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ABSTRACT

Seismic response of higise zippetbraced frametructures witloutrigger trusses

Zhi Chen

Concentricallybraced fram@CBF) structures provide high stiffness and moderate ductility,
while they are prone to damage concentratétiin a singlefloor. To overcome this
drawback, researchers have proposed to add a vertical member to the CBF system, labeled
a Azi pper dedimitaoimvalve thevdudklimg and/or yielding of several braces.
Thus, the zipper column members are designed to transfer the unbalanced forces caused by
buckling of brace#n chevron configuratiomalong the building heighBy employing the
Zipper bracedrame system(ZBF), the damage isnore uniformlydistributedover the
height However structures taller tharsBorey are prone to lateral drift amplification due
to the higher mode effects. In this study, in otdezontrol the lateral drift, it is proposed to
add a set of outrigger trusses over one floor, at the roof level, and if necasmaother
floor among those located at the rhidight

Accordingly, the purpose of this study is tfiadd: i) to investigatethe inelastic b-
havior of the 12and 16storey ZBF building structures with elastic zippers located in a
high risk seismic zonand ii) to study the behavior of ZBF structures when outrigger

trusses are added.
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Nonlinear time-history analyses conducte@dDrain-2DX softwareare considereth
this studyto analyzethe behavior othe 12 and 16storey buildingswithout and with
outrigger trusses thate subjected to 21 ground motions equally divided in threemense
bles: crustal, subduction and ndiatd. Outcomes of the study show that buildings located
in a high risk seismic zone (Victoria, B.C.) exhil@ss seismic damagehen outrigger

trusses are added to the ZBF system
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CHAPTER ONE

Introduction

1.1 Generalities

Concentrically braced frame (CBF) in chevron configuration is aeffsttive system

for resisting lateral loads. This structural systemussially employed for low and
mid-rise steel framed buildings. Braces in chevron configuration provide support for the
CBF beams at the brace to beam intersection point. However, under strong seismic exc
tations, this configuration shows a concentration of damathen a single floor and the
tendency of storey mechanism formation. For instance, extensive damage was found in
CBF buildings dung Tohokuearthquakeon March 2011(Lignoset al 2011) Chrig-

church earthquakeon 2010 (Bruneaet al 2010) Loma Prietaearthquake(1989),
Northridgeearthquakg€1994), Kobeearthquaken 1995 (Tremblay, Bruneau, & Wilson,
1996)mnd other events. In light of this, frequent damage was observed in braced frames
where braces were proportionedrasist tension only, kere connections were weaker
than the braces attamthto them, where braces framed directly into columns, and where
braces were inclined principally in one directitimder strong ground motionigtaces in
compression have buckled,dam consequence lose their buckling resistance strength.

After buckling of bracesoccurred, beamsere deflecteddownward as a result of the
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combined action of the gravity loading and the unbalanced force developed at the braces
to beam intersection poimue to the difference between the tensile and-iposkling
capacity of brace members. In this case, strong floor beams are required to stabilize the
systemwhenthe unbalance vertical load transferred from bracdseams has increased

due to the attainig of the postbuckling strengthn the compressive brac€hus, die to

this behavioural characteristic, the chevron bracing system shows a limited efficiency in

terms of distributing the lateral loads over the building height.

In Canada, the limitation ahe number of stories for the CBF structures was i
posed since 199&eeNational Building Codesdition 1995 NBCC 95) and was defined
as a function of ductility factor arttle characteristic of theismic zone. In the 2005ied
tion of NBCC, this limitatbn was changed from the number of stories to the height of the
building. In spite of this limitation, researchers have shown that the system is still prone
to storey mechanisms under seismic ground matidimgs drawbackpointed out by
Khatib et al. (1988) Typically, inthe CBF structures, excessive storey driftsancean-

trated within a few stoeis and large ductility demandrequired

To address the above concern, Khatib et al (1988) proposed a modified CBF system
labeled CBF with zipper columns. Byfdetion, the zipper column is a vertical member,
added to a CBF system in chevron configuration, in order to link together all

braceto-beam intersecting points. As a result, all compressive braces will be forced to
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buckle almost simultaneously while ordyfew tensile braces will yield. When ground
motion reversed, braces that acted previously in tension buckle in compression, while the
zipper column transfers the unbalanced load upwardsloamwardsdepending on
ground motion signature. This new struedusystem is able to force almost all braces to
buckle or yield and a large amount of energy is dissipated in the system. In thecpast de

ade, several researchers have conducted studies in this topic as follows:

1 Sabelli(2001) proposed design criteria for CBF with weak zipper siruthis de-
sign method, zipper temns are allowed to buckle amal yield, while bracesds
have in inelastic range;

1 Tremblay and Tircg2003) proposed dsign criteria for CBF system with strong
zipper column. In this light, zipper colummvere designed to behave in elastic
range, allowing braces to buckle simultaneously upwards or down\Erda &
Tremblay, 2004)

1 Leon am Yang Q003 2008 developed a similar system labeled CBF witls-su
pended zipper strut. A truss system was added at the top floor while top floor bra
es were designed to respond in elastic range. Yielding is allowed to occur in the
zipper column.

1 Tirca andChen (2012) and Chen(2011) have refined the initial design method
proposed by Tremblay and Tirq003) The system is labeled CBF with elastic

zipper colunms.
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Experimental studies have been only performed for the CBF with suspended zipper strut.
Meanwhile, the analytical studies have been conducted by using-Zxirsoftware
which is a nonlinear computer program for static and dynamic analypisurte stra-

tures.

The research carried out in the field of zipper braced frame is mostly focused on
low- and midrise buildings. However, along with the increase in building height aad st
ries number, undesired effects, such as excessive lateral deforchae to the activation
of higher modes could drive the buildingar collapseTo overcome this drawbacin
outrigger truss system(s) are proposed to be added to the elastic ZBF system.e this r
gard, the stiffness isicreasedthe strength is incread and the deformability diminishes.
Thus, the purpose of this research is to address the behavior of ZBF structures taller than
therecommendedode limitation. This study is developed for- Bhd 16storey building
structures, while the influence of higr modes on the seismic response of zipper frame
structures is discussed. In addition, the efficiency of adding outrigger trusses at the top
floor of the 12 and 16storey building located in Victoria, B.C., which is a high risk
seismic zone, is emphasikdf the lateral deformation cannot be reduced bellow the code
limit, a second pair of outrigger trusses is proposed to be added at tineighd of the
16-storey building. In this research, nonlinear timstory dynamic analyses of 1and
16-storey ZB- buildings with and without outrigger trusses weoaducteddy using the

Drain-2DX computer program. The proposed design method for the ZBF with outrigger
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trusses is in agreement with the CAN/GSAG6-09 standard and National Buildin@@5
(NBCC205). In addition, the applied seismic detailing should comply with the- (16

standard provisions for moderately ductile CBFs.
1.2 Objectives and Scope
The aim of this research project is tiadd:

1 Toinvestigate the inelastic behavior of the 42d 16storey ZBFouilding structures
with elastic zippers located in a high risk seismic zone

1 To emphasiz¢he influenceof adding outrigger trusses the zipper braced frame

building structure
1.3 Methodology
In order to achieve the above objectives, the following metlbggias proposed:

1 Designthe gravity system (gravity columns and beantbge seismidorceresisting

system (braces, columns, and beams of braced frame in chevron configuration) by

using seismic forces frorthe response spectrum analysis of the buildinfjse

seismic design process shouwtdmply with the CSA/ S16 2009 provisions for

moderately ductile CBF system. By considering the capacity design approach and
the two scenarios proposed for zipper column design in tension and compression
the design of theelastic ZBF system ZBF) is completed. The assumptions made

for the aforementioned two mastenarios are: a) the first brace buskd¢ the
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ground floor levelbuckling of braces propagates upwaadasl the transferrednu
balance force subjects theippe columnin tensionand b) the first brace buclde

at the roof floorlevel, buckling of braces propagates downwagshsl the unba

anced force transferred into zipper column subjects zippers to act in compression
In addition, for zipper column design ahg considering insights from previous
studies, four lateral load distribution patterns of internal forces developed in braces
are considered in this study. Thus, the employed lateral load distribution patterns
are: the sequential triangular (13T) and segential parabolic (LFSP) pattern as

well as the triangular (LH) and the parabolic (L4P) pattern. Regarding the iest
mation of the maximum tensile and compressive force triggered in zippers under
the aforementioned scenarios, it is considered that ziggamns should beed
signed to withstand the probable tensile and compressive force developed in braces.
For highrise buildngs located in western Canadia,high risk seismic zonde.g.
Victoria, B.C) , an additional system composed of outrigger trussadded either

at the top flootevel only or at the top and mideight floor.In addition,the design

of outrigger truses consists oapplying the compatibility method of rotatiobs-

tween the laterally deflectetpper braced frame and outrigger segtae

For design validation, selection of ground motions compatible with the uniform
hazard spectrum for Victoria, British Columbia location is requieedwell as a

minimum numberof 7 ground motionsBecause Victoria region is affected by
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shallow crustaland subduction (Cascadia subduction fault) earthquakes, two
ground motions ensemisleare selected such as: 7 cruggaund motionsand 7
subduction ground motions. In this study, for comparison purpose, a third ensemble
of 7 nearfield ground motionvith forward directivity was selected\ll selected
accelerograms were scaled to fit the uniform hazard spectrum over the period of
interest 0.2T 1 1.5T;, where T is the fundamental period of the building, in
agreement with ASCE/SED7 provisions.

1 In this study, modal response spectrum and nonlinear-histery analyses were
involved by employing the ETABS and DradDX software, respectively.

1 To comply with the lateral deformation criterion, outrigger trusses, designed to
perform in elastic range, werelded to the computer model. As a result, thé- stif
ness of the system was increased, lateral deflection was reduced, and Zipper co
umns were able to hold the systamelastic rangewhile braces ar@erforming in

the plastic range.

