame buildjrthat is validated against nonlinear time
history analysi®y using detailed numerical models and adductiorground motions.

2.2. Characteristics of Concentrically Braced Frames

2.2.1. Background

Concentrically braced framsg CBFs, aravidely used seismiforce resisting systesiin North
America. The CBF systemdesignedaccording to theurrent Canadian cod®&BCC) and Steel
designstandard(CSA/S16)is able todissipate energy througbracesyielding in tension and
buckling in compressiarThe repeatedumber of loading/ unloading energy cycles input into the
system by ground motion accelerograms is released by hysteresis loops of brace deformations,
while preserving the remainingtructural members in elastic randdwe hysteresis response of
braces sulected to cyclic displacement is asymmetrical as the brace tensile strength is about two
times greater than the compression strength, while the bracbymiding strength is about 20%

of its tensile strength. Howeverrgvious studies e.gBlack et al.(1980), lkeda and Mahin
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(1984), Remnikov and Walpole (1997), Lee and Bruneau (2002mblay (2002, Haddad
(2004) and otherbave revealed thdiraces are able to dissipate thput energy Researchers
stated thabraces with low slenderness ratleads tolower fracture life of braces in comparison
with more slender braces
Lacerte and Tremblay (2006) studied the inelastic responsestoir&y, 4storey, 8storey, and
12-storey CBF buildings with SpHX bracedocated in Eastern and Western Canada. The study
showed that the CBF system with Splitbraces taller than-8torey that were designed for
Western Canada may experience significant concentration of inelastic deformation within a floor
across the buildingeight. This phenomenon is more pronounced if the gravity load transferred
to CBF columns has been increased.
Due to the changein seismic hazards and seismic hazard maps, the base shear values
significantly increased since 1970 when the fipsbbabilistic map was releasetihe seismic
hazard evolved from 50% in 50 years probability of exceedance (NBCC, 1970), to 10% in 50
years probability of exceedance (NBCC 1985) and 2% in 50 years probability of exceedance
(NBCC 2005). It is noted that inabada the capacity design method was introduced in the 1989
edition of CSA/S16 standard. This means that-doctile members are designed to carry
increasedseismic induced forcebat correspond to the probable resistanceraces in the case
of CBFs. Manwhile, bracedesignedo complycompressive strengtriteria may be subject to
increase size in order to verify tlbede limitation on brace slendesseandwidth-to-thickness
ratio.

The advantageof using CBIS in seismic areaare

1 Concentrically bacedframesystem is effectivéo provide lateral strength and stiffness to
buildingssubjected to lateral loads (earthquake and wind

1 The CBF system dissipates energy through tension yielding and inelastic buckling of
braces.

1 Simple pin connectionsf beams tocolumrs and gusseplateconnectiorused to connect
braces to the frame are cost efficient in comparison to rigid connectionfousedment
resisting frames (MRE)This makes the construction process fast and easy as complexity.

The main drawbacksf this seigic force resisting system are:
1 Asymmetrical behavioof CBFsafter braces have buckled and tHaickling strength is

consumed.
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1 Concentration of deformation within a floonay leads taveakstorey mechanismand
increase residual interstoreyiftt
Due toits large stiffness, the system is subjected to large base shear demand;

Replacement of braces after bucklmgybe costlyand time consuming.

2.3. Behavior of braces

The brace hysteresis behaviaas also studied byiclelic and Calik (2008. The main
parameters arethe axial load, P, the a x i a | di spl acementmidspan and
di s pl acEeealic behgviour of a brace is illustratedrig. 2-13. To study the inelastic
cyclic behavior bsteel braces, the axial fordeformatian hysteresis can be broken into six main
zones as shown fRg. 2-13b.

Zone 1 represented inegment @A, showsthe bracebehavingin compres®n in the linearly
elastic range.Due to the initial imperfections within the bradke secondorder momentsra
generated under the applied axial load and the brace deflects transversely as demonBigated in
2-13a.

Zone 2 represented in segment B, shows that the brace behavi@dominated by the inelastic
bending of the brace due to tliex g moment induce by the compressive axial lodel
Additional increase in the axial displacemenft the brace will lead tdarger transverse
disd acement o, w h i ¢ horderenamdent atdhe id lergyth of the lerace Mhis
results in a drop in the axial forcesistance of the brace atpA-B segment due to the moment
axial force interaction effect3.his stage is characterized by big lateral deflection and by plastic
hinge at the brace mispan length.
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Figure2-13 Inelastic behaviouof brace under axial load (Dicleland Calik,2008)

Zone 3 is represented in segmentB This zone orresponds to elastic unloading and tension
loading of the brace. The slope of this zone is narohller than that of Zone 1 due to the large
permanent lateral deflection at the msignlength of the brace

Zone 4 is represented in segmentE At the starting point of this zone, a plastic hinge at the
mid-spanlength of the brace is praded. Howeer, within Zone 4the plastic hinge rotations act
in the reverse direction of that of Zone 2

Zone 5ais represented in segmdtitF which showsa purelyplasticaxial elongation.

Zone 5 is represented in segmem@@- This zoneconsists of elastic undalingwhere the brace
elongation decreases linearly with decreasing tensile |adhwvihe region beyond Point G.
Zone 6 is represented in segmentHs The brace is compressed by axial force and buckled
again at Point H.

It knows that braces buckle at alninterstorey drift. Wien a bracereactes its compressive
capacity, the brace member buckles, and a plastic hinge is develapednaittspan éngthof

the braceAfter plastic hinge occurred &inge location, a large displacement occurs toed
axial capacity of brace reduces to accommodhtebendingmoment developed at the plastic
hinge location The amount of inelastic rotation to the plastic hinge increased at every cycle.
When acting n tension the brace develapstrain hardening after it reached the tensile yield

resistance, and the brace accumulated permanent elongation.

2.4. Weak-story mechanism
When a first brace consumed its plastic capacity in a floor, suddenly, all braces at that given

floor are on the verge of losing their strength. The damage is concentrated at that floor and the
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cyclic deflection remains in one side without being able tarmeto its initial equilibrium
position. At this given floor, the weak storey mechanism is formed. Whemhtigsomenon
happens the CBF columns are excessively loaded and tilted, whileending moments
develomd. The peak values dbendingmomens occurat floors above and under the weak
storey,while plastic hinges may develop in columns as showirig. 214. 1t is noted that in Fig.
2-14 both CBF columns and gravity columns are continuous along the building height, while
braces are designed to yiefdtension and buckle in compression.

In the case showed in Fig-12, the lateral displacement of the top floor is approximately equal
to that of the floor below wherthe weakstoreyoccurred Furthermorethe plastic capacity of
the whole building isonly the plastic capacity abnefloor, while the capacity of the rest of the
building is unusedThe formation of weakstory mechanism leads to initiation of floor failure
and the occurrence of partial building collapse. In the case thatst@aly is trigiered at the
bottom floor, the partial failure of this floor leads to building collags$erefore, mitigating the

weakstorey formation increases the safety of the whole building.
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Figure2-14 Weakstory mechanismMerczel, 2010)

2.5. Consideration of torsion in seismic design
Torsion is an importarpart of sesmic design consideratidmorsion occursvhen the center of
mass and the center of rigidity of a structdosnot match and the torsiaalculated athe lateral

sesmic force multiplied by thaistancebetween the two centeasshown inFig 2-15.
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Figure2-15 Torsion consideratio(Filiatrault 2002

To preserve the building safety wheuobjected to seismic load, the Canadian building code,
NBCC 2010, requires to account on the accidental torsional effect caused by accidental
eccentricity equal to 0.1DHerein, [} is the distance perperdecular to the direction of the force

application wien the static method is considered as depicted in-Efy 2

Figure2-16 Effect of accidental torsion (Fdtrault, 2002).

Considering torsion in 3D models is very important to get accurate respdtsally if the
building is irregular and has a special shape likghape, wherthe torsioncauses an increase in
the stress in the inner angle of the buildjAgmed etal. 2016.
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2.6. Experimental test on concentricallybraced frames

There are severaxperimental testconducted on HSS braces to identify their behaviour from
yielding to failure under symmetrical and asymmetrical gatic cyclic loading (e.g. Lee and
Goel, 1987,Archambault, 1995, Termblay et al 2003 Shaback, 2001Shaback and Brown,
2003. From these studies it was concluded that square HSS braces bue&feplaute, after
braces experienced buckling their compression capacity diminishes to tHripklgtg capacity,
HSS braces are able to yield in tension, stocky braces are able tepgparduced number of
life cycles than slender braces, when plastic hinge is formed at HSS braspanid crack is

initiated when is loaded in compression which opens when is reloaded in tension.

22



Experimental tests on full scalestorey CBF with spl-X HSS braces were conducted and
reported by Tsai et al. (2008)he detailed dimension of tH@BF specimerdesigned according

to a balanced design procedure relying on cyclic yielding of briacgisown in Fig 2-18. The
CBF specimen was tested undeclmally increasing story displacements, and the test loading
protocol is shown in Fig2-19. Results from experimental tests are shown in Fg02As

depicted, HSS braces buckle -@iitplane and failure occurs caused bydoyele fatigue.
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Figure2-18 The 2storey CBF tested: a) Detail sketch, b) Specimen (Tsai e
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Figure2-19 Loading protocol (Tsai et al.2008)
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Figure2-20 Response of tested CBF specimen: a) HSS brace buckid-plane, b) HSS
brace initiates fracture at mgpan, c) Fracture of HSS brace (http://exp.ncree.org/cbf)

To allow square HSS braces to buckle-ofiplane and to dissipate the input energy, the brace
to-frame gusset plate connection has to be designed to carry the brace capacity and in the same
time to deflect oubf-plane as shown in Fig.-21. No fracturewas noticedin the beams or

columns
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Figure 2-21 Response of brace to frame connections of tested CBF spi
(http://exp.ncree.org/cbf)

The results of the test were as follay:the splitX braces ofCBFs have good energy dissipation
characteristics (Fig2-22) up to a story drift equal to 0.03 radians under Wydically lateral
displacements; b) th2t-linear clearanceof the gussets providgatisfactory ductility at eactest

(Fig. 221); c) the fracture was initiated in compression in the compression side of HSS as
showed in Fig. 20h.
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Figure2-22 Shear force verses intstorey drift (Tsai et al. 2008)

Hsiao at al (2012 testeda single story specimershown in kg. 2-23a. From the test, the
hysteresis loops given in term of fordeformation is shown in Fig-23d. The OpenSees model
developed for this CBF specimen was calibrated against the experimental test k&seHt
element was used to model all the braces, beanug;olumns as indicated iRig. 2-23b. Fiber

type of sections are used for the beams, columns, and braces. Rigid links are used to simulate the
rigid partof the gusseto-beam, and gussét-colunn connections.
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The behavior of therace to framgusset plate connectiavas modellegs shown irFig. 2-23c.