1.4 Thesis organization

This thesis is organized in six chapters. The first chapter presents the introducien of r
search generalities, objectives, methodology, and thesis organization. The second chapter
summarizes the literature review on the past studies conducted on zippestiachee

and outrigger trusses, as well as the accuracy of the commaeel developed in
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Drain-2DX environment The third chapter contains the design process of gravitational
resisting system (gravity columns and beams), lateral resisting system (lo@oems,

and beams of concentrically braced franz)per columnsandoutrigger truses based

on the previous study cdacted by Tremblay and Tirq2003) Tirca and Cheir2012)

and Hoenderkampand Bakker (2003) The burth chapter presents the selection of
ground motion ensembles, the scglprocess of the selected ground moticary] the
seismic response tiie 12- and 16storeyzipper braced frame with and without outrigger
trussesunder timehistory nonlinear analyses by using Drain2DbXe @mputeroutput

such as axial forces in zipper columns and lateral interstorey drift of buildings with and
without outrigger trusses is prioed n Chapter 5,as well as a detailed discuss re-
garding the behavior of the studied building structures under different ground motions.
Finally, in the sixth chapter, conclusions and the recommendations of the future work are

presented.
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CHAPTER TWO

Literature Review

2.1 Past studies orthe Design ofConcentrically Braced Frames with Zipper Cd-

umns
2.1.1 Generalities

As one of the widely used seismic load resisting syster@anadachevron braceftame

is able to provide high stiffness and moderate ductiityallowing the bracet buckle
and/oryield in orderto dissipatethe input energguring ground motion excitations, while

all other structural members such as: beams, columns, and connectians ipeblastic

range. Fbwever under severe ground motion excitations, it is very likely to have storey
mechanisms occurred, especially when the beams in concentrically braced frame is not

designed to overcome the unbalanced forces generated by buckiesl bra

When lateral force applied,braceselements initially provide both tensile and
compressive resistande balance the lateral effecBenerally, for brace members, the
tensilecapacity is greater than tllempressiortapacity Whenreaching its compgssive
capacitythebracemembeibuckles,and a plastic hinge develged at itsmid-length As a
result a large displacement occurrekt.this stagesincethe brace sectioms fully plastic,

its axial capacity reduces srcommodate a larger momelgdveloped at the plastic hinge
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location Meanwhile,due to the loss in compression capacity of brace, the lateral force is
transferred to the tensile brace, while a large unbalanced force is developed at the brace to
beam intersection poinNeverthelessheams sections in CBFs should be designed-to a
commodate plastic hinge formatiam their midspan Most likely, the beam will buckle

and the weak storey mechanism is formed as illustrated in Figure 2.1. In this stage, the
failure of one floor causes thailure of the entire system. As is shown in graph of

Figure 2.1 where théase shear, V, versus interstorey dsifiepictedthe capacity of the

system to withstand shear force diminishes while the lateral deformation is substantially

A A5
NN

Figure 2.1Chevron braced framieehaviour(Bruneau, et al., 2005)

increased.

In order to avoid the problems of beam failure, different studies have been carried out
by researchersuchas Khatib and Mahin(1988, Sabelli(2001), Tremblay and Robert

(2001) and others. To avoid this type of failure, it was proposed to use strong beams, d
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signed to carry the unbalanced force generated after buckling of brace occurred. However,
according to this strategyhe braced frame system is still likely to form weak storey

mechanism.

To overcomethe above design difficultyKhatibet al 1988)proposed to linkall
beamto-brace intersection poisbf adjacent floorand to transfer the unbalanced load to
the vertich me mber c al | e bhthi8 way,phe eipper membearscandehave
either in tension or in compressiand should be abte withstandthefizipper mechanist
formation, which implies buckling of bracesiccessively. Thisinbalancedorce trars-
ferredtoth e 0z i p p pushegtbel zippamimtension if thiest buckledbraceis lo-
cated at firsfloor and buckling of braces progress upward or pushes the zippemin
pression, if the brace dhe rooffloor buckles and buckling is propagatedwshovard
Therefore, Hier brace buckled and the unbalance force is transferred mpghercolumn
this member is able t@-distribute theransferredorce tothe bracesocated on the verge
of buckling eitheat the floors abover below depending oriné direction of brace buckling
propagation. Inthis regard the damage concentrated at one floospseadalong the
structure height, involving more braces to sustain the remaining lateral loads afier redi

tribution.

Thus, the zipper configuration is eeqgied to improve the seismic performance of

CBF systems and to overcome the problem of unbalance fdesedopedin chevron
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braced frames. This proposed system is able to maintain a more uniform damage distr
bution over the structure height and to devedgtable hysteresis behavior. In addition,
besides offering a relatively good performance level in terms of storey drift and energy

dissipation under earthquake excitations, the requirement of stiff Istwmmulsibe avoided

In the Commentary of AISC Semsc Provisions fofStructuralSteel Building (AISC
2002), the zipper steel frame system is recommendad@sfiguration which is able to
improve the poselastic seismic performanoé chevronbraced systenin Figure2.2, the
expected behavior and pemeance of zipper frame when the first brace buckles at ground
floor level and zipper is loaded in tension is shown.

Zipper columns
(Zipper struts) |

Figure 2.2 Expected behaviorsnd performance of zipper franfouri, Imani Kalesar,
& Ameli, 2009)

2.1.2 TensionZipper strut approach

According toKhatib and Mahin(1988) the zipper effecis triggered wherthe structures

deflecedin the shape of thdirst vibration modeThe bracememberat the ground floor
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buckles firstly and triggerstensile forces in th@bovezippercolumn, which causes the
upper floor brace tbuckle. The same processgradually propagatedpwards. Neve
theless based on this design approach, zipper columns are proportioned tcoobtry
tensike forceswhich means that always the first buckled brace is at the ground floor. In
addition, in order to have the zipper braced frame system deflected in the first mode, it
requires braces on one haffan of théracedframeto buckle, then, after ground motion
reversed sign, the remaining haffan braces will bucklén this case the tensile forces in
Zippercolumnscanbe calculated as the summation of all verticamponent®f theun-

balanced loads resulted from internal forces developed in braces

Moreover corresponding to the limitations of tension zipper skbgtib and Mahin

(1988) pointed ouseveral questionggarding the system design and behaviour:

T AWhat happen i f the buckling of braces i

storey?0o

1 A Guld the zipper elements be activated impoession instead of tensro

T AWhat 1 f the structure i s rhetippereffechis f i r st
activate® 0

T AHow to proporti on effediveliessafzipper effédtd ma x i mi z

1 A Hwto choose the relative stiffness oéthipper elements and bedng
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To date,several researchers proposed versions of ZBF systems by trying to fit the
response ofhe above questions the proposed design guidelin&abeli (2001) Trem-
blayand Tirca(2003, YangandLeon (2003)

2.1.3 Weak Zipper strut approach

To prevent the formation of weak storey mechanismpanduita uniform drift distritu-

tion along the building height, design method al | ed fAweak zipper
proposed byR. Sabelli(2001) According to his proposathe design of brace members
should follow the same code r ¢lgracomnended nt s
that the compressive and tensile capacity of zipper colunust reach the strength of
braces located at the level beloMoreover the inelasticdemandin both cases when

zipper columns act in tension and compression should be considered in design.

After applyingthe weak zipper strugpproach in &- and a6-storey zipper braced
frames, R. Sabel{2001)concludel thatby having zipper column installetheinterstorey
drift demandis more uniformly distributed thathatin a chevron braced frarmevith
strong beamsBetween the two studied frames, that8rey zipper framahows better
seismic performance that thestorey frame, and match the expected behavior of zipper
braced frameBrace memberbave buckledat all floor levels and drifts are nearly equal
developed at each floo©n the other handor the 6storey frame, several discrepancies

have been observed. Instead of deflecting on the first mbedejeformed shape of the

a ¢
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6-storey frameapproximatedhe shape of the second mode of vibratioradditionthere
aresignificant buckling and tension yieldingbserved in zipper columrd the 6storey
frame which was judgednconsistent with the expected performance of zippacdu

frame.The behavior of a chevron braced frame with weak zipper columns is stetovn

in Figure 23.
a} TL h} %
Brace buckling Brace buckling
Zipper yielding Zipper buckling
Beam hinging Beam hinging

Figure 2.3Behavior of zipper braced frame systeithweak zipper colum(Tirca &
Tremblay, 2004)a) zipperyields in tension; b) zipper buckles in compressi

2.1.4 Strong Zipper strut approach

To limit the inelastic behavior within braces, Trembdan Tirca(2003)proposed another
design methoavith the aim of maintaining thaeipper columns to behave elasticaliyder

severe ground motionBased ornhe proposed method4-, 8 and 12storeyzipper braced
frameshawe been designed and studidthe resultsregarding thenelastic behavior of

aforementioned braced frames have shdvatthe zippermechanism cabe developed
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eitherin tensionor in compressionand these two critical scenarios can be treated- sep
rately.For the scenario of zipper acting in tensi, brace buckling initiates at the bottom
storey and propagates upwan the frame. Thereforeipper columns are subjected to
tensile forces due tonbalanced vertical forces resulted fréme subsequent buckling of
braces as shown in Figureda). On the other handpr the scenario of zipper acting in
compressiornthefirst brace buckleat the top floorand therpropagatedownward. In this
case,the unbalance vertical forcese transmittedrom braces to the midpan of the

beams, and eventualisansferredo zipper columns as compression forces (Figure 2.4 b).

f

b)

—} gy
Brace buckling Brace buckling
Brace yielding Brace yielding

Figure 2.4 Behavior of zipper braced frame system with strong zipper co{linoe &
Tremblay, 2004brace buckling initiated a) at the base; b) at the roof.

Under thesescenarig, zipper columns are designed to rgathe unbalance load
generated due to the buckling of brace membEngrefore,two scenarios have been
proposedzipper in tension whehrace buckles initiated at the ground floor aifper in

compression whehraces buckles initiated at the top floor of thecture In both cases,
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the zipper struts are designedctarry either the maximum tensiterce or compressive
force which is expectetb be transferred and is dependedttos buckling/posbuckling
and tensilecapacity ofbraces. In Figure 2.5, the twdbuckling scenarios are shown under

the sequential triangular load pattern distribution

—_ —_—
=Tu =C'u =Tu =Cu =<Cu =Cu =<Cu =Cu
— —_
=Cu =Tu =C'u =<Cu < Cu =<Cu =Cu
—
=Cu <Tu =C'u <Cu =Cu =Cu
> —=
=Cu =Cu <Cu =Cu <Tu =C'u
—p-
<Cu < Cu =Cu <Tu =Cu
e —
<Cu =<Cu =Tu =Cu =Tu =C'u
< <+ -+ <«

Figure 2.5Transfer nechanisms and lateral load distributions adoptedkesignthe
zippers wheirace buckling initiating at the: a) upper floors; b) lower flogfsrca &
Tremblay, 2004)

Under the circumstance of zipper columns behavirgjastic stagéstrong zipper,)
the design methodroposed by Tremblay and Tir¢a003)is able toestimate tb max-
mum tensileand compressive foroenvelopdevelopedn zipper columnsindervarious
ground motion egitations.

Furthermore, several assumptions have been made in this research to make the detalil
calculations of the maximum compressive forces in zippeimnseasible Some of them
follow Khatib and Mahinbés assumptions when

applied assumptions are listed below:
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1 The applieddteral loads assumed to vatynearly from a maximum value reached
at the roof leveld zero at tk level below the studied level (triangular shape);

1 Plastic hingesire assumed form at the midlength of thebeams wher the buckled
braces are connected;

1 Braces are assumed to maintain th@iobablecompressive strength,,Con the
vergeof buckling, and their strength will drop to the pbsicklingcapacity C,6right
afterthebuckling occurs;

1 It is alsoassumed thathe compressive forcéransmitteddownward throughhe
zipper column of the studied level is carried compldbglthecompressive braces at
the levelbelow. Thereforewhen the zippecolumn ofthe studied level reachés
maximum compressive force, the compresdirace at the floor below will be upon
buckling, i.e. the compressive force in the brace reachesdbmblecompressive
capaity, C,, as shown in Figure 2&).

Meanwhile, to calculatthe maximum tensile forces in the zipper columns tfiie

following assumptions are made:

1 The lateral load is assumed to vary linearly from a maximum value at the first floor
(when the tensile force developed in the brace of the first floor is smaller or equal to
the probableyielding force, T, the corresponding force in the compressive brace
reaches the probable post buckling I@dandall braces belonging to the tier werd

study reactla force¢ C,) to zero at the floordcated above thetudylevel.
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1 Plastic hinges form at the mg&panlength of the beamsdcated above the buckled
braces;
1 The zipper column of eadtoreyis designed to carry the cumulated difference of the
tensile force developed in the brace versugptiobablepostbuckling force Goon
the subjected storg¥rigure 2.5 b).
To summarizethe proposed methasl ableto estimatethe zipper columfoadsand
their elastic seismic behaviarinder crustal ground motioniselastic responseareob-
servedin all studied structuresHowever, under the neéield and Cascadia (subduction)
ground motionsdynamic instabilitymay occurin the 12storey buildingafter the fa-
mation ofa full zipper mechanisnirhis study has underlined the requirements of future
research and the validation of the proposed design method against different pattern loads
distribution over the building heighteside theonsideredgequentibtriangular pattern.
2.1.5 Suspended Zipper strut approach
Simultaneously with the research carried out by the aforementioned resedrcibendp
Leonand Yang(2003)from Georgia Institute of Technologlgave proposed a miie¢d
zipper braced frame al | ed A s us p e nTtheodiffed gysieenrcaistsofa me 0
zipper frame system withfzat truss located at the top floor level. The purpose of having
this modification is to keep the top level braces behaving in elasge rand to avoid the
formation ofa full-height zipper mechanism. In this approach, the failudeimedwhen

the partial height zipper mechanism is formed.
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In a suspended zipper frame, the top level braces remain in elastic range, while all
other compression braces in other stories have buckled. The function of the suspended
zipper columns is to transféne unbalanced verticébads developed due to the beac
bucklingatfloors below and tsupport the beams thiteir mid-span As a result, beams can
be designed to form plastic hinge at mjghn. Therefore, significant savings in the amount
of steel is made for sizing beams to perform in the plastic rangawiele, the system ba
a clear force path which makascapacity design faull the structural members straight

forward. The configuration and expecteeéhaviorof suspended zipper franeshown in

Figure 2.6
(a) (b)
Hat truss in the Yielding
suspension system §
<= Buckling
Yielding braces Buckled braces %
m

Roof displacement

Figure 2.6Behaviourof ZBF withsuspendedipperstrut (Yang, Leon, & DesRoches,
2008)

In their research, Leon and Yamgmed to prevent the formation of fuleight
mechanism, and especiallyey focused on the case of brace buckling at lower stories.
During the pocess of forming partigieight zipper mechanism, that trusshelps to e-

direct the unbalanced forces into the exterior columns which transfer the forces back to the

base.
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The loading path of suspended zipper braced frame is well defiBedausehe
zipper struts transfer all the unbated forces to the top storey, the membérhe hat
trussare designed to behave elastically and thus, larger sections are relgquaedition
along with the increase of the number of stories, the amountad@sf@arried by the hat
truss can bsubstantiallyincreased. In that case, the crgsstions of hiatruss members
became unacceptable large, which creates construction challenges and decreases the
costefficiency of the system. Therefore, the suspendgakz frame structure is limited by
the height of the building or in other wordby, the number of stories.

2.2 Past studies on higkrise buildings with outrigger and belt truss system
2.2.1 Need for Highrise buildings

The designof hightrise buildingsrelayson many factors such as economicssae
thetics, technology, municipal regulations, and politics. Amongtitiee economic aspect
is always the primary governing factédong with the economic demand and the derl
wide architectural trendaninnovative high risebuilding structural system iseededIn
this light, someinnovative structural systemase:tubes, megdrames, corendoutrigger
systems, artificially damped structures, mixed steglaete systemsind otherqAli &

Moon, 2007)
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2.2.2 Generalitiesregarding the outrigger and belt systems
The outrigger truss system was applied in the Place Victoria Office tower in Montreal in
1965. Since then, the outrigger concept has been widely used in the design of high rise
buildings. Inouty ger structures, fAoutriggerso are u
outboard of the building to the lateral load resisting core which can be either shear wall or
braced frame. This approach mobilizes the axial strength and stiffness of exteriarolum
to provide(Taranath B. , 1975)esistance to the overturning moment caused by lateral
forces. Meanwhile, by adding outrigger trusses the overall stiffness of the strunture i
creases. However, the conventional outriggersesshave disadvantages suitiat
spaceplanning limitations and the requirement of developing special details for dennec

ing these trusses to the structural system

The development of outrigger braced frame system startdd6 7 0 s . Ta-h u s ,
nath (1974)examined the optimum location of a sinddelt trussadded to the structural
system with the aim to reducaeandhabmesdnted | di ng
simple method of analysible also concluded th#te optimum location ahe belt trusis
at 0.445 times the building height measured from theNmgNabb et al (1975) verified
Taranatld $1974) procedure ancecommendedhe optimum location of two outrigger
trussesHe investigated the controlling factors of drift reduction in outriggeicture and
statedthat the optimum locations fdwo outriggers added to the braced frame system

should bed.312 and 0.688mes the building height, respectively, measured from the top



Page|23

of the building. Later on, Smith at al. (1991) proposed simple approximate guidelines for
determining the location of the outriggdis preliminary analysis of outrigger braced

frames.

In the above investigationd,is assumed thainder the wind loadinghe flexural
rigidity of the core and axial rigidity othe perimeter columnare uniform along the
building heightandthe lateral force is also uniformly distributed along the building height.
However,years beforeRutenberg et gl1987)found that the abowaentioned parameters
are not uniform along the building height, when a struciutie outrigger trusses can-
sidered Later on,Hoenderkamp et al (28D presented a simplmethod of analysiand
recommendeidt to be usedor the preliminary desig of highrise braced frame with ¢u
rigger trusses under lateral loadirkurther, Hoenderkamp et al (2008) investigated the
optimum locatiorof the second outrigger by considering the location of the first outrigger
truss at the top floor. All of the above studasarlyshow that the location of the owggi

gers has a significant contribution regarding drift.

Traditionally, the outrigger trussesirectly connect the earthquake resisting core
(shear wall or braced fram@)theadjacent and exterior columns as is showFigpire 2.7.
In this example illustrated by R.S. Nair (1998)p sets of double spiX outrigger trusses
developed over three storey levels and located at theamitopheight of the building are

addeal to connect the core to the exterior columns
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Shear wall or
braced frame
core

Qutrigger
truss
connected

directly
Column — to core

Figure 27 Atall building with conventional outrigger trusséR.S.Nair, 1998)

Depending on the design demand, the height and location of the outrigger truss can
be various. Thus, shallowand deeper trussean be used in different configtiens and
the number boutriggers over the height die building caralsovary from one tdhree or

even more, depending on building height and wind or earthquake forces.

In order to enhance the lateral resisting performance, the subjected bhadihm
possess enough stiffnesat can be achieved by minimizing the overturning moment
causedy lateral loads. Adlustrated in Figure B, when lateral loads are applied to the
structure,the outrigger trussesestrainthe rotation of he core and convert part of the
overturningmomentdeveloped in the core as a vertical couple which triggeas fmxces
in the exterior columnslhis behavioural characteristic is illustrated by Buyukozturk and
Gunes (2004) as well and is shown in Figure ZlKerefore, the input energy from the

lateral load will be then dissipated by shorterangl elongation athe columns as well as
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deformation otrussesThis effect will reduce the bending moment (overturning moment)
in the shear wall or braced frame fréime outrigger level to the base, and it will eventually

reduce the horizontal deflections of the struetur

—_—
Shﬁar /J
> - wall or
- . braced X
frame

Transfer of forces
from core to outrigger columns

Figure 2.8Forces transfer in conventional outrigger truss@R.S.Nair, 1998)

However,regarding the use of conventional outriggesesyeralshortcomings have
been pointed out b{R.S.Nair, 1998)
1 The space occupiday the diagonal trusses implies functional limitshet floorsat

which the outrigger trusses dozated.