As illustrated, nonlinear rotational springs were inserted in ti®rolength element. The
rotational springsimulating the oubf-plane flexureof gusset platés based on the gusset plate
material and geometryThe hysteresis loops obtained from the OpenSees model are able to
match that resulted from experimental response of HSS brace resulted under cyclic loading (Fig.
2-23d).
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Figure2-23 SinglestoreyCBF: a) test specimei) modelirg approachc) gusset plate

simulation d) experimental versusumerical result§Hsiaoet al.2012).
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2.7. OpenSees framework

Open System for Earthquake Engineering Simulation (OpenSees) is an open source finite
element framework method to develop applications for the simulation of the performance of
structural system under earthquake loads. This software was developed at wiesitynof
California at Berkeley byrrank McKennan 1997 (McKenna, 199Y. The OpenSees has been
sponsored by théNational Science Foundation (NSRhe Pacific Earthquake Engineering
Research Center (PEER) aigkorge E. Brown, Jr. Network for Earthquake Engineering
Simulation (NEES)

The capabilities of OpenSees were supported by analytidagxéperimental studies that
make this software a versatile tool for analyzing the nonlinear response of structural systems.
The OpenSees software is a research tool which is free for use. The software can be downloaded
from: http://opensees.berkeley.edu/wiki/index.php/Main_P&gethermore, the OpenSees is an
objectoriented software framework written in C++ with several interpreters reading input
information written in the Tcl programmg language. The modeling process including

nonlinearities at the level of the cressction and members are summarized in Figg.2

2.7.1. Modeling of CBFs using OpenSees

Uriz (2005) and Uriz and Mahin (2008) showed for the first time the inelastic cyclic
respnse of steel bracing members with fiber cresstions discretization and large
displacements buckling formulation.

To simulate the inelastic response of brace member in OpenSees, the brace member is
divided into n force-based nonlinear beartolumn elemets with fiber crosssection
discretization and distributed plasticity. Each nonlinear bealummn element has at least three
GaussLobatto integration points. Uriz and Mahin (2008) proposed that each HSS brace to be
made of minimum 20 elements. To allometdeformation of HSS brace enftplane, an oubf-
straightness parameter (i.e., geomeimperfectiorn) of L/500 is recommended to be applied in
the outof-plan direction of brace deflection. Herein, L is the length of the brace. The geometric
transfornation is considered to be corotational transformation. To simulate the gusset plate
connection between the HSS brace and frame, two rotational springs and one torsional spring
were defined and inserted in the Zéeagth element that connect the braceh® ttigid element

as shown offrig. 2-25.
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2.7.1.1. Brace element modeling

The brace member is simulated using 20 elementdoofe-based nonlinear beaoolumn

elements with distributed plasticity afider-basedcrosssections.The nonlinearity is assigned
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by using theGiuffre-MenegottePinto steel material with isotropic strain hardeningjerethe
stress isexpressed as function of strain This steel material islesignatedn OpenSees as
SteelO2material.

T ——— 2-1

In Eg. (21),, ‘@ £ Q are the effective stress and strain depending on unload/reload inkerval,
is the ratio of final to iiial stiffness andR is the material parameter depentbn the shape of
theunload curveThe same values for R as proposed by Aguiro et al. (2006) was considered.

2.7.1.2. Outof-straightness assigned to HSS brace

Tircaand Chen2014) considered differentatios for defining theut-of-straightnesparameter
assigned to a HSS brace deflecting inoiis-of-plane direction. The brace consists of eight non
linear bearrcolumn elements with distributed plasticity, four integrag@mtspereach element

and fiberbased crossections. The influence of the eaftstraightness parametey;,on the brace
hysteresis response is depicted in Fig62 The oubf-straightness was considered L/100, L/300,
L/400, L/500 and L/1000, where L is the brace length. It was concluded that for small values (e.g.

L/1000), the buckling force increases significantly, while postbuckling force remains

Experiment
e =L/100
e = L300
e=Ligo = 400
- — = = 2=L/500
¢ =L/1000

Force (KN)

o= LI 00—e
e = L/400

Figure2-26 Theeffect of outof-straightnessn the HSS brace respor(3@écaand Chen2014)
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unchanged. When the eaf-straightness is between L/500 and L/300,dtierence in buckling
force is small. However, e = L/500 is recommended. It is noted that Ziemig010)

recommended the same L/500-ot1straightness value for HSS braces.

2.7.1.3. Number of fibers

The number of fibers within a brace crastion has an important parameter on the response of
a HSS brace. Three models of meshing technique as showiy.i?-27 were assigned to
discretize the HSS brace cressctions. As per above, the brace membaerade of 8 nonlinear
beamcolumn elements with distributed plasticity, four integration points per each elemeet, and
= L/500. Although the crossections have the same area, the brace respodserent.

______________________
.............

13
I
t
— m lavers —]
Terkrr e b e
A e e R R R e
A i-rra-rrarrasrr L

—
n Layers

—
n Layers

b) c)

klavers

Figure2-27 Fiber crosssectiondiscretizatiormodels a) model A, b) model B, c) model (@irca
and Chen2014)

As depicted in Fig. 28, using the model A of discretization for brace cfssstion, the tensile

force is underestimated; using model B, the tensile force is overestimated and the compressive
force is larger than that in the experimental test; and using model C meshing,tthetobing

for the results is obtained. ik noted that 240 fiberwere considered for the HSS brace cross
section.
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Figure2-28 Effect of meshing crossectiors on the response of HSS br@§€ecaandChen,
2014)

2.7.1.4. Number of element and integration points

A parametric study was conducted by Tirca and Chen (2014) to emphasize the importance of
number of nonlinear beagolumn elements with distributed plasticity used to simulate the
nonlinear response oft4SS brace. In this study, various numbers of bealmmn elements i.e.

4, 8, 10 and 20 with 4 integration points per each element and fibersessn meshing model

C are considered. The eof-straightness equal to L/500 was applied in the-abyglane
direction deflection of HSS brace. The results of this parametric study shows that a brace
modeled to yield in tension and buckle in compression but no loaded up to fracture failure would
require eight elements in order to fit the nonlinear responselglds the fracture of the brace
caused by lowcycle fatigue is modeled, at least 16 nonlinear bealumns elements should be

used (Hsiao et al., 2012). However, 20 beatumn elements are sufficient to capture the all
modes of brace failure (Uriz andaddin, 2008). The number of integration points does not have
major impact on the brace behaviour but at least three integration points for each element is
recommendedThe impact of number of nonlinear beawmiumn elements used to simulate the

nonlinear beaviour of HSS brace against an experimental test is depicted in-F8g. 2
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2.7.1.5. Definition of low-cycle fatigue material parameters
Manson (1963) and Coffin (1962 concluded that the relationship between the plastic strain
a mp | i tthatdseexperienced by each cychnd the number of cycles to failukgis linearin
the loglog domainwith a slop equal tan according to Eq. (2). Other researchers concluded
this finding(ASTM 2003;Fisher et al. 1997Glinka and Kam 1987)
- -0 2-2
The low-cycle fatigue modelin OpenSeesvas first proposed by UriZ2005). He considered
constant valuesor fatigue material parameter§ = 0.095 and m=-0.5. Herein,m and ( are
known as fatigue ductility exponent and fatigue ductility coefficient, respectively. Replicating
several experimental tests, researchersloded that the fatigue material parameters cannot
have constant values and these parameters should be dependent on the properties of brace cross
section. To solve this drawback, Lignos &atamanci (203) proposedhe following equation
to calculate the predicted fatigue ductility coefficidh;g,edfor HSS braces with slenderness ratio
between 27 and 85.
oo * o 8 ©

T e § 0% =3
Herein,KL/r is the slenderness ratiomy/t is the width toi thickness ratio where is calculated
as(b-3t), "Ois the yield strength, and E is the Young modulus. It is notedtisahe HSS cross

section dimension ands its thickness. The ductility exponent was set ¥0.3.
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Later, Tirca ad Chen (2014) proposed the following expression given in E4) (@ predict the
failure strain at the first reversal for square HSS braces with slenderness ratio varying between
50 and 150.

vo® o 8 0

B N S 2

Eq. (24) resllted from regression analysis obtained from modeling 14 experimental tests found
in the literature. The ductility exponent was set-0.5. A comparison between experimental
hysteresis loops experienced by two HSS braces loaded up to failure calmeecpgie fatigue
and the simulated model with fatigue material parameters computed according to-Bogsnd2
(2-4) is depicted in Fig.-30. It is noted that the HSS specimen noted 2A presented in2iga 2
is HSS 152x152x8 and KL/r = 53.3. The secamkcimen depicted in Fig.-Z5b is HSS
127x127x8 with KL/r = 65.8. In the case of specimen 2A, both Eg8) éhd (24) yield the
same results. However, in the case of specimen 3B depicted in®g, £q. (24) matched the
experimental test, while Eq(2-3) predicted the failure with two cycles earlier that the

experimental test.

~ = 2000
Z - £
= = S2AExp. 7 = = 3B Exp. ; )
. B0 0.051; é 50 0.052; £ 1300
m=-0.3 m=-073
50 =0.067; So-0001;
-0.5 -
m m=-05

T | T | P e ____’_'. ~ .

P 2 40 60
Interstorey drift (mm) Lo oy o

Interstorey drift (mm)

-1500

b)

Figure2-30 Brace fracture simulation based on strain predicted fronfZ=8) andEq. (24) (Tirca
and Chen2014)
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2.7.1.6. Gusset plate connection

2.7.1.6.1. Brace connection

Gusset plate connection has a significant effect on stiffness, resistance and inelastic deformation
capacity ofCBFs. It is worth noting that these connections are neither pinned norTixedirst
model proposed by Uriz (26D employed concentrated springs with fiber cresstion.Later,
Hsiao et al. (20123imulated the braew-frame gusset plate connection by usiwg rotational
springsand one torsional springssigned in a@erolengh element located at the physical end of
braceas illustrated in Fig.-31. As depicted, in the OpenSees modeé¢ rest of the gusset plate
was assumed as rigid link simulated by using elastic bedumn elements with large stiffness
The first rotatioml spring replicates the oof-plan bending and its stiffness is computed by
using the Whitmore width (W crosssection as shown on Fig-3. The second rotational
spring captures the 4plan bending with stiffness bigger than that of the brace. The torsional
spring is made oSteelO&lastic material. In this modefteel02material was assigned to both
rotational spring.
The stiffness of th firstrotational spring wasomputed as:

, O wo

’ 0 s pC
WhereLaeis the average value ofi L, and L measured from Fig.-31andt, is the thickness

2-5

of gusset plateesulted from design

Column

I~
Rigid End
Zone

Figure2-31 Model for brace t@usset connection (Hsiao et al., 2012)
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2.7.1.6.2. Beamto columnconnectiorof CBF
Beamto-column connection of CBFs was considered as recommended by Astaneh (2005).
According to CSA/S16, theeamto-column connection is a pinned connection. However, in Fig.
2-32, different conditionsare illustrated that varyfrom pin connection to rigid connection
represented by parameter. According to Astaneh (2005), the stiffness of bdaroolumn

connection is computed with Eq.-6}, where m = 0.2.

. a
U —,
[ON©) 2-6
0]
A
End Moment, -~ Rotation
Meonn/Mpp gi@ f'\}ﬁ
Zone of Fully Restrained Connections e Z‘ _;]

Moment

Zone of Partially Restrained Connections

Note:
m= (KCorm)/ (E” LJD

Zone of (Simple) Shear Connections

End Rotation, 6

Figure2-32 Beam to column connection (Astan@005)

2.8. Assessing the performance of CBF Buildings

2.8.1. Increament dynamic analysis

To assess the seismic performance of CBF buildings the methodology presented in FEMA P695
(2009) is employed. Theteps of thenethodaredepicted in Fig. B3. To obtain accurate results

a detailed numerical model is required. As presentdtignprevious section, the CBF system
behaviour can be simulated from vyielding to failure. The median collapse intensity can be
computed through the concept of incremental dynamic analysis (IDA) proposed by Vamvatikos
and Cornell (2002).
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Figure2-33 Process for performing nonlinear analysis for collapse assessment (FEMA P695,
2009)

Hence, IDA is a parametric analysis method in which individual ground motions are scaled to
increasing intensities until the structure reached a collapse point due to dynamic instability. The
proposed methodology is based on constructing an IDA curvéstbatained by joining points
defined by two coordinates: an intensity measure parameter (IM) and an engineering demand
parameteEDP). For IM parameter, one of the following paramstean be selected: Peak
ground acceleration (PGA), Peak ground velgdine 5% damped spectral acceleration at the
str uct umode®eariodf(F(Th,H%)), etc. Thé=DP can be one of the following: maximum
base shear, peak roof drift, peak interstorey drift, peak residual interstorey drift, etc.

Constructing the IDAcurves of a structural model, Vamvatsikos and Cornell (2004) found that
the graph exhibits an initial linear region which ends when the firsfinearity occurs. In this
regard,Fig. 2-29 shows IDA curves for Storey braced frame building and for di#at ground
motion records. IrFig. 2-34a, after the initiation of buckling, thgraph shows sharp softening
which accelerates towards large drift and eventual collapse. Other types of IDA curves show

segments with softening and others with hardening, wthie initial stiffness decreased or
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increased with increasing IM. As depicted in Fig842 and d, a final softening segment occurs
when the structure accumulates the DMs in higher rates for small increase in IM. Then, the curve
flattens and the DM reaches infinity. Thesch point of IDA shown in Fig.-24 corresponds to

the results of one nankar dynamic analysis.

The median collapse capacity is defined as the spectral intensity when half of the ground motions
from a set of minimum sevaecordscause the structure to collapse. The ratio between the

median collapse intensity and the desigecsum intensity corresponding to fisiode period is

known as th&ollapseMarginRatio, CMR. This parameter is priméy used to characterize the
collapse safety of the structure.

To evaluate the performanca parametecalled theAdjustedCollapseMargin Ratio, ACMR

should be calculatedhe ACMR is computed as the produst CMR and theSpectral Shape

Factor, SSF, while the SSF is obtained from tables depends on the fundamental peridd,

o

and periocb as ed dd dhen, totaltsystern @1 | ap s e wonis @alculaedasdady ,
on the quality ratings othe design requirements and test data, and the quality rating of index
archetypemodels Knowing the values of bror, the acceptable values of adjusted collapse
margin ratio ACMRpsCan be selected from tables. The collapse safety acceptance arigeria
verifiedtocheck f ACMR &, ACMR

(a) A softening case (b) A bit of hardening
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Figure2-34 Four types ofDA curvesobserved from analyzing&astorey braced frame building
(Vamvatsikos and Cornel2004)
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To investigate the effect of subduction records on CBF buildings, Tirca et al. (2015) conducted a
study on the behaviour of-gtorey, 8storey and 1atory MD-CBF buildings located on site

class C in Victoria B.C., Canada. &subduction records used in this analysis were selected
from the megathrust magnitude 9 Tohoku earthquake in Japan (March 2011). These records are
characterized by 300 s duration and around 100 s Trifunac duration. From this study it was found
that the cliapse margin ratio, CMR, and the adjusted collapse margin ratio, ACMR, is
approximately 150% greater under crustal records than the subduction records. Furthermore, the
12-storey MD-CBF building subjected to subduction records failed to meet the cokapbsty
criterion of 10/ATBUY Rhe Qrengtlc An& implicitly the stiffness of thestidtey
MD-CBF building should be increase although the building was designed according to NBCC
2010 and CSA/S169 provisions.

2.8.2. Fragility analysis
The probability of collapse for any structure is quantified by using fragility curves, which are
also used to find the probability of exceeding some limit states that are required to assess the
structural performance when a structure is subjected to hazarsiigt measure IM. Fragility
curves were studied by several researchers using different metensefly and Ravindra,
1984, Masanobu eal., 2000,Baker and Cornell, 2005%nd others They used thanalytical
fragility function methodconsideing thelognormal distribution to esnate fragility of structure
derived fromthe results from the IDA curvess:

0 6S00 %“7_ 2-7
Where:d 6SO0 @ is the probability of ground motion with IM=x will casue the structure to
col | aps e, standarghormal distabutiorhfenction, is the median of fragility function,

and b is the standard deviation of | n (I M).

Epistemic and aleatoric uncertainties were considered by Ellingwood et al. (2087the
fragility was described as:

0w 11gi jr 2-8
Where:l is the mediacapacity of the damage level under considerations the logarithmic

standard deviation , and is the normal cumulative distribution function (CDF).
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To include both aleatoric and epistemic uncertainties, the vajueio the Eq. (2-8) is replaced

the following equation:

f f I 2-9

where Bgr is the aleatoric uncertainty ar®ky is the epistemic uncertaintyTo calculate the

aleatoric uncertainty the following equation can be used:

I f f 2-10

S

Hereinf s represents the seismic demand uncertainty] ansl uncertainity in capacity and

depends on performance level.

The seismic demand uncertainty can be expressed as recommended by Wen et al. (2004):

Tos 1 Ip i 2-11
wheres is conditional slandered deviation. Luco and Cornell (2007) mentioned that because of

record to record large scatter, a non linear regression analysis of thé lp@wferm given in Eq.
(2-12) can be used.

) Ay 2-12

Above equation is reduced to linear form by a logarithmic transform:

at 1o ooy 2-13
where theEDP represents the engineering demand parameter used to build tleairii2Aand
wherea andb are constants which are determined usisgreple linearegression analysis

2.8.3. Scaling of ground motions

The nonlinear time history analysis reproduces the actual behavior of a structure under a ground
motion by considering the material properties and the geometry of a structure. Therefore, an
adeqate set of ground motion records is very essential to get the real structural performance.
There are two main sources of ground motions: Synthetic ground motions which can be

generated from numerical models (Boore, 2003, Vanmatkée,1990), or real ground motions
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which obtained from real records. There are many methods to scale the ground motions as

mentioned in (Oyarzeera and Chouw, 2008).

In Eurocode 8 (EC8), the average spectrum of the scaled records should be larger than 90% of
the target spectrum between 0.2T1 and 2.0T1, where T1 is the fundamental period of the
structure in the direction of the ground motion. At least a set of three scaled records should be
used in the time history analysis. When less than seven records érdbeiseaximum response

of the structure should be used, and when seven records or more are used the average response of

the structure should be considered in design.

In the U.S Standard (ASCE), the average spectrum of the scaled records should betbgqual to
target spectrum in the period between 0.2T1 and 1.5T1 where T1 is the fundamental period of
the structure in the direction of the ground motion. At least a set of three scaled records should

be used in the time history analysis, when less than sewemndseare used the maximum
response of the structure should be used, and when seven records are used the average response

of the structure should be used in design.

In the New Zealand standard (NZS), the scaling method is the most elaborated among the
building codes, and recommends of using at least three records scaled by two scaling factors: a)
the records scaling factor (k1), and b) the family scaling factor (k2). By using k1, the response
spectrum of the scaled records fit the target spectrum imayathat the function log(kl) is
minimized over the period 0.4T1 to 1.3T1. The parameter, k2 is applied to check that the energy
of at least one record of the set exceeds the energy of the target spectrum, while the
recommended values are: 0.33 < k1 < ar@@] 1.0 < k2 < 1.3. In all cases the maximum response

should be considered in design.