/

Outriggers > Braced
— core

L

Tension =

NS

[

Compression

7 7 7

Figure 2.9 Deformed shapes of CBF in Higee building with outrigger trusses
(Buyukozturk & Gunes, 2004)
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1 Conventional outrigger trusses placed insidestinecturenormally have an impact
in thearchitecturakpace
1 Connections of the drigger trusses to the shear wall require special degiich
may end with designing a complicated mechanism
1 In most cases, under gravity load, the shortening of the core and the exterior columns
is not equal. By adding outrigger trussdsese arable to restrain the difference of
shortening between the @and the exterior columnshile are overcomindarger
stressesFor structural systendesign stiff and largecrosssections are required
whichimplicitly cause théoss of cosefficiency characteristic
2.2.3 Analytical method of finding the optimum outriggy truss location
As noted aboveTaranath (1974, 197%jas proposed a simplified method of analysis
the outrigger braced frame structurése assumedhatbelt or outriggerntruseshave inf-
nite bending stiffnesdn addition, hdound an optimuniocation for the belt or outrigger
trusses and concluded that finding tloisationis a significant factomhich influencesthe

reductionof thelateral drift.

In order to study the optimum location of belt trusses belonging toutnigger
braced frameTaranath(1974) made an analytical model, which is illustrated in Figure
2.10. The outrigger truss was located at a distance x from the top, and a compatibility

method was applied to find the optimum locationhi$ sirgle truss configuration.
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Figure 2.10 Analytical Model for studying the optimum locatioa sihgle outrigger
truss(Taranath B. , 1974)

The method consists of matching the rotatmfriateral resisting core with that of tiee-

terior gravity columns. From the compatibility relation, the restoring momerdathhe
location of the outrigger is evaluatdelrthermore, the deflection of the lateral resisting
core athetopfloor leveldue to the restoring couple is calculated araximized using the
principles of calculus. The solutiarf the mathematic derivatiagives an optimum value

of x at which the deflection of the lateral resisting core is minimized, and this location x is
defined aghe optimum location for single outdgr truss configuration in terms of drift

control. Thus, the optimum location was found as being x = 0.445L which means that the
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best location for adding the outrigger truss is at 0.445 times the building height measured

from the top.

Furthermore, Taranlat(2010)gave some recommendations tbe optimum lo@-
tions ofasingle andnoreoutrigger trusseshownin Figure 2.1 by using the principle of

minimizing theinterstorey drift:

1 The optimum location ad single outrigger truss is not at the top level. The reduction
in drift by adding a top truss can be about 50%. On the other hand, the reduction in
drift by having the truss at the mid height is about 75%. However, combining the
serviceability and archetctural requirements, the benefits of placing the truss at the
top are still preferable.

1 For atweoutrigger structure, there aadew options regarding the optimum location
Practically, the optimum drift reduction can be achieved when the outriggers are
added alocations completely different from the theoretical optimum locations under
various circumstances. Therefore, the engineer and architect may have alternative
options in choosing the outrigger locatiomfieoretically,Taranathmentioned that
theoptimum locatiorfor two outriggesis: 1/3 and 2/3 of the building heights. For a
threeoutrigger structure, the optimum locations should be at theqoaeer,

onehalf, and threguarter heights, and so daenerally for an economical design
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theoutrgger s should be placed at (1/ n+1),

height locationswhere n is the number of outrigger trusses

hi2

3h/5

h

(d)

Figure 2.11 Optimumlocationsfor different outrigger trussslocations a) single truss,
b) two trusses, c) thraeusses, d) four truss¢$aranath B. , 2010)

2.2.4 Graphical method of optimum location of outrigger and belt truss system

Based on the same compatibility method in which the rotations of the lateral resisting core
at the outrigger hels are matched with the rotations of the corredpmnoutriggers
Bryan Stafford 1991)developed a graphical methwdorder to findthe optimum location

of outrrigger anfbr belt truss systems.

According toStafford (1991) thenumber of compatibility equatians relatedo the
degreeof redundancyHe considered that single outriggeistructurehas one degree of
redundancya two outrigger case is twigedundantand so onThe compatibility eqa-

tions state the equivalence of the rotation of the lateral resisting core to the outriggers.
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Meanwhile, the rotation of the latenadsistingcore is expressed in terms of its bending
deformation, and the rotation of the outriggersejgresented by the axial deformatioin

exterior columns and the bending deformation of outriggers.

Following a similar conceptStafford (1991) develogd a set of nordimensional
parameters) and b which expressed theoreto-column and cor¢o-outrigger rigidities,
respectively. Involving the relation of lateral deflection of outriggérsabove two p-
rametersan becombined into a single parameter The parameter is nonrdimensional
and representa characterist structuralparameter for a uniform structure with flexible
outriggers. He also states thath all other structural properties remaining constémgre
i s a r e dastbeoutriggeés fiexural stiffness increased, and thaincreases as the
axal stiffness of the column increased. Therefore, for a range of valtieshe results of
optimum location can bgraphically plotted Thus, for anyconfigurationof outrigger
structurehavingspecific element properties,can be calculated and used éetermining
the optimum location for the outriggers in terms of mizing lateral drift. The graphs of
¥ vs. outrigger locations for different number of outrigger configuration are given in

Figure 2.2.
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Figure 2.2 Optimum locations for outriggers: a) single outrigger, b) two outriggers, c)
three outriggers, d) four outriggef8ryan Stafford Smith, 1991)

2.2.5 The concept of Wtual outrigger system with belt truss

With the aim of eliminatinghe aforementioned drawbacks of conventional outrigger
systemsStafford Smith, M CruvellierandMJ Nollet (1996)proposed anodified design

of outrigger systent al | ed A Vi r t u #offset outriggern trysg)enlike the u s s 0
conventional outrigger concepthich has the outrigger trusses connettetie coreand

the outboard columns in order to transfer the overturning moment from the lateral resisting

core to exterior columns in the formwértical couple,int he Avi rtual ¢ outr |
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the same process is achiewgithout considering outrigger trusses as the connecten b

tween the core and exterior columns.

The basic idea behind the wial outrigger concept is to make useflobr dia-
phragmsn company wth perimeter belted trusses. The floor diaphragregypcally very
stiff and strong in their own plane and are designetdatosfer morant in the form of a
horizontal couple from the core to trussében, thebelt trusses convert thieorizontal
couplesinto vertical direction and uniformly distribute the vertical couples in the exterior
columns on the perimeter of the structure. Eventually, the exterior columns transfer the

vertical couples to the base.

Figure2.13showsan elevatiorview of the same bilding illustratedin Figure2.10,
exceptthat in this case, there are belt trusses on the perimeter to increase the building

stiffness, while the core is in the middle part of the building.

| T
A
‘f
Shear wall or ' =
braced frame -
core = Belt truss
o as "virtual’
vl outrigger
Exterior ——
Columns ——-Ea'qﬂ
‘_:I t
| 1
i i |
o
i B
¥ g 2]
T
i |

Figure 2.13 AVirtwithahbelttogfR.8.Nag,d®8) bui | di

n
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Theprocess of converting part of tbeerturning momerdevelopedn the coreinto
a vertical coupland transferred tde exterior columns ishownin Figure2.14. Both top
and bottom flanges of the bdlusses participate to constrain tlotation of the core
therefore part of thebendingmomentgeneratedn the core is converted into a horizontal
coupleand carried by the floor diaphradfigure2.14a). After that, thishorizontal couple
is thenconveted by thebeltedtruss into vertical forceand is transferred tthe exterior

columns (Figur.14d).

.

. Floor
Shear diaphragm
wall or
braced
Floor frame |
diaphragm A

~_ _~

(a) Transfer of farces
from core lo fioor diaphragms

I Floor diaphragm | -
| 7\
L/ N1/ | \

K—
)

1 (b) Transfer of forces
from floor diaphragms fo columns
through belt truss

Floor diaphragm

4

Figure 214 Forcestransferred byusing belt trusssas virtual outrigges (R.S.Nair,
1998)
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By using the above modéd systemR.S.Nair (1998) stateithe following benefits:

1 There are no space required to pass trusses between the core and the ekternal co
umns.

1 There are fewer constrairdatthe location of exterior columns. Since the requirement
of having largerexterior columns which are connected to the core by vertidal ou
riggersis not needed in the virtual outrigger system.

1 All exterior columns participate in resisting overturning moment.

1 Thereis not special typef connection to join the outrigger trusseshe core.

1 Complications caused by differential shortening of the core and the outrigger co
umns are avoided.

2.3 Studying the use of computer program------Drain-2DX

DRAIN-2DX is a general purpose computer program for static and dynamic analysis of
plane sructures. Itis capable operforming either nonlinear static or dynamic analyses.
For dynamic analysjst considers ground acceleratiogsound displacements, imposed
dynamic loads (e.g., wind), and specified initial velocities (e.g., impulse loadioge-

over, both watic and dynamic loads can be applied in any sequence.

Drain-2DX uses analytical models to simulate the inelastic behavior of structural

members. Depending on the purposes, particular element type is implemented in

Drain-2DX, for instane, element type 02 is used to simulate the inelastic behavior of
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beamcolumn members, and element type 05 is used for modeling inelastic behavior of
brace members. Therefore, the setup of D2aXX modelis a straighforward process due

to the aforementioed feature.

Drain-2DX has been widely used in the field of structural analysis sin@B@serhe
previousstudiesof zipper frame structure presentadSabelli(2001) Tirca and Tremblay

(2004) as well as Yang and Le@¢®003) were allconductedn Drain-2DX.



Page|36

CHAPTER THREE

Design Methodology of Zipper Braced Frame and Outrigger Trusss

The zipper braced fram@&BF) structurdas designedased on the strong zipper approach
proposed by Tremblay and Tir¢a003) The ZBF system is defined as a concentrically
braced frame in chevrdoracing configuration to which a vertical member, labelgd zi

per column, is added with the aim to join the beams of two adjacent floors at the
beamto-brace intersection point. TB, by adding zipper columns, several braces are
triggered to yield and buckle almost simultaneously, while the formation of storey
mechanism is prevented. However, previous studies recommended to limit the height of
this system at 18torey. To overcoménis drawback, in this study, the author proposes to
add an outrigger or belt truss to the existing ZBF system, whelelesigrof the outrig-

ger trussfollowed the concept of displacement compatibilitgethod proposed by
Stafford& Salim (1981)andthe graphic method developed Bgpenderkam® Bakker
(2003) In this study, design is conducted in agreement with the NBQI aad

S162009 provisions.