2.9. Summary

From the literature reviewt is concluded that the number and location of outrigger trusses and
their design procedure is an important research topic for-tisghsteel buildings subjected to
earthquake loads. Findirgn adequate number of outrigger trussesequired to control the
lateral deflection of buildings, as well,abeir optimum location along the building height.
Presently,no comprehensive desigmethod for outrigger braced frame buildings that is
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validated against nonlinear tinatéstory analysis using detailed numerical models and real
subduction ground motions is available.

The review ofthe literature oroptimum location of the outrigger, agais of braced frame
behavior under nonlinear seismic loads, and modeling the concentrically braced frames in
OpenSees software were presented in this chapter. Beside the above main topics, the literature
review provides the evaluation of safety of struesuunder FEMA P695 (2009) procedure.
Theoretical background of fragility curves was presented in this chapter. The effect of torsion
and type of scaling ground motions were also described herein.

Detailed numerical models for steel braced frame buildishgeeloped using the OpenSees
software are available in the literature. Furthermore, it was found that the effect of long duration
earthquakes induces more damage into-higg steel braced framed buildings than the typical
crustal earthquakes. To comgethe work proposed in the stated objectives, the designed
outrigger braced frame buildings should be verifeghinstthe collapse safety acceptance

criteria after the design methadeveloped.
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Chapter 3. Design, Modelling and Nonlinear
Dynamic Analysis ofLow-rise, Middle-rise and High-
rise MD-CBF Buildings

The design, modeling and nonlinear seismic response ofis@mM2-storey andd-storey),
middlerise @-storey), and highise (L2-storey andl6-storey) prototype steel buildings were
studied. All thesébuildings are braced with moderately ductile concentrically braced frames
(MD-CBF). The same floor plan geometry was used for all buildings. These buildhegs
located in Victoria, B.C.Canada on Site Class C (firm soil) and are designed according to
NBCC 2010 and CSA/S16 2009 standard. It is noted that Victoria is located in the vicinity of
Cascadia subduction fault, this type of subduction earthquake has a return period of 500 years,
and the last event was in 1700. The dynamic analysis by means ofirttezical integration
nonlinear timehistory method was conducted on detailed building models using OpenSees. The
purpose of studying the nonlinear seismic response of-staliey MD-CBF buildings is twe
fold: i) to identify the difference in the seismiesponse of MBCBF buildings subjected to
crustal versus subduction ground motions and ii) to validate the response of the proposed
Outrigger Braced Frame systeresented in Chapteragainst a traditional braced frame as the
MD-CBF.

3.1. Building description

The building occupancy type is an office which leads to normal importance category. The
building has two identical lateral force resisting systems in each directiorGBH). The floor

plan of prototype building isshown inFig.3-1a and the multistorey building elevations in Fig.
3-1b. Loads applied of treebuildings are also summarized in FiglR
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Figure3-1 Building plan and CBF1 elevation of the 2-, 8, 12- and 16storey buildings

3.2. Design of Buildings
Buildings are designedaccording to Mtional Building Code of CanadaNBCC 2010 edition.
The load combinations are givenTable 31 where DL is the dead laod, LL is the live load, SL

is the snow load, W is the wind load and E is the earthquake load.
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Table3-1 Load combinations as per NBCC 2010

Case Load combination
1 1.4DL
2 1.25DL+1.5LL
3 1.25DL+1.5SL
4 1.25DL+1.4WL
5 1.0DL+0.5LL+0.25S5L+1.0E

The minimum lateral earthquake force V, is computed according to the equivalent static force

procedure using the following equation.
6 _ 31

where:3 4 is the design spectral acceleration corresponding to the fundamental pgriod T
is the higher mode factor on base sheatisRhe ductility relatedorce modification factor, Ris
the over strength relatddrce modification factor, W is the seismic weight ardid the
importance factor for earthquake load.

Hence, V shall not be less thag,yas obtained from Eq. {3) and no greater than,y as per
Eqg. (33).

W —_— 3-3

For concentrically braced fnge, the equation forglis”Y 18t ¢"Q where Ris the height of the
building in meter When dynamic analysis is employed a value qf @h be considered. For all
buildings, the height of ground floor is 4.1 m and that of typical floors is 3.7 m. Tidariental

period of all MD-CBF buildings, as well as the seismic weight W is provided in TaleF8r

the MD-CBF system, Ris 3.0 and Ris 1.3. For Victoria, the uniform hazard spectrum ordinates

at 0.2 s,05s,10s and 20 s are 1.2 g, 0.82 g,g0&& 0.18 g, while the peak ground
acceleration, PGA is 0.61. For the 4.0 s period, the spectral acceleration is 0.09 g which is half of
S(2.0). It is worth noting that for Site Class C, the site coefficieng& K required for design
spectral accefation at the above periods are equal to 1.0. According to E3), (Be maximum
spectral ordinate is 2/3S(0.2) = 0.8 g. In Tabl2 tBe calculation is conducted fog ¥ 0.05 h.
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Because S(0.2)/S(2.0) < 8 it results, M1.0. In the case of-&orey MDCBF building, V
computed with Eq. Q) resulted greater than\shown in Eq. (33). Hence, in Table-2 it is
provided the base shear for thetdrey building, Wax The base shear provided for thest@rey

and 16storey building in Table-2 is compugd for Vinin given in Eq. (32). In the preliminary
design it is allowed to consider 0.8\ in the case that the building is regular and has less than
60 m height. As depicted in Fig-13 this building does not have the vertical stiffness irregularity,
mass irregularity, nor discontinuity in capacity, aftplane offsets or #plane discontinuity in
vertical laterafforceresisting element irregularity.

Torsional sensitivity irregularity exists when the ratio B computed for each level exceeds 1.7 at
leag at one floor. This ratio is computed as; B ndl aelW h € & is the maximum storey
displacement at the extreme points of the structure at Xeivethe direction of the earthquake
induced by the equivalent static forces acting at a distaggalto +0.1D,, from the centres of
mass at each floor anig,is the average of storey displacements at these extreme points. Herein,
Dnx is the plan dimension of the building perpendicular to the direction of seismic loading. The
maximum value of Bresulted among floors is given in Table€3As resulted, the building is

not torsional sensitive. In TableZ3it is also provided the value of 0.8V for all buildings.

Table3-2 Buildings characteristicaccording to the equivalent static force procedure

Building [ h, [T.=0.025h[ T.=0.05h, W By Y 0.8V
[m] [s] [S] [kN] [kN] [kN]
2-storey | 7.8 0.195 0.39 19537 | 1.153| 4008 | 3206
4-storey | 15.2 0.38 0.76 40812 | 1.313| 6488 5190
8-storey | 30 0.75 1.50 81904 [ 1.317| 5880 | 4704
12-storey| 44.8 1.12 2.24 124137 | 1.319| 5729 [ 4583
16-storey| 59.6 1.49 2.98 167388 | 1.307 | 7788 6230

Both the torsional effect and thepReffect were considered in design. As depicted in Fify. 3

the building is symmetric in both orthogonal directions and the location of center of mass and
resistance is the same. The torsion is caused by accidental eccentricity consiglerén,as

Theshear amplification factorltaused byf®p ef fects it amplifies the

~.
v

Y p —— 3-4
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wher gi,s EFtvhe design shear force resultedf from
is the tributary axial force associated to the gravity component (DL+0.5LL+0.25SL) of the
earthquake load combination at the calculation lelieis the storey heightnal o is the
interstoreydrift. If U, is less than 1.1, the-fP effect is not considered. When, & 1.4 the
structure is not stable and the stiffness shbelincreased Wh e n , 4 1.4] the(bast shear

is amplified with the resulted coefficient.

The designof MD-CBF members waperformedin accordance with CSA/S18009 standard.
Thus, braces made of H®Rape sections were selected to be Class beachs and columns
selected as Yghape weralesignedas Class 1 orClass2. The nominal yield strenfy of all
structural sections 5, - 350MPa and the tensile strenéitlF 450MPa.

The diagonal brace members of braced frames were designed as-tamspyession members

such that the axial factored load to be less or equal to the axial compresstance C

) 50 p 3.5

wherel =09 a i s t he sl endezer-nes, KL istheeffestiveebchcedeagth,

is the radius of gyration in the direction of brace buckligs the area of brace cressction
andE is the elastic modus of elasticity of steel. For members acting in tec@mpression, the

slenderness ratio KL/r is limited to 200. The tensile resistapisecalculated from Eq. ¢8).
4 B! & 3-6

The probable tensile strength 46 | 2 & where RyFy is the probable yield stress. The
productR/Fy shall be taken 385 MPa for‘8hape members wherg R1.1 and not less than 460
MPa for HSS sections. However, same experimental tests on HSS sections Rjfgiess than

460 MPa. For this reason, a value of 385 MPa was considered for HSS members, as well. The
8

probable compressive resistance of HSS biGgéds equal tod '@ 6 Y "Oh and the

probable posbuckling compressive resistance of braces0 C i s comput ed
G '@ ™30 'Y 'Oh— 8Beams of MDCBFs are designed by considering the following two
loading conditions: i) the compression acting braces attaining their peolcanpressive
resistance (in conjunction with the tension acting brace developing the probable tensile

resistance [, ii) the compression acting braces attaining their probable-buegling
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compressive resistancedin conjunction with the tension aaty brace developing its probable
tensile resistance,TColumns in braced bays are designed as bs@omns and are continuous

with constant crossection over a minimum of two storeys. Columns are designed to carry the
gravity load component of earthqualoading combination in addition to axial forces triggered
from braces capacity Cand T, but no greater than the verical projection of factored forces
developed in braces that are associatedste R5 and R= 1.3. An additional bending moment

of 0.2ZF; is applied in the direction of the braced bay. The capacity of {o@éumn members is
computed and examined for: a) cr@estional member strength whereiCs cal cul at ed w
0, b) overall member strength calculated withc@mputed for the axis dfending, c) lateral
torsional buckling computed with, €Corresponding to weakxis. Members of Class 1 and Class

2 sections of-shaped members required to resist bending moments and axial compressive force

are proportioned as:

— ——— 8t 3-7

where™Y = —— and® ——. For column members which are not subjected to transverse

|l oads bet wee®6iduppodt &, 4vywhere k is the ratio
to the larger factored moment at opposite ends of the member length. Because the bending
moment i s zer o a0.&Ineasesohbdndingtmorheatart sxiat tension force

the interaction equation is:

From preliminary design associated to the equivalent static force proceder®|CHCBF
member crossections of the -8torey, 4storey, and &torey buildings are shown Table3&and
those of the 13torey and 1&torey building in Tabl&-4. Crosssections for HS®races, W
shape columns and \8hapebeams providedh Tables3-3 and3-4 were selected to complyith

forces resulted fromeismic load combination, as well as, wiad load combination.

To verify the dynamic response, firstly, all buildings were analysed using the dynamic analysis
procedure by means of modal response spectrum method using the ETABS software. The results
in terms of firstmode period and base shear from earthquake loadgravided in Table -5.

The accidentalorsion effect waslso considered in the ETABS model, as well as tieeRect.

As resulted, there is about 20% torsion caused by accidental eccentricity added to the shear force.
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It is noted that forces resulted ETABS where scaled up to match at least 0.8V resulted from

the static equivalergrocedure.

Table3-3 Members sections for thestorey, 4storey and &torey buildings

Floor Brace Beam Middlecolumn | Sidecolumn
2-storey building
2 HSS 254x254x13 W360x72 W360x122 W310x91
1 HSS 203x203x9.5 W360x110 W360x122 W310x91
4-storey building
4 HSS 17817813 W360x79 W360x110 W360x91
3 HSS 20320313 W360x79 W360x110 W360x91
2 HSS 254x254x13 W360x110 W360x179 W360x179
1 HSS 254x254x13 W360x110 W360x179 W360x179
8-storey building
8 HSS 1521529.5 W360x64 W360x122 W360x79
7 HSS 17817813 W360x106 W360x122 W360x79
6 HSS 20320313 W360x106 W360x237 W360x147
5 HSS 20320313 W360x128 W360x237 W360x147
4 HSS 22822813 W360x128 W360x382 W360x262
3 HSS 22822813 W360x144 W360x382 W360x262
2 HSS 254x254x13 W360x144 W360x551 W360x347
1 HSS 254x254x13 W360x144 W360x551 W360x347
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Table3-4 Members sections for the -s2orey and 1&torey buildings

Floor Brace Beam Middle column | Side column
12-storey building
12 HSS 152x152x8 W360x64 W360x122 W360x110
11 HSS128x128x9.5| W360x91 W360x122 W360x110
10 HSS203x203x9.5| W460x106 W360x216 W360x134
9 HSS203x203x9.5| W360x110 W360x216 W360x134
8 HSS203x203x9.5| W360x110 W360x347 W360x347
7 HSS203x203x13| W360x128 W360x347 W360x347
6 HSS203x203x13| W360x128 W360x509 W360x463
5 HSS203x203x13| W360x128 W360x509 W360x463
4 HSS228x228x13| W360x128 W360x634 W360x592
3 HSS228x228x13| W360x128 W360x634 W360x592
2 HSS254x254x13 W460x144 W360x818 W360x634
1 HSS254x254x13| W460x144 W360x818 W360x634
16-storey building
16 HSS178x178x8 W360x64 W360x122 W360x110
15 HSS178x178x8 W360x110 W360x122 W360x110
14 HSS203x203x9.5| W360x110 W360x216 W360x134
13 HSS203x203x9.5| W460x106 W360x216 W360x134
12 HSS203x203x9.5| W460x106 W360x347 W360x237
11 HSS203x203x9.5| W460x106 W360x347 W360x237
10 HSS203x203x13| W460x128 W360x509 W360x347
9 HSS203x203x13| W460x128 W360x509 W360x347
8 HSS203x203x13| W460x128 W360x634 W360x463
7 HSS228x228x13| W460x144 W360x634 W360x463
6 HSS228x228x13| W460x144 W360x744 W360x634
5 HSS228x228x13| W460x144 W360x744 W360x634
4 HSS228x228x13| W460x144 W360x900 W360x744
3 HSS254x254x13| W460x144 W360x900 W360x744
2 HSS254x254x13| W460x158 W360x1086 W360x990
1 HSS254x254x13| W460x158 W360x1086 W360x990

Table3-5 Buildings characteristics according to linear dynamic analysis (ETABS)

Parameter| 2-storey 4-storey 8-storey 12-storey 16-storey
T1(S) 0.41 0.74 1.38 2.24 3.04
T, (S) 0.18 0.28 0.48 0.78 1.03

V (KN) 4008 6488 5880 5729 6230
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3.3. Nonlinear dynamic analysis

The nonlinear response of buildings is obtained by means of nonlineahistogy analysis
using the OpenSees framework. Th® 2nodel developed in OpenSees considers half of the
building depicted in Fig.-3. An example developed for thestbrey buildng is showed in Fig.
3-2.

| Gusset plate Rigid link
3700
' * s - . .
| Rotational spring
3700 I
l! [ - CS . 5 @ - & ]
3700
i B d
4100

1

4

= 7500 == 7500 -~ 43 2 2 8 3

Figure3-2 Schematic model for half ofgtorey building developed in OpenSees

The modelincludes two adjacenbays of MD-CBFs and the associated gravity columns
connected with rigid links teimulate the effect of rigid diaphragmdalf of the building mass
was assigned toodesof MD-CBFs.

Braces of MDCBFs are modelled as fortesed nonlinear beaoolumn elements with
distributed plasticity. Each HSS brace iade of 20 nonlinear beaoolumn elements with four
integration points per element and fiber cresstion discretization. Each HSS crsgstion
simulated with rounded corners is divided in 280 fibers as shown in B8gTBe Steel02with
isotropicstrain hardeningmaterial, known as GiuffridenegottePinto material, is assigned to
all brace fibers. For considering the isotropic hardening, the parameterspare2® cR1 =
0.925, cR2 = 0.15; al= a3= 0.00001, a2 = a4 = 0.00002, while the kinematenihgr
parameter b was set to 0.01. Two initial cambers of L/500 were assigned to each brace (e.g.
in-plane and other owdf-plan). To simulate the effect of lewaycle fatigue, the fatigue material

was wrapped around parental mate8ttel02 The lowcycle fatigue material parameters were
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8
. These fatigue material

: : ¢ 8 1 8
defined with m=-05 and 1" “H'H 8 1 e

&

parameters were proposed in Tirca and Chen (2014) and were calibrated against seven tests from

the literature.

4x5 fibers are

7 9
( e used for the four
e ° 0 cornersof the
i Il Hss
10x5 fibers are P 15 16
used for the four< sfifla
sides of the HSS i ;
1] 23 21 1917— 18
: 24 22 20

Figure3-3 TheHSSbrace crosssectiondiscretizationwith round cornersising 280 fibers

As depicted in Fig. 2, braces are connected to the frame by means of gusset plate connections.
The HSS brace dissipate energy when buckles in compression and yield in tension. These HSS
braces are designed to buckle-ofsplane and to fracture after #aptic hinge is formed at their
middle-length after its rotation capacity is consumed. To allow braces to defleot-plane,the

braceto frame gusset plate connections need to follow the brace deformation by deforming in
bending and possible to formagtic hinge within th&t clearance distance of gusset plate. The
rigid part of gusset plate is simulated with a rigid link attached to the brace member by means of
the Zerelength element where two rotational springs and a torsional spring were insanted.
rotational springsimulates the outof-plare bending with stiffness arresponding to the
Whitmore widthcrosssection Theotherrotational spring captusghe in-planebendingand the
consideredtiffnessis equivalent to that of HSS brackhe torsimal spring captuiethe torsional

effect with stiffness explained in Chapter 2, Eq-52 The Steel 02material was assigned to
rotational spring and elastic material to torsics@ing.

Each MDCBF column was modeled with 8 nonlinear beestumn elemets with distributed
plasticity and 4 integration points per element. Theétftion of column is fiber based. In plan
camber equal to L/1000 was assigned to each col&GteelO2with Isotropic Strain Hardening

materialwas assigned to columns considetedtinuoudfor two stories. These column segments
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were connected using the Zdemgth elements. The splice connection between the two column
segments was modeled with high rotational stiffness assignedf-plan and very small
rotational stiffness uplan. Beams were modeled as elastic beatumn elemerst All beams

are pinned connected to columns and their connectiorex@ained inSection 2.5.1.6Gravity
columns were modeled as elastic beastumn elementsThey are considered continuous for

two floorsand connected by shear splices with zero bending mofieatshear splice consists

of two steel plates located on each side of the column web and connected together with number
of bolts calculated to carry the shear force at the splice locatisimoas in Fig 24.

Figure3-4 Shear splice columns connection

It is noted that the gravity load assigned to gravity columns resulted from combination
(DL+0.5LL+0.25SL).To capture the higher mode contributions, 2B Rayleigh damping was
specified in the firstnodeand secondanode of vibration for &torey building, and firstnode

and thirdmode of vibration for the 4storey building and-storey building andhe firstmode

and forthmode of vibration for th&2-storeyand B-storey buildings

Modeling summarization for the considere®2nodel is shown on théig 3-5.