Page|37

3.1 Design methodologyof Zipper braced frame structure

According to Tremblay and Tirc@003) the design of zipper braced frame follows the

procedure given below

1 In the first step, th&€BF memberssuch as: braces, beams, and columns ere d
signed;

1 In the second step, all zipper columns are designed as texsmpgression nra-
bers, which must be proportioned to behave elastically while carrying forces tran

ferred from braces and adjacent zippers.

3.1.1 Calculation and distribution of seismic forces

In the preliminary design, the equivalent static force procedure is applied to calculate the
seismic forces. According to the NBQXDO5, the base shear, V is a function of design
spectral acceleration value, g(Tthe high mode factor, \Mthe importancéactor, E, the
building weight, W, the ductilityelated force modification factor,Rand the owve
strengthrelated force modification factor,,RBy combining all the above parameters, the

base shear equation is given below:

@ YYD Owj Y'Y (3.1)
For a seismic force resisting system (SFRS) designed wihLF, theNBCC2M5

also requires that V shall not be less than:
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®  Yc81h Omj Y'Y (3.2)

and not larger than:

6 -YTg 0w Y'Y (3.3)
In addition for a building with a fundamental period larger than 0.7s, the seismic force
shall be distributed in such a way that a portion is concentrated at the roof |eaal] F
the reminding amount (%) is distributed along the building height. Thus=F.07TV
but should not exceed 0.25V. The distribution of the base shear force is illustratgd in Fi

ure 3.1 and is based on the following equation:

Fi=(V-F)Wh/B ® Q (3.4)
whereh, is the total height of the structure; &hd W are the storey force and seismic
weight of the I floor, respectively; and;his the height of thé"ifloor measured from the

ground floor level.

hn

hi

w&llll

A\

Figure 3.IThe distribution of seismiorces
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3.1.2 Design of braces in chevron configuration
Brace members resist the combination of storey shgand gravity load component
transferred from the above storey to the
2005 loading combination1.0E + 1.ML +0.5LL + 0.25SL. Based othis design e-
quirement the storey shear in th& floor is equally distributedamong the tensile and

compressive brace as follows:

Tf(i) :Cf(i) = Vi/(Z(B é—i— (35)
Following the design regulation, tltmmpressive and tensile resistance of braces

should be larger than the factored lqadkile the Gand T, are given below

6 TMop _ 7 (3.6)

Y T@ol0O (3.7)

where,A is the crosssectionalareaof the brace membeF, is the strengtiof steel mag-
rial, = 1.34 for hotrolled, fabricated structural sections, and hollow structural sections

manufactured according to CSA Standard G40.20, Class C -f(oohtd

nonstressrelieved)a n d theslenderness ratio.

3.1.3 Design of beams and columrns concentrically braced frame
The beams and columns in CBF shall be designed by applying the capacity design co
cept.

1 Beam design
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The beams in braced frames are not only carrying gravitys livach the floor but also
an extra portion of load transferred from the braces in the same floor. Thedefoeal-
ing on braces buckled or not, two scenarios should be considered:

- In thefirst scenariobraces have buckled and beam has lost its support from the
bracesln this case, the beam should carry the entire gravity component DL+0.5LL
without considering braces support. In addition, it should carry the axial Bad d
veloped when the compressive brace reached the probablbystiihg strength
Cl= 0.2ARRy, and he tensile brace may reach the probable yielding strength T
AR,F,.

- In the second scenario, braces are on the verge of buckling and support beams at
their midspan. The compression braces reach their probable compressive strength
Cu = 1.2(R/9)C,; whit Ry = 1.1 and« = 0.9 and the tensile braces have their arob
ble tensile strength as, ¥ ARyFy.

1 Column design
In this study, columns of CBF are designed as continuous columns over awo adj

cent stories and should be proportioned to resist the gravity |@attiition to the vertical
projection of braces capacity in compression. Herein, the vertical projection of tensile
forces acts as uplift forces. In addition, a fraction of bending moment computed as
0.2ZFy must be considered in interaction to the axiakfondere Z is the plastic section

modulus of the column section.
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3.1.4 Design of zipper columns
For zipper columns design, two scenarios are considered. Thus, to design zippers loaded
in tension, it is assumed that brace buckling is initiated at the groundldhosr and
buckling is propagating upward. Similarly, to design zippers acting in compression, it is
considered that the first buckling brace is located at the most upper floor and propagates

downward. With the aim to simplify the desjgwo assumptionsra made:

1 For simplicity, plast hinges are assumed to formtheé midspan of the beams
where the buckled braces are connected,;

1 Itis also assumed that braces maintain their compressive strength constantly as C
until they buckled. If the brace buckles at ground floor level and buckling isprop
gating upward, at the level of calculation the brace reaches its buckling strength,
braces below have reached their gmstkling strength while braces in the remai
ing upper floors are still able to develop their compressive capacity while suppor
ing the zipper column.

In this study, the selectestructures are a i1&orey and a 16torey building located
in Victoria, BC. Based on the concept presented above, two sceohhboscebuckling
areconsidered to capture the maximum tensile and compressive force develoged in zi
per columns. In general, for the-1&hd 16storey buildings the higlt modes effect will

influence the ZBF behaviour. However, it is uncertain whitkhese twaoscenaris nor-
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mally happens during an earthquake; moreover, for most of the time both cases can be
encountered during the same ground motion excitation. Therefore, for plotting the zipper

force envelope in tension and compression, both scenare required.

For the first scenario, buckling is initiated at the first floor and the unbalanced force
is transfer to the zipper column located at the lower floor while all other members remain
in the elastic range. Thus, the attached zipper colurnavies in tension and it pushes the
compressive brace belonging to the floor above to buckle successively. To summarize,
after the compression brace of the ground floor has buckled, its compressive strength
equates the probable pdmickling compression €ngth, G iwhile the corresponding
tensi |l e breahye its ¢probaldenténsile strength, I Therefore, the unba
anced force developed when a brace reaches®d the other ¢ is transferred to the
attached beam which hinges in bending wlile zipper attached from the above iglfoa
ed in tension. This type of load transferring mechanism is propagated above. Thus, the

tensile force developed in the zipper column of the second floor is calculated as:

“Yq Yy Gag OB+ 10 {70 (3.8)
w h e rqés,the dngle between brace member and the horizontal lipeisNhe plastic
moment of the attached beam and,4My, is the applied concentrated force correspon

ing to the development of ) Successively, the computeghsile force triggered in i
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per T,2is transferred to the zipper above as, While forcing the corresponding brace to

buckle:

i Yy 6y OBF 1O IOV (3.9)
FollowingKhatibet ald s ¢ q19&Bgaftdr the first brace of the ground floor level has
buckled, the buckling of braces will propagate upward, and all braces in the compression
side will reach the verge of buckling almost simultaneously. Therefore, to drawnthe te

sile force envelope, (1) cases must be evaluated, where N is the total number of stories.

On the other hand, for the second scenario which evaluates the maximumszompre
sion forces in zipper, brace buckling initiates at the top level of the buildingrapa-
gates downward. In this case, the maximum compressive forces in zipper columns can be
calculated by applying the similar procedure as for determining the tension foee env

lope.

3.2 The influence of pattern load selection on the preliminary design of zimy

columns

According to FEMA35G2000) different lateral load patterns influence the magnitude of
forces triggered in zippers. Therefore, in order to estimate the probable compressive and

tensile forces developed in zippers of the studied buildings,diff@rent load patterns
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(Triangular, Sequentidlriangular Parabolic, Sequential Parabolic) are considered in this

study.

To achieve more accurate results concerning the finding ofridsemum tension and
compression forces developed in zipper colurtimsfour lateral load pattermmentioned

above araised in this study.

According to FEMA35§2000) the lateral load JFapplied at any floor level x shall

be determined in accordance with the following two equations:

0 5 o (3.10)

(3.11)
Herein, G is the vertical distribution vector; k is a coefficient which is k = 2 forZTss
and k= 1.0 for T O 2.5 s. For intermediate
In addition, V is the design base sheariswthe building weight at thd'floor, wis the
weight of the ¥ floor, while hand k is the height from théase to the' floor and X"

floor, respectively.

Depending on the value &f the vertical distribution vectors can be calculated and

plotted as in Figre 3.2.
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Figure 3.2 Vertical distribution vectors of lateral forces with differe(@hken, 2011)

In this study, two conventional load distribution patterns: as triangular T).Rnd
parabolic (LPi P) are appéd and are shown in Figair3.3. In addition, tweequential
loading distribution pattemare added:-P i ST and LPi SPto the full height load &-
tribution patternLP 7 T and LPT P.

LP-T LP-P

Wy Iy

w, h,

N xT wy hy
oL N

-—

Figure 3.3 Lateral force distribution vecto€hen, 2011)

1 LP-ST: Sequential Triangulaiload pattern
As mentioned earlier in this chapter, the employment of th&THlistributed load fga

tern is similarto that used byl'remblayand Tirca(2003) as well as Che(2011) For
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both scenarios defined by zippers actingension and in compressiothe linear disti-
bution of internal forces is proportioned to the rati-Fand F/F, respectivelyln add-

tion, these forces are lit@d to the summation of horizontal projections of the probable
buckling strength, G and postuckling strengthCq, of braces, as well as the afferent
tensile force of the corresponding bradée sequential trianguldoad patternof both

scenarioss shown in Figur@.4.