The reason for modeling half of the building including the associated lateral load resisting
systems ath corresponding gravity columns is to reduce the time of analysis. Molding the whole

building wildl not change the results became
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Beam: Elastic Truss element
TS0 ~Ovevses (rigid links) to
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elements. simulate the
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made ofSteel02and

low-cycle fatigue Brace to frame
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over two storeys. ¥—__ column element
(Rigid link)

Y
® ® 0900000 l
f/ X
O Pinned connections

= Nodes with assiggdmassin translational directioand gravity load

e Nodes with assigedgravity load only
® Retrained points in all directions except rotation around Z axis

Figure3-5 OpenSees model fdrstoreyMD-CBF building

3.4. Seismic response of MBCBF buildings

3.4.1. General

This sectiondescribes the response lofv, middle, and highise MD-CBF buildings
under selected two sets of ground motions, the crustal ground motions, and ththnngiga
subduction ground motion3.able 3-6 shows thefirst-mode and seconahode period resulted
from OpenSees for studiddD-CBF buildings.As resulted, the ped is similar with that
obtained from ETABS that was provided in Tabi6.3
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Table3-6 Buildings characteristics according to nonlinear dynamic analysis (OpenSees)

Period 2-storey | 4-storey | 8-storey | 12-storey | 16-storey
T1(S) 0.38 0.69 1.40 2.27 3.01
T, (S) 0.16 0.26 0.49 0.78 1.03

3.4.2. Selected and scaled ground motions

For Victoria, B.C., the important contributions to seismic hazard are moderate to large crustal
earthquakes of magnitudes M 7.0/ 7.5, as well as, the megathrust earthquake of magnitudes
M 8.07 M 9.0 that may occur along the Cascadia subduction fahlis,Tthe uniform hazard
spectrum, UHS, for Victoria is a combination of the deterministic Cascadia hazard with the
probabilistic crustal hazard. The Cascadia subduction source contribution to the probabilistic
model increases the seismic demand. The paesseised to represent seismic hazard for
Victoria are the 5% damped horizontal spectral acceleration for 0.2, 0.5, 1.0 and 2.0 s periods,
S(T), the horizontal peak ground acceleration, PGA, and peak ground velocity, PGV, with values
given for 2% probabity of being exceeded in 50 years. The 5% damped horizontal spectral
acceleration of design spectrum for #ferementionegberiodsis given in Table &. It is noted

that the UHS and the design spectrum is the same for Site Class C because the acesldration
velocity coefficients are equal to 1.0.

Table3-7 Design spectrum ordinates for design spectrum of Victoria, Site Class C

Period (s)

0.2

0.5

1.0

2.0

Si(Ta) (9)

1.2

0.82

0.38

0.18

The selection ofcrustal ground motions was made such that these records to be
compatible with geotechnical conditions for Victoria, Site Classlélined when the average
shear wave velocitg in top 30 m layer is in the range of 360 m/6 < 760 m/s. Thus, seven
recods compatible for Site Class C in Victoria were selected from the PEER Ground Motion
Database Beta Version (2010).

The subduction records were selected from the megathrust M 9.0 Tohoku earthquake in
Japan (March 11, 2011) as explained in Tirca and Cheh5§2 The similarity between the
potential Cascadia subduction earthquake and Tohoku earthquake is illustrated i6. HigeS8e

records were selected from the website: wwiek bosai.go.jp.
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Figure 3-6 Similarities between the potential Cascadia subduction earthquake source and its
proxy Tohoku earthquake

The crustal and subduction ground motions are given in TaBlegether witlthe peak ground
acceleration PGA, peak ground velocityPGV, the PGVPGA ratio, the total durationt, the

Trifunac durationty, the predominant period of ground motiofig,and the main period;m.

Among the seven crustal ground motions, six have a total duration around 40 s and one has 60 s,
while the average value dig¢ Trifunac duration is about 11.3 s. The average shear wave velocity

of the seven crustal ground motions is 424 m/s with a minimum value of 360 m/s and a
maximum value of 489 m/s. The average value of PGV and PGA of selected crustal ground
motions is 0.28n/s and 0.33 g, respectively, while the average value of the predominant and

mean period of selected crustal ground motions is 0.21 s and 0.53 s, respectively.

In comparison, the selected Tohoku ground motions show duration of 300 s and the average of
the Trifunac duration is 67 s. These values are six times greater thanctrtosgponding to

crustal ground motions. The average shear wave velocity is in the same range with that computed
for the crustal records set, while the average value of PGV andi®G&9 m/s and 0.8 g,
respectively. Thus, there is no great difference in the average PGA but the average PGV is about
three time greater in the case of subduction records than crustal records. However, Tohoku
records are characterized by high frequentitis an averagé,value of 0.25 s and an averagg

value of 0.19 s. By comparison with crustal records, the predominant period is in the same range,
while the mean period is about three times lower. At the same time, some Tohoku records are

characterized by a combination of two wave shapes arising f@prapagation of rupture along
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the shore, whildollowing a northi south axis. In this light, the S1, S2, S3 records show a

double pulse wave, while the others are characterized by a single wave similar to crustal records.

Table3-8 Characteristics of selected crustal and subduction ground motions

# Event, M Station R3’; Comp PGA PGV t; ty To Tm
Km; Degree (g)  (m/s) (s) (s)
Subduction ground motioHs

S1  Tohokuil, M9 MYGO001 155EW 0.43 0.23 300;83 0.27;0.26
S2 Tohokué6l MYG004 184EW 1.22 0.48 300;85 0.26;0.25
S3 Tohokué6l1l FKS005 175EW 0.45 0.35 300;92 0.32;0.15
S4 Tohokub6l1l FKSO010 189EW 0.86 0.56 300;66 0.27;0.18
S5 Tohokuo!l FKS009 216 EW 0.83 0.44 300;74 0.20;0.20
S6 Tohoku6i1l IBROO4 273EW 1.03 0.38 300;33 0.21;0.15
S7 Tohokué6l1l IBR0OO6 283EW 0.78 0.3 300; 36 0.25;0.12

Crustal ground motiofs
C1l Northridge, M6.7 Castaic Old Ridge 44; 90 0.57 0.52 45;9.10 0.26;0.54
C2 Northridge, M6.7 LA, UCLA Grd. 25; 90 0.28 0.22 60;11.3 0.22;0.34
C3 Northridge, M6.7  Moorparki Fire 36; 180 0.29 0.20 40;14.2 0.26;0.47
C4 Loma Prieta, M6.9 Gilroy Array #3 36; O 0.56 0.36 39.9;6.4 0.20; 0.37
C5 Loma Prieta, M6.9 Palo Alto,SLAC 54; 360  0.28 0.29 39.6;11.6 0.30; 0.65
C6 Loma Prieta, M6.9 Apeel 9 Crystal S 41; 227  0.11 0.18 40;16.2 0.30;0.88
C7 Loma Prieta, M6.9Anderson Dam Ds 20; 250 0.25 0.20 40;10.4 0.20; 0.46

) Subdaction ground motions were selectednfrovww.k-net.bosai.go.jp

2 Crustal ground motions selected from: http://peer.berkeley.edu/peer_ground_motion_database/

% |n this table is it illustrated the hypo central distance and not the disatieefault.

According to ASCE/SEI-10 procedure, each set of seven ground motions were scaled such that
their acceleration response spectrum to match or be above the design spectrum over the period of
interest ranging from 0.2Tto 1.5T;, where T is the first mode period of studied building. It is

noted that the scaling procedure adopted in ASCE/SHI $tandard emerged from the method
proposed by Reyes and Kalkan (2009). For each studied building, the scaling factor used for
crustal ground moties is shown in Table-8, where NGA is the record identification in the
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website. It is worth to note that the subduction records were selected such that their mean to
match the design spectrum. Thus, a scaling factor equal to 1.0 was used for all tivése rec

The acceleration response spectrum of scaled crustal and seduction records are illustrated
in Fig.3-7 for the 2storey, 4storey and &torey buildings and in Fig.-8 for the 12storey and
16-storey buildings together with the mean value and tegdepectrum for Victoria, B.C., Site
Class C. The acceleration response spectrum obtained from the selected Tohoku records show
very large ordinates in the short period range 085 s which mostly excite lowse buildings.
However, buildings with dundamental period larger than 1.6 s are not exposed to increase
earthquake demand. Although in the interval .98 s the average spectrum skanslightly

lower value than that required by design spectrum, the scale factor was not raised above 1.0.

Table3-9 Scaling factors of crustal ground motions

Record SF SF SF SF SF
# NGA (2-storey) | (4-storey)| (8-storey) | (12-storey) (16-storey)
Cl| 96390 1.20 0.86 0.85 1.2 1.00
C2 | 100690 2.50 1.95 1.35 2.3 2.20
C3 1039180 2.50 1.90 1.50 2.3 2.20
C4| 7670 1.30 1.00 1.70 1.7 2.20
C5 | 787-360 1.50 1.39 1.65 1.7 1.70
C6 | 736227 3.50 3.28 2.72 2.0 2.00
C7 | 739250 2.50 1.70 2.20 2.5 2.50
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Figure3-7 Scaled response spectra eftdrey, 4storey and 8storey buildings
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Figure3-8 Scaled response spectra ofst@rey and 1&tory buildings

3.4.3. Seismic response of MBCBF buildings

OpenSees software was usecdcédculatethe nonliner dynamic response of moderately ductile
concentrically braced frames (MOBF) for lowrise, middlerise, and highrise buildings

located in Victoria B.C. To emphasize the differences in the nonlinear response of multistory

MDi CBF buildings subjected to subduction records compared to crustal records, the following
response parameters were investigated: i) dtaeey drift, ii) Residual interstorey drift and iii)

Damage index computed to account for strain accumulated in HSS braceemtiss fibers at

the location of plastic hinge formation.