LP-ST _ LP-ST R LE-ST
-C, -T -, T, Le,
=C, / =C, T .
" ce. / \ -,
=C, | = C, EC,
<G : t =C,
— — —
Scenano No | Scenano No.2 Scenano No3
b) =C.
=G, =C, =C,
=C =G =
<C, =G F T =C,
=Cu —Tu
=T, =C =T
LP-ST LP-ST
— D ——

Figure 3.4 Load pattern LPST: a) bucking initiates at top; b) buckling initiates at
bottom(Chen, 2011)

For example, wherthe brace bucklingnitiates at the first floor of the 1i&orey

ZBF building, the load distribution vectorsorresponding to the BT patternshould
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be{((2/2*F,)/F,= 1.00), (1/2*F)/F,= 0.50), 0.0, 0.@ ,0.G;, and wherthe buckling of
braces propagates to the secoftobr, the load distribution vectsrchanged to
{((3/3R)/F= 1.00), (2/3*F.)/F= 0.66), (1/3*F;)/F;= 0.33), 0.0 0.0¢ .0.G.. Thus,
when buckling of braces propagates at théidor, a general expression of tiéstribu-
tion vectorsis: {((i+1)/ (i+1)*F1)/F1, (1/(i+1)*F)/Fy,((i-1)/(i+1)*F1)/F1, € (1/(i+1)*F1/F,
0.0, é 0,0}. All the above exemplifications afeased orthe scenarion which thefirst
buckling brace is interceptedt the ground floor and zipper columnd & tension(see
Tables 3.2 and 3.4kor the secondcenariovhen zippers act in compressjdhe LRST

distribution vectors argivenin theTables 3.1and3.3 for the 16storey building

Table3.1 Sequential Triangular distribution vectors fgsessing the com@sve force
in zippers ofL2-storeybuilding

) fbrace bUCkled lz(h llth lo(h gth 8th 7th 6th 5th 4th 3th 2nd
Story No.

12 1 1 1 1 1 1 1 1 1 1 1
11 0.5|0.67|0.75/ 0.8/ 0.83| 0.86| 0.88| 0.89 | 0.9| 0.91 | 0.917
10 0 [ 0.33| 05|06|0.67|0.71|0.75| 0.78 | 0.8| 0.81 | 0.833
9 0 0 |025/04| 05 |0.57|0.63| 067 |0.7| 0.73 | 0.750
8 0 0 0 | 02]0.33/043| 05|0.556|0.6| 0.64 | 0.667
7 0 0 0 0 |0.17| 0.29| 0.38| 0.444| 0.5| 0.545| 0.583
6 0 0 0 0 0 |0.14|0.25| 0.333| 0.4 | 0.455| 0.500
5 0 0 0 0 0 0 |0.13|0.222| 0.3 | 0.364| 0.417
4 0 0 0 0 0 0 0 |0.111| 0.2| 0.273]| 0.333
3 0 0 0 0 0 0 0 0 0.1| 0.182| 0.250
2 0 0 0 0 0 0 0 0 0 | 0.091| 0.167
1 0 0 0 0 0 0 0 0 0 0 0.083
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Table 3.2 Sequential Triangular distribution vectors fassessing the tensile force in
zippers ofl2-storeybuilding

t. ofbrace buckled 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 1Oth 1lth
Story No.

12 0 0 0 0 0 0 0 0 0 0 0.083
11 0 0 0 0 0 0 0 0 0 | 0.091| 0.167
10 0 0 0 0 0 0 0 0 0.1|0.182| 0.25
9 0 0 0 0 0 0 0 |0.111| 0.2| 0.273]| 0.333
8 0 0 0 0 0 0 |0.13|0.222| 0.3| 0.364| 0.417
7 0 0 0 0 0 |0.14]0.25| 0.333| 0.4| 0.455| 0.5
6 0 0 0 0 |0.17|0.29| 0.38| 0.444| 0.5| 0.545| 0.583
5 0 0 0 [02]0.33/043| 05|0.556|0.6| 0.64 | 0.667
4 0 0 |025/04| 05 |0.57|0.63| 067 |0.7| 0.73 | 0.75
3 0 | 0.33] 05|0.6|0.67|0.71|0.75| 0.78 | 0.8| 0.81 | 0.833
2 0.5|0.67|0.75/ 0.8/ 0.83|0.86| 0.88| 0.89 | 0.9| 0.91 | 0.917
1 1 1 1 1 1 1 1 1 1 1 1
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Table 3.3 Sequential Triangular distribution vectors fgsessing the compression force
in zippers oflL6-storeybuilding

St. of brac
buckled 16" 15" | 14" | 13" 12" | 22" | 20" | 9" | 8" | 7" | 6" | 5" | 4" | 3" | 2™
Story No.

16 1011|1121 |21|1]1]|a1 1 1111

15 0.5|0.67|0.75| 0.8 0.83]0.86|0.88| 0.89|0.9| 0.91 |0.917/0.923(0.93|0.93| 0.94
14 0 |0.33/ 0.5|0.6|0.670.71/0.75| 0.780.8| 0.81 |0.833 0.846| 0.86| 0.87|0.88
13 0| 0 |0.25/0.4|0.50.57/0.63 0.67|0.7| 0.73| 0.75|0.769 0.79| 0.8 [0.81
12 0| 0| 0 (0.2[0.33/0.43| 0.5 |0.556 0.6| 0.64 |0.6670.6920.71|0.73(0.75
11 0| 0| 0| 0 [0.17/0.29/0.38/0.444 0.5|0.545/0.583 0.615| 0.64|0.67|0.69
10 0| 0| 0| 0| 0 |014]/0.250.3330.4/0.455 0.5 |0.538/0.57| 0.6 [0.63
9 0| 0| 0| 0| 0| 0 [0.13/0.2220.3/0.3640.417/0.462 0.5 |0.53|0.56
8 0| 0| 0|0| 0| 0] 0101110.2/0.273/0.3330.3850.430.47| 0.5
7 o/l o|o0|O0|O|O] O] O |0.1]0182 0.25/0.3080.36| 0.4 |0.44
6 ol o|o|o0o|O|O]| O] O |O01/0.0910.1670.2310.29/0.33/0.38
5 o|lo|o|o|O|O|O]| O |0O]| O [0.0830.1540.21/0.27/0.31
4 olo|lo|o|lOoO|O|O|] O/ |O|] O/ 0 [00770.14| 0.2(0.25
3 olo|lo|o|lo|O|O]|] O] |O|] O/ O] O |0070.130.19
2 olo|lo|lo|lo|lO|]O|]O]|O|]O]| O] O/ O}007013
1 olo|lo|lo|lo|O|]O|]O|O|]O/| O}] O/|O]| O/|006
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Table 3.4 Sequential Triangular distribution vectors fassessing the tensile force in
zippers ofl6-storeybuilding

St. of brac
buckleg st 2m [ 3 g g e | 7 g 9| 10" | 11" | 12" | 13" | 14" | 15"
Story No.

16 olojoflojo|lO|O|O]|O|O|O}| O]/ O] O/|006
15 olojoflojOo|O|O] O0O]|O]| O 0 0 | 0 |0.07/0.13
14 olojoflojo0o|O|O] O0O]|O]| O 0 0 [0.07/0.13|0.19
13 olojoflojOo|O|O] O]|O]| O 0 [0.077/0.14| 0.2 |0.25
12 o/lo|o0o|0o|O0O|O|O]| O|O| O [00830.1540.21/0.27/0.31
11 0|0 0|0| 0| O0O]| O] O | O /|0.0910.1670.231 0.29/0.33/0.38
10 0O/ 0| 0|0| 0| O] O] 0 |0.1]/0.182 0.25[0.3080.36| 0.4 |0.44
9 0| 0|0 |0] 0| 0] 0 [0.1110.2/0.273/0.333/0.385 0.43/0.47| 0.5
8 0| 0] 0 |0] 0| 00.13/0.2220.3/0.364/0.417/0.462 0.5 |0.53|0.56
7 0| 0] 0 |O0]| O |0.14]/0.25/0.333 0.4|0.455/ 0.5 |0.538 0.57| 0.6 |0.63
6 0| 0| O | 0]0.17/0.29/0.38/0.444 0.5|0.545/0.583 0.615/ 0.64|0.67|0.69
5 0| 0| 0 [0.2]0.33/0.43| 0.5|0.556 0.6 0.64 [0.6670.692 0.71|0.73|0.75
4 0| 0 |0.25/0.4| 0.5|0.57|0.63| 0.67|0.7| 0.73| 0.75|0.769/0.79| 0.8 |0.81
3 0 |0.33/ 0.5[0.6/0.67|0.71/0.75| 0.78|0.8| 0.81 |0.833/0.846/ 0.86|0.87|0.88
2 0.5(0.67|0.75| 0.8/ 0.83/0.86(0.88| 0.89|0.9| 0.91|0.9170.923|0.93/0.93|0.94
1 1|1 (1|11 |1|1]1]1]1 1 1 | 1]1]1

1 LP-SP:SequentialParabolicload pattern

This pattern load depicts a parabolic distribution applied in sequences as described above
for the LRST patternThus, the values of lateral forcetecreasérom maximumto zero

along a sequential height of the building where stories with buckled braces are assumed
to be interceptedTo assess the development of compression forces in zipperssi is a
sumed that the first brace buckles at the top floor and buckling of brageagptes
downward, while forthe tensile forces estimation it is assumed that buckling of the first

brace isinitiated at the bottom floor and evolvepwardas shown in Figur8.5. To cd-
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culate thedistribution vectorsC,y, equation 3.1 is appliedand the unknown exponent
factor, k is related to thdundamentalperiod of the structurel;. According toNBCC

2005, T; can becalculatedasgiven bellow

T1=0.025k (3.12)
where hy is the total height of the structure. According to NBZD5, if the fundame-
tal period of the structure calculated from a dynamic analysis is equal to or greater than

2Ty, it will be taken a®T;. For the 12storey building studiedyy is 45.6 meteand

LP-5P LP-SP N LP-SP
) \ /éﬂu \'\ c, -7 =Cs =T .
% -C, T, _c, T, Le
/ =G v =G T c,
- C, Yo <C, =C,
-c, v -c, \_-c.
it i :
/ =C, <G =
- = - o
— — Af—
Scenano No.l Scenano No.2 Scenano No3

5Cu

L I ”H \ e
DTN [ BTN .

4Tu =C'u < Te =C'n < Ty -u

EL=" - =Cu

b}

e
5Cu ! . 20

- D —

Figure 3.5 Load pattern LPSP: a) buckling of braces initiates at top; b) buckling of
braces initiates at the botto(@hen, 2011)
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T,= 2.28 s thereforek= 1.89 For the 16storey buildinghy is 60.8 meterT; = 3.04 s

andk = 2. The detailed LFSP distribution vectors for both scenaragplied to thel2-

and 16storey buildings are summarizedTliables 3.5t0 3.8.

Table3.5 SequentiaParabolicdistribution vectors foassessing the compressive force in

zippers ofl2-storey building

otbrace buckled [ on | qqn | 100 [on | g0 | 7 | 60 | 0 | 4n| @ | 2
Story No.

12 11|11 1]1 1 1 1] 1 1

11 0.5|0.67|0.75| 0.8 | 0.83| 0.86| 0.875| 0.89 | 0.9| 0.91 | 0.917
10 0 |0.33| 0.5|0.6|067|0.71| 0.75 | 0.78 | 0.8| 0.81 | 0.833
9 0| 0 |025/04| 05 |057|0.625 0.67 | 0.7| 0.73 | 0.75
8 0| 0| 0 |02[033|/043| 05 |0.556|0.6| 0.64 | 0.667
7 0| 0| O | 0 |0.17|0.29|0.375| 0.444| 0.5| 0.545| 0.583
6 0| 0| 0| 0| O |014| 0.25|0.333|0.4|0.455| 0.5
5 0| 0| 0 |0| O] 0 |0125]0222|0.3]0.364|0.417
4 ol oo |0l O] 0| O |0111|0.2|0.273|0.333
3 o|o0o|o0o |0l O0] O] O 0 |0.1|0.182| 0.25
2 o|o|o0o|0o|O0] O] O 0 0.091| 0.167
1 o|o0o|o0o|O0|O0] O] O 0 0 |0.083
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Table 3.6 SequentiaParabolic distribution vectorsforassessing the tensile force in
zippers ofl2-storeybuilding

of brace bucklet 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 1Oth 1lth
Story No.

12 0 0 0 0 0 0 0 0 0 0 0.083
11 0 0 0 0 0 0 0 0 0 | 0.091]| 0.167
10 0 0 0 0 0 0 0 0 0.1] 0.182| 0.25
9 0 0 0 0 0 0 0 0.111| 0.2 | 0.273| 0.333
8 0 0 0 0 0 0 | 0.125| 0.222| 0.3 | 0.364 | 0.417
7 0 0 0 0 0 |[0.14| 025 0.333|0.4| 0455| 05
6 0 0 0 0 | 0.17] 0.29| 0.375| 0.444| 0.5| 0.545| 0.583
5 0 0 0 [0.2]|033|043| 05 |0.556|0.6| 0.64 | 0.667
4 0 0 |025|04| 05| 057|0625| 067 | 0.7| 0.73 | 0.75
3 0 | 033| 05|06|067|071| 075 | 0.78 | 0.8| 0.81 | 0.833
2 0.5|0.67|0.75|0.8|0.83|0.86| 0.875| 0.89 | 0.9| 0.91 | 0.917
1 1 1 1 1 1 1 1 1 1 1 1

Table3.7 Sequential Parabolic distribution vectors &msessing the compressive force in
zippers ofl6-storeybuilding

tof brace
buckleq 16" | 15" | 14" [ 23" | 12" | 12™ [ 20" | o [ & | 7| 6" | 5" | 4" | 3" | 2™
StNo.
16 1112121212121 {221 |1|1]|1]1
15 0.5|0.67|0.75| 0.8 | 0.83|0.86|0.88| 0.89| 0.9| 0.9 0.92| 0.92| 0.93| 0.93| 0.94
14 0 |0.33] 05| 0.6|0.67|0.71|{0.75|0.78| 0.8| 0.8 0.83| 0.85| 0.86| 0.87| 0.88
13 0| 0 |0.25/04]| 0.5 |057|0.63/0.67|0.7|0.7|0.75| 0.77| 0.79| 0.80| 0.81
12 0| 0| 0 |0.2]0.33/0.43{0.50|0.56|0.6|0.6|0.67|0.69|0.71| 0.73| 0.75
11 0| 0| 0| O |0.17/0.29/0.38|0.44| 0.5|0.5|0.58| 0.62| 0.64| 0.67| 0.69
10 0| 0| 0| 0| O |0.14/0.25/0.33/0.4|0.5|0.50| 0.54| 0.57|0.60| 0.63
9 0| 0| 0| 0| 0| O |0.13/0.22/0.3|0.4|0.42|0.46|0.50| 0.53| 0.56
8 0O/l 0| O0|O0| 0| 0| O |011/0.2/0.3/0.33/0.38|0.43| 0.47|0.50
7 0| 0| O0O|O0O| 0| 0] O] 01]01[02]0.25/0.31|0.36/0.40|0.44
6 o|lo|oO0|O0O|O0| 0| O0O]| O0/|01]01]017]0.23/0.29|0.33|/0.38
5 o|lo|O0O|O0O|O0O| 0| O0O| O/|O0O]|O0/]0.080.15/0.21|0.27|0.31
4 o|lo|oO0O|O0O|O0O|O0O|O|O/|O0O|O] O |0.080.14/0.20|0.25
3 olo|o|o|O0O|O|O|O|O|O] O] O |0.07]0.13]0.19
2 o|lo|o|o|O0O|O|O|O|O|O|] O] O] O |0.07]013
1 o|lo|o|o|O0O|O|O|O|O|O|] O] O] O] O |0.06
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Table 3.8 Sequential Parabolic distribution factors fassessing the tensile force in
zippers ofl6-storeybuilding

t. of brac
ckleq 15| 2™ | 34 | 4" | 5" | " | 70 | 8" | 9" | 20" | 12" | 12" | 13" | 14" | 15"
St No.

16 olo|lo|o|O|O|O|O|]O|O|]O|O| O] O /006
15 olo|lo|o|O|O|O|O|]O|O|]O]| O| 01007013
14 olo|lo0o|o|O|O|O|O]|]O|O| O] O |007]/013/0.19
13 ol o|O0O|]0|O|O|O|O]|]O|O]| O |0.080.14|0.20/0.25
12 ol o|O0O|]0|O|O]|O|O]O]| O/|0.08/015/021|0.27|0.31
11 ol o|O0|]0|O|O]| O/| O]O0]01]017/0.23/0.29/0.33/0.38
10 0Ol 0| O0]0| O] 0] O/ O |01|0.2]|0.25/0.31|0.36|0.40|0.44
9 ol 0| 0]0| O] 0] O [011/0.2|0.3|0.33/0.38|0.43|0.47|0.50
8 0| 0| 0 ]O0]| 0| 0 |013/0.22]/0.3|0.4|0.42|0.46|0.50|0.53|0.56
7 0| 0| 0| 0| O [0.14]0.25/0.33/0.4| 0.5|0.50|0.54| 0.57|0.60| 0.63
6 0| 0| O | 0]0.17/0.29/0.38/0.44| 0.5| 0.5 | 0.58| 0.62| 0.64| 0.67| 0.69
5 0| 0| O |0.2/0.33/0.43|0.50/0.56| 0.6| 0.6 | 0.67| 0.69| 0.71| 0.73| 0.75
4 0| 0 |025/0.4| 05 |0.57|0.63/0.67|0.7| 0.7 | 0.75| 0.77| 0.79| 0.80| 0.81
3 0 [0.33/ 0.5|0.6/0.67|0.71|0.75/0.78| 0.8| 0.8 | 0.83| 0.85| 0.86| 0.87| 0.88
2 0.5/0.67|0.75| 0.8 0.83| 0.86| 0.88| 0.89| 0.9| 0.9 | 0.92| 0.92| 0.93| 0.93| 0.94
1 il 1|1 |11 |21 |{1|{1|1]|1|1]1]1

1  LP-T: Triangularloadpattern

It is assumed a triangular distribution pattern load alonyeight of the structure.

1 LP-P: Parabolidoad pattern

A parabolic load distribution pattern can be considered as the case of braces buckled in
all stories,and thesame process of BP can be applied to determine the distribution
vectors for thigarticularcase As mentioned in previous section, this lateral force idistr
bution is related to the fundamental period of the structure, respectively to the stiffness

and masses distribution over the structure height. This parabolic gatdrdistribuion
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considers the inelastic behavior of the ZBF system which is influenced by the stiffness
provided by bracesnasses and building height, as well as the contribution of the higher

modes effects.

3.3Design methodology of outrigger trusses

As mentioned irChapter 2, the design of the outrigger truss elements follows she di
placement compatibility method initially proposieylStafford and Salin1981)and later
developed by Hoenderkamp and Bakk2003) By matching the overall rotation of
braced frame with that of outrigger trusses, the top level displacement expression can be
computed and limited to the code requirement. Thus, the outrigger truss elements must

bring sufficient lateral stiffness to reduce the lateral building deflection.

Prior to the preliminary design of outrigger trusses, the authors of the promesed d
sign method (Stafford and Salim, 1981 and Hoenderkamp and Bakker, 2003) have co

sidered sevat assumptions as follow:

1 The structure is linearly elastic.

1 Only axial forces are induced in the columns.

1 The outriggers are rigidly connected to the braced frame and pin connecteetto ext
rior columns.

1 The section properties of the braced frame and cauane uniform through their

height.
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About the lastassumptionaccordingto Stafford Smith and Coul(1991) the fac-
tors of concerror a preliminary analysis are predominantly influeshbg thestructural
propertiesassigned tahe lowestfloors region. Although it was mentionedSmith &
Coull, Tall building Structures: Analysis and Design, 19®htan analysis of a structure
with uniform crosssectionshavingthe propertiecomputed fothe lowest region othe
actual structure, givesufficient accuree results in this study, the properties of brace

beams and columrsectiongesulted frondesignare considered.