It is noted that the shear generated from torsion caused by aetielecegntricity was considered

in the preliminary design in additiontotheg® ef f ect and the ratio bet:

including the shear from torsion caused by accidental eccentricity and the base shear without the
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consideration of accidentalccentricity is about 1.2 for all buildings. Thus, in order to obtain
consistent results, the accelerograms of both crustal and subduction setsavqkfiee by the

about 1.2 factor as presented in TablE03

Table3-10 Ratio of the torsional base shear to the total base shear resulted from static analyses
for studied buildings

St | C; inbrace|C;in brace Sheamer | Sheamer| Total | Total shear] Total
from shear| from floor  [floor (from| shear from shaer ViV
torsion |(pure shear torsion) Vs torsion V \%
(KN) (KN) (KN) (KN) (KN) (KN) (KN)
2-storey building
2 773 192 1400 349 1400 349 1749 0.2
1 1238 315 2173 572 3573 920 4493 0.2
4-storey building
4 682 171 1237 309 1237 309 1546 0.2
3 1138 281 2063 509 3299 818 4117 0.2
2 1477 372 2677 674 5976 1492 7468 0.2
1 1745 428 3062 752 9038 2244 11282 0.2
8-storey building
8 484 116 877 211 877 211 1088 0.19
7 766 194 1389 352 2266 563 2829 0.2
6 991 243 1797 440 4062 1002 5065 0.2
5 1110 277 2011 486 6074 1488 7562 0.2
4 1283 312 2325 565 2325 565 2890 0.2
3 1425 344 2583 623 4908 1188 6096 0.19
2 1562 390 2830 706 7738 1894 9632 0.2
1 1743 422 3059 741 10798 2635 13433 0.2
12-storey building
12 386 92 700 166 700 166 867 0.19
11 646 154 1171 280 1871 446 2318 0.19
10 773 192 1402 347 3273 793 4066 0.2
9 858 213 1555 373 4828 1167 5995 0.19
904 224 1639 406 1639 406 2045 0.2
7 981 248 1778 450 3417 856 4273 0.2
6 1038 262 1882 474 5300 1330 6630 0.2
5 1169 285 2119 501 7418 1831 9249 0.2
4 1262 311 2288 563 2288 563 2851 0.2
3 1387 340 2513 617 4801 1180 5981 0.2
2 1536 374 2783 677 7584 1857 9441 0.2
1 1666 411 2924 720 10508 2577 13086 0.2

60



St. | Grinbracy C¢in  |Sheamer| Sheamper| Total | Total shear] Total

from brace floor floor shear ¥ from shear ViV

shear from (pure (from torsion V| V

torsion | shear) | torsion)
(kN) (kN) (kN) (kN) (kN) (kN) (kN)
16-storey building
16 308 73 559 132 559 132 691 0.19
15 519 126 941 229 1500 360 1860 0.19
14 643 158 1165 286 2666 646 3312 0.2
13 721 181 1306 317 3971 963 4935 0.2
12 803 199 1455 362 1455 362 1817 0.2
11 874 219 1583 397 3038 759 3797 0.2
10 936 234 1697 424 4735 1183 5918 0.2
9 1005 254 1821 445 6556 1629 8184 0.2
8 1075 265 1948 481 1948 481 2429 0.2
7 1141 283 2067 513 4015 994 5009 0.2
6 1190 292 2156 529 6171 1523 7694 0.2
3) 1261 326 2286 573 8457 2096 10553 0.2
4 1339 333 2428 604 10885 2699 13584 0.2
3 1412 356 2559 645 13444 3344 16788 0.2
2 1489 373 2699 654 16143 3998 20141 0.2
1 1633 412 2866 746 19009 4744 23753 0.2
3.4.3.1. Interstorey drift

The interstorey drift of studied MBBF buildings subjected to scaled crustal ground motions
and subduction ground motions is depicted in Fi® &nd Fig. 310, respectively.The 50
percentile and 84 percentile interstorey drift are also provided in these figures. Crustal ground
motions excite mostly the upper part of buildings, while the subduction records excite mostly the
lower part. This observation is not applicable foe théstorey building where both ground
motion sets excite mostly the upper floors. As depicted, the peak interstorey drift is below 2.5%
hs for all buildings but no for thelétorey building. However, the peak of 84 percentile
interstorey drift of the 18torey building is less than 2.5%.Hn general, the amplitudes of
interstorey drift resulted for studied buildings under both ground motion sets are similar.

The interstorey drifts of studied buildings under thacaled crustal and subduction records by
1.2 factor are plotted in Fig.-BL and 312, respectively. The trend in drift response of the

studied buildings is found to be similar, while the interstorey drift is amplified as the building
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height increasesn all cases, the peak of 84 percentil@istorey drift is found to be below the
2.5% h.
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Figure3-9 Interstorey drift of studied MBCBF buildings under scaled crustal ground motions
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Figure3-10 Interstorey drift of studied MBCBF buildings under subduction ground motions

It is noted that the aforementioned interstorey drift results presented in terms of peak 84
percentile and 50 percentile interstorey drift among floor is presented in Faklar®l Table 3
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12 under the scaled and-sealed crustal ground motions and subduction ground motions,
respectively. It is noted that there is onescaled crustal record that driven the-stérey
building to experience brace fracture at the 12 floor. éndhse of subduction ground motions
there is one that drives the bottom floors of the-tse and middleise buildings to experience
brace fracture, as well as, in the case ofsttBey building is the brace of the 12 floor that

reached fracture.
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Figure3-11 Interstorey drift of studied buildings undersealed crustal ground motions
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Table3-11 The 84 percentile and 50 percentile of interstorey drift and residual interstorey drift

of studied buildings under scaled anesoaled crustal ground motions

Buildings Peak Drift (%hs) Residual Drift (%hs) | Floor exp. | Number of

50% | 84% 50% | 84% collapse | failed GM
Lateral deformations under scaled crustal ground motions

2-Storey 0.99 1.22 0.10 0.19 0

4-Storey 0.93 1.06 0.08 0.11 0

8-Storey 1.18 1.87 0.13 0.24 0

12-Storey 1.16 1.75 0.22 0.32 0
1.00 1.77

16-Storey 0.29 0.73 0

Lateral deformations under re-scaled crustal ground motions

2-Storey 1.20 1.95 0.22 0.41 0

4-Storey 1.24 1.45 0.17 0.13 0

8-Storey 1.31 1.96 0.82 1.75 0

12-Storey 1.21 1.63 0.71 1.60 0

16-Storey 1.05 1.50 0.55 1.19 12" Floor 1

Table3-12 The 84 percentile and 50 percentile of interstorey drift and residual interstorey drift

of studied buildings under scaled anesoaled subduction ground motions

Buildings Peakdrift (%hs) Residual drift (%hs) Floor exp. | Number of
50% | 84% 50% | 84% collapse | failed GM
Lateral deformations under scaled subduction ground motions (SF = 1.0)
2-Storey 0.69 0.83 0.06 0.14 2" floor 1
4-Storey 0.73 1.04 0.07 0.11 0
8-Storey 1.03 1.41 0.12 0.19 0
12-Storey 0.87 1.90 0.25 0.58 0
16-Storey 0.94 1.92 0.42 0.78 0
Lateral deformations under-sealed subduction ground motions (SF = 1.2)
2-Storey 1.66 2.09 0.06 0.14 2" floor 1
4-Storey 0.84 1.10 0.08 0.12 G floor 1
8-Storey 1.10 1.70 0.44 1.14 3 floor 1
12-Storey 1.20 2.80 0.62 1.70 0
16-Storey 1.10 1.60 1.03 0.58 12" floor 1
3.4.3.2. Residual interstorey drift

The residual interstorey drift of studied buildings subjected to scaled crustal and subduction

ground motions are plotted in Fig-13 and 314, respectively. The 50 percentile and 84
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percentiles of residual interstorey drift computed for each ground moti@messdso presented.
As can be seen from these figures, the peak of maximum residual interstorey driftrisiel @mnd
middlerise buildirgs were less than 0.5% twhich is the upper limit recommended in the
literature for reparable buildings in the aftermath of an earthquake event. Farskidfuildings
subjected to scaled crustal ground motions the peak of maximum residual interstiriesy dr
greater than 0.5%..

Thus, in case of X&torey building, the peak of the maximum residual interstorey drift is 0.56%
hs and the peak values of §&rcentile and 5@ercentile residual interstorey drift are 0.32% h
and 0.22% R, respectively In the case of the 1§torey building subjected to scaled crustal
ground motions the peak of the maximum residual interstorey drift is 0.8 #¥dhthe peak of
84-percentile and 5@ercentile residual interstorey drift are 0.72%&hd 0.29% b respectively.

In the case of the 1&orey building subjected to the subduction earthquake records, the peak
value of the maximum residual interstorey drift is 0.99%rid the peak values of $&rcentile

and 50 percentile residual interstorey drift are 0.58%amd 024% h, respectively.
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In the case of the 1&torey building subjected to the subduction earthquake records, the peak
value of the maximum residual interstorey drift is 2.03%amhd the peak values of the-84
percentile and 5@ercentile residual interstorey drift are 0.78%&uhd 0.42% § respectively.

Hence, the peak value of the maximum residual interstorey drift forikmmand middle
rise buildings are lower than 0.5% Ror the highkrise buildings, the residual interstorey drift is
greater under the subduction earthquake records than under the crustal earthquake records. For
example, for the 18torey building, the peak value of the-Bdrcentile of the residual interssyr
drift is found to be 0.32%lunder the crustal records and 0.58%iider the subduction records.
Similar trend is observed for the -$6orey building as well. However, in all case studies
presented here, the peak value of thegéftentile of the redual interstorey drift is found to be
less than 0.5%:h
The residual interstorey dri@if the studied buildings resulted under the crustal and subduction
ground motions r&caled by 1.2 factor, are plotted in Figl® and 316, respectivelyFor the
low-rise and middleise buildings, the peak values of thefrcentile of the residual interstorey
drift for the rescaled crustal records are found to be 0.22%0M7% R and 0.82% §
respectively. This shows an increase of residual interstoreywdgififtthe building height. When
these buildings were subjected tesmaled subduction ground motions it resulted lower peak of
50-percentile residual interstorey drift such as: 0.06%0108% 3 and 0.44% brespectively.It
is noted that subductionaerds were selected from the same earthquake event and these records

are more homogenous than the crustal record set which required bigger scaling factors. In case of
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12-storey building subjected to-szaled crustal records, the peak value of the maxinesidual
interstorey drift is 1.58% sh while the peak values of the -pércentile and 5@ercentile are
found to be 1.6% dand 0.71% § respectively. When the i2orey building is subjected to-re
scaled subduction records the peak of maximum residual interstorey datersninedas 2.32%
hs, and the peak of 84 percentile and 50 percentile are 1, a%dl0.62% § respectively.
For the 16storey building the same trend is observed. Thus, the peak value of the maximum
residual interstorey drift, the 8dercentile, and 5percentile values under the-sealed crustal
ground motions are found to be 1.81% h15% Rl and 0.55% b respetively. When the 16
storey building is subjected to the-sealed subduction records the peak values of the 84
percentile and 5@ercentile are 1.03%kand 0.58% b respectively.

Thus, in all of the case study buildings but iose buildings, the peakalues of the 50
percentile residual interstorey drift is greater than 0.5%urider both sets of crustal and

subduction records 1&caled with 1.2 factor in order to account for the accidental torsion effect.
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3.4.3.3. Damage index of HSS braces

The ductile fracture of a brace due to loycle fatigue is the desirable failumeode for the CBF
system (Hasiao et al., 2012)The timehistory strain series recorded in the outermost
compressive fiber of HSS cresection located at the brace rsipan length where the plastic
hinge is formed and the accumulated strain are good indicators of brace strain life. It is worth
mentioning that the strain life is based on the premise that the local strain developed around
stress concentration controls the fatigue life. Thus, theckmle fatigue damage is depentien

strain accumulation.

In OpenSees, the lowycle fatigue material isedined by using as input the fatigue ductility
exponentm and fatigue ductility coefficientopred. The value of predicting fatigue parameters

was proposed by Tirca and Chen (2014) after simulating several experimental tests from the

8 8 8
literature. Hence, mx -0.5 and T8t T ¢— - — are recommended where

kL/r is the brace slenderness ratio and w/t is the brace #odttickness ratio (e.g. w = {4t)).

The lowcycle fatigue model is based on lkamycle fatigue of constant plaststrain amplitude

which usesa damage accumulation model in accordatcéMi ner 6 s Rul e. Howe v
earthquake accelerogram loading the strain amplitude are not constant. Based e&xstin

research it was concluded that the relationship between the plastic strain amplitude
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experienced by a cyclieand the number of cycles to failure N linear in the logog domain
and the slope isn. The expression of equation is:= " o(Ny)". Herein, the accumulation of
number of cycles is used to evaluate the damage reached by tepanitirace crossection and
the maximum number of cycles permitted by Coffin Manson's fatigue theory was considered. To
accumulate damage, while preserving ecoit computations, the number of cycles was cedint
Aon the goo with a modified rainflow cyclic ¢
fiber crosssection reaches 1.0, the fiber is disconnected by dropping its stress and stiffness to
zero. Furtlermore, when half of fibers at a critical brace cresstion reached DI = 1.0, the brace
reached failure caused by lesycle fatigue. Below is presented the DI of the outermost
compressive fiber of a critical brace cragstion.
The DI of the outermosta@mpression fiber of critical crosection of HSS braces of lemse,
middle-rise and higkrise buildings under crustal and subduction records are shown.i8-Efg
and Fig 3-18, respectively. As resulted, there is about two times larger DI recorded for HSS
braces when studied buildings were subjected to subduction than crustal ground motions. This
finding is explained by the greater number of loadingpading cycles of subduoti ground
motion acceleration in comparison with crustal ground motion acceleration. The larger demand
occurs at floors experiencing the peak interstorey drift. As depicted, undariatiection record
MYGO004, the outermost compression fiber of the toprflorace of Ztoreybuilding reached DI
=1.0. In addition, DI = 1.0 was experienced by th&fldbr brace of 16storey building.
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Figure3-17 Damage indexfahe outermost compression fiber of criticabss section of HSS
braces of studieduildings undecrustalrecords
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TheDI of the outermost compression fiber of critical cresstion ofHSS braces dbw-

rise, middlerise and highrise buildingssubjected tarustal and subduction recordsscaled by

about 1.2 factorr@ shown in Fig3-19 and Fig 3-20, respectively.
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The DI of an outermost compression fiber of the top floor brace-sexg®n 6 the 2storey
MD-CBF building reached 1.0 under onesealed crustal record. Similarly, the outermost
compression fiber of a bottom floor brace cresstion of the 4torey MDCBF building
experienced DI = 1.0 under onegealed crustal record. As defgd in Fig. 319, the peak value
of 84 percentile of Dl is less than 0.5 for all studied buildings exceptst@y building. When
studied buildings were subjected tes@aled subduction records, the fatigue life of the outermost
compressive fiber ofritical crosssections of HSS braces reduced. As depicted in Faf), DI
= 1.0 was recorded in the outermost compressive fiber of top floor braeg@®ey building, the
bottom floor brace of 4torey building and the 12 floor brace of-dtérey buildng. In general,
the peak value of the 84 percentile of DI is about 0.5.

Therefore, lower fatigue life reserve was recorded for HSS braces of studigdB¥D

buildings subjected to subduction ground motions than crustal ground motions.

3.5. Case Study of Dynant Response of MBCBF buildings
In this section, a detailed nonlinear behaviour of studied buildings under a representative crustal
and subduction ground motion pgesentedwhile the analyses are conducted using OpenSees.

The investigated parameters djehe roof drift timehistory series, ii) the interstorey drift time
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history series of the floor experiencing maximum relative displacement, iii) the hysteresis
response of HSS braces located at the floor experiencing the maximum interstorey dri, iv) th
time-history series of the outermost compression fiber and tenbge 6f HSS brace cross

section,and v) the accumulated DI of the fiber creggtion depicted at iv).

3.5.1. Seismic response of-8torey MD-CBF building under crustal #1039 and subduction
MYGO004 record

The seismic response in terms of roof drift and peak interstorey drifthistary series of the-2

story MD-CBF building under the crustal #1039 Northridge record is plotted in FRL 3
together with the scaled accelerogram. As resultepehk interstorey drift is 1.47% Wwhich is

within the code limitThe nonlinear hysteresiesponse of the left and right braces located at the
top floor is given in Fig. @1a. Both braces buckle in compression and yield in tension. The
hysteresis loopef braces are plotted by normalizing the forces to the probable tensile force. Fig.
3-21b shows theplot of the timehistory series of strain recorded in the outermost compression
fiber and tensile fiber at middle section of the braces. From the tim@yhist compression
strain, it is observed that the braces still possess strain capacity before failure because the
amplitude of compressive strain diminisiieward the end of ground motion and is preserved in
the negative side. FigAlc illustrates the @mage index of the same outermost fiber. In this case,

DI = 0.4, which means that the fatigue life of these braces is not consumed yet.

Increasing the accelerogram amplitude of the #1039 record by-gealed factor 1.2 (to take

into account the effeatf shear caused by accidental torsion), in Fi@33s shown the scaled
accelerogram, the tirAgistory series of roof drift and maximum interstorey drift. As depicted,
the maximum interstorey drift is 2.5% which is equal to the code limit. The ineladtehavior

of top floor braces, the timkistory series of tensile and compressive strain as well as the brace

damage index is illustrated in Fig23
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Comparing Figs. 24 and Fig. 22 is shown important changes in the nonlinear behaviour

leading to failure (DE 1.0) of the outermost compression fiber of critical cismstion of HSS

brace (left side). Thus, the left side brace is able to carry one or two more cycles before failure.
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The response of th@-storey MD-CBF building under the subduction record MYGO004 is
presentedn Fig. 3-25 in terms of roof drift and maximum interstorey drift thmstory series.
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As aforementioned, the scaling factor applied is 1.0. To better emphasize the building response
only that recorded between the time sequence 50 s and 150 s is presentezaKTingestorey
drift is 1.72% Rwhich is similar with that resulted under #1039 crustal record.
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Figure3-25 Response of-8torey MDCBF building under #MY G004 subduction record: a)
accelerogram, b) roof drift, ajterstorey driftime-history series recorded at roof

Figure 326 shows the hysteresis response of the left and right braces of top floor, as well as the
time-history series of the outermost compressive and tensile fiber of critical bracesectss

and its DI. Due to high spectral acceleration ordinagesnted within the short period interval,

both left and right braces experienced DI = 1.0. This means braces failure causedcigléow

fatigue will occur at very small increase of seismic demand.
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Figure3-26 Hysteresis respongd top floor braces, thestraintime-historyseriesandDI of the
outermostompressive fibeunder the #YG004 subductiomecord

3.5.2. Seismic response of-4t MD-CBF building under crustal #787 andsubduction
MYGO004 record

Detailed nonlinear seismic response of thstetey MDCBF building is presented under the

shaking of #787 Loma Prieta crustal record. The same response parameters useddrdye 2
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MD-CBF building are considered. Hence, thendihistory series of roof drift and roof
interstorey drift is plotted in Fig.-37. As resulted, the peak interstorey drift was recorded at the
bottom floor and is 0.93%shAs depicted, the behavior of building deflection is approximately
symmetric. The anlinear hysteresis response of the left and right brace located at the bottom
floor, their timehistory strain series of the outermost compressive and tensile fiber of critical
b r ac e ésection mma ¢he associated DI are ploted-ig. 328. Both braesare found to

buckle in compression aryield in tensionwhile their DI = 0.2.
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Figure3-27 Response of-4torey MDCBF building under #787 Loma Prieta record: a)
accelerogram, b) roof drift, c) interstorey drift tihistory series recorded at ground floor level
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Figure3-28 Hysteresis response of bottom floor braces, their strairhistery series and
damage index of the outermost compressive fiber under the scaled #787 crustal record
Similarly, in Figs. 329 and 330 show the same parameters as above recorded for higtkéngs
level. To account for accidental torsion effect the #787 record wasated by 1.2 factoAs
depicted, the maximum interstorey drift was recorded at the bottom floor and is 1;18Be h

outermost compression fiber of criticafosssection of bracedocated at the bottom floor
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experienced DI = 0.3Comparing Figs.-28 and 330, there is no significant difference observed

on the nonlinear behaviour of selected HSS braces.
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Figure3-29 Response of-4torey MDCBF building under rescaled #787 Loma Prieta record: a)
accelerogram, b) roof drift, c) interstorey drift tirhistory series recorded at ground floor level

The response of thestoreyMD-CBF building under the subduction recoBKS010scaled with
1.0is presentedh Figs. 331 and 332.1t is noted that the peak interstorey drift was recorded at

bottom floor level.
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Figure3-30 Hysteresis response of bottom floor braces, their strairhistery series and
damage index of the outermost compressive fiber under-#wated #78¢rustal record

To better emphasize the seismic response only that recorded between the time $samce

150 s is presented. The maximum interstorey drift is 1.04%he nonlinear hysteresis response
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