3.3.1Calculation of rotations in outrigger belted braced frame
The preliminary designmethodthat was early proposed byStafford & Salinf1981)is
employed Referring to their research, it has been shown that the lateral deflection of
outrigger braced concrete shear wall candpgeserdd by a single bending stiffnesa-p
rameter, and the deformation due to shear forces can be negleatidon Hoende
kamp and Snijde(2000) pointed out that the racking shear deformation should be also
included inthe analysis. Thegxtendedthe reseattand replaced the concrete shear wall
with steel braced frameavhile the system was labeled outrigger belted braced frame. By
adding the outriggers, reverse rotations are generated. The restraining momentswill cau
es reverse bending and racking sheatrtimtan the braced &me as illustrated in Figure
3.6. Compatible rotations are developed in outriggers due to the restraining mbinent,

and restraining she#& developed in outriggers. Moreover, the exterior columns are a



Page|57

tivated to provide reversggid body rotation due to their shortening and lengthenimg u
der axial loading=,. The equations for rotation and deflection calculation of ZBF with

outrigger trusses are given below.

=TT =" |
> ! !
Fr I, IF F, X
> —> <t“— 4+— —
Fu¢ outrigger T F-‘i ? F"‘l outrigger T h -
> ” F Fy : F
W a i ’ - d
> : Fr F[ | .Fr 1 I"r : H
I 1
> I 1 braced 1
! I frame | |
> I 1 I )
> ! I I I
- | 1 | I
I 1 I " 1 [
b > b
’llr 4!.( 4[1 C )le qiz ’III

Figure 36 Free body diagram of outrigger belted braced frafideenderkamp &
Bakker, 2003)

3.3.1.1Rotations of the braced frame

The main contributiorio the lateral deflection of the braced frame is the bending
rotation computeddirectly under the lateral loads which are considered uniforaigy
tributed,w, along the structure heighccordingly to the method proposed by Hoemde
karp and Bakker (2003)h¢ braced frame is considered as a cantilever beam with a

lengthH and bending stiffneskl;. The bendingrotationis developed due to the iak

strain developed in the ZBF6és columns and
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11t (3.13)
where X is the distance between the top to the central line of the outrigger. The bending

stiffness of the brace frame is:

00 'O g (3.14)
whereA,is the crossectional area of the columirsthe braced frame at the outrigger

level, andcis the span of the braced frame.

The bending rotation is accompanied by the racking shear rotation whid is d
velopeddue to the axial strain encountered in braces of ZBF. The expression of racking

shear rotation is:

—1n  — (3.15)
whereGA is the racking shear stiffness of the braced frantkis.computed as perd-i

ure 3.7 and thequation (3.16), gen below.

AR, = O

Aat d

¢ 7 ;_

7 al 7 Ab1

Figure 37 Individual segment of the braced frafadter (Hoenderkamp & Bakker, 2003)

‘00 — (3.16)
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Herein, a;, ¢y, and h; are the relevant dimension of the braced framg, is the
crosssectional area of the brace sections Apnds the crossectional area dhe top and

bottom beamsas shown in igure 37.

As illustrated in kgure 36, the outrigger action causes a restraining moment in

the brace framayl, thatcan be expressed:as

M, = Fax (2b +¢) = R x 2| (3.17)

whereF, is the restraining force ithe exterior columnsl is the distance from exterior
columns to the centrdine of the braced framé,is thedistancerom exterior column to

the braced frame interface, an the width of the braced frame.

Therefore, the reverse rotation of braced frame caused by mesjraiomentM;
can be calculated by analogy with a vertical cantilever beam subjedigdtahe loa-

tion of outriggers as given below:

—n _ (3.18)
In addition, the racking shear rotation in the bracecthéalue to the restraining

momentM;,, is determined as follow:

—n —_— (3.19)

where the dimensionless parameaser -
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Therefore,by adding the bending and shear rotation of braced frame dnd su
tracted the beding and racking shear rotation due to the restrained moMgrthe b-

tal rotation ofthebraced frame at the outrigger level is:

_ — — (3.20)

3.3.1.2Rotations of outriggers
Two outriggersare employed in line with the ZBF system, such that the ZBF system is
located in the mid@! part as is shown in Figure 316 general the height of the outrigger
truss is equal to storey height, h, and each truss panel is formed by a saggieatias
shown in Figure 3.9Thus, there are two truss panels in the right and left of the braced
frame.

Referring toFigure 38, for the two outriggepanelsadded at each side of the braced

frame, the bending rotation due to the restraining fdfcésexpresse as:

—n  — (3.21)

where,El, is the bending stiffness of the outrigger. It can be calculated as:

00 —— (3.22)

where,Ap2is the crossectional area of the top and bottohord of the outrigger truss.
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Figure 3.80utrigger bending and shear deformatiasfghe ZBF with outrigger truss

The restraining forgd=; causes axial strain in the diagonals of the outrigger trusses,
and the generated axial strain in these diagonals implies the shear rotations, expressed

below:

—n  — (3.23)
where, GA is the total racking sheatiffness ofall the segments of two outriggers and

can becalculated as perduatiors 3.24 and 325.
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Figure 39 Individual panelsof the outriggetruss(after (Hoenderkamp & Bakker, 2003)

06 B @ (3.24)

06 ——— (3.25)

In Eq. 3.24 srepresents the total number of panels in the two outrigger&and
the racking shear stiffness of a single panel of leagts shown in Figure 8. The e-
pression ofGA as illustrated in Figure S.s given in Equation 3.25. Besides the rotation
caused by the lateral force, restraining moment and restraining shear, three rigid body

rotatiors contribute tothe total rotation bthe outriggers, while the combined effect is

shown in Figure 3.0.
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—p—

Figure 310 Rigid body rotations of outrigge(sloenderkamp & Bakker, 2003)

The shortening and lengthening of columns in braced frame occurred ldiesab

loading, whichcaused reverse rotation of outrigger trusses which is calculated as:

—n  dip 7O hi — — (3.26)
The second rigid body rotation is cause
coumns due to the restraining momewit. In this case the outriggers rotate clockwise

and the ZBF counterclockwise as per Figud®3while the rotation is given below:

— n — - (3.27)

The third rigid bodyrotation results due to the shortening and lengthening of the
exterior columns when subjected to the restraining fégcel'he expression is given in

Eqg. (3.28).
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—n _— (3.28)
The stiffnes<El. is the bending stiffness of the exterior columns and can be determined
as:
00 ¢ a (3.29)

whereA; is the crosssectional area of the exterior column.

Therefore, the total rotation of the outriggers can be expressed as:

— — — — ——— (3.30)
3.3.2 Compatibility of rotations

The compatibility of rotations is achieved by matching the rotation of the outdgger

with the total rotation of th braced frameton the centeline of outriggers.

— — (3.31)

Substitutes the two sides of the above equation by Equations (3.20) and (3.30) yields to:

(3.32)
Apparently, the only unknown in Equation (3.32) is the restraining momer2y sol-
ing this equation and also inducing two characteristic param&easd S, which are
given in equations (3.33) dr{3.34),the expression of restraining moma#tis set as per

equation (3.35).

vYo— — (3.33)
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voo— (3.34)

0 (3.35)

Therefore, the top level deflection can be calculated as:

W (3.36)
In equation (3.36), the fitawo terms in the right side atbe lateral deflectionta
the top level due to bending and racking shear resulted directly from the lateral forces, the
third term is a combination of lateral deflection at outrigger level caused by restraining
momentM, and rotation at outrigger level. The last term represents a horizontad-defle

tion in the ZBF over the storey height at the outrigger level.

The process of selecting outrigger truss sections is based on equation (3.36). By
setting the top level displacentess the code limit (2.5% storey height), the restraining
momentM; can be solved. After that, using the compatibility equation (3.32)oithe
unknownis the crossectional area of the outrigger truss elements. These characteristics
are necessary to cqmte the demanded stiffness in order to control the top level drift b

low the code limit.

3.4Preliminary design of zipper braced frame structure and outrigger truss

As mentioned irthe previous Chapters, a 12nd 16storey buildingwith and without

outrigge trusses, as shown in Figure 3véreselected for analysis.
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3.4.1 Building description

The plan view of the studiebuilding is shown in Figure 3.1The structures weresa
sumed to be located on a firm ground site in Victoria, BC, Canada. The occupancy of the
building is considered as office building, therefore, the live load is considered leRa2d-
cording to NBCC 20B8requirement. The live load on the roof level is considered as being the
snow load which is calculated as 1#8a The dead load is considered askP4at the roof

level, and 4.EPaat the floor level.

T = =T T
H H H H
£
=
=)
s n H H H
T | |
é I \
| |
2| ki K H
r’a\“.
b‘;
H H H H
—| 250 mm
T I= aE T J (typ.)
5@7600=38000 mm

Figure 3.11 Plan view of the studied building

3.4.2 Preliminary design of zipper braced frame
The zipper braced frame is assumed to be at the same performance taechesle
ately ductile concentrically braced frames, type MD (Moderately Ductile). Therefore, the

ductility related force modification factoRy, which reflects the capability of the stru
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ture to dissipated energy through inelastic incursions, is considerBg =% and the
overstrength related force modification facty is 1.3. The higher modeeffect factor
M, is calculated based on the building fundamental period. The analytical ofcitie
frame is shown in Figure 3.1&ravity columns taking into account thedPlta effect
were added to the model. The gravity columns are connected to the frame through rigid

links which transfer only the lateral force to the frame.

Rigid links
4
Outrigger
[LTuss
- Rigid links
Zipper— tlu
Column
’
= Outrigger
g Truss
=]
2
=1
2 =
I - g
Zipper— =
2 ("‘nl:i?lmﬂ =
[Outrigger 2 b
[Lruss &) il
o (=1
- 2
A
)
o
st f ot ot AAATT = 1 f 1 1 &&&1
© & & & & 000® ®© & ® ©® 6 000
x1 x1 x1 x1 x1 x1x2x2x4 x1 x1 x1 x1 x1 x1 x2x2x4

Figure 3.2 Conputermodel of the 12and 16storeyZBF system with outrigger trusses

The braces, beams and columns were designed in Phase |, following the 2BE@:-

quirements. The designed sections are shown in Tables 3.9 and 3.10.
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Table 3.9 Phase I: Membsections of the &torey building

Storey Braces Beams Columns
12 HSS127x127x8.0 W360x39 W200x 52
11 HSS152x152x8.0 W360x51 W200x 52
10 HSS152x152x9.5 W360x51 W310x107
9 HSS178x178x9.5 W360x51 W310x107
8 HSS178x178x9.5 W360x51 W310x202
7 HSS178x178x13 W360x57 W310x202
6 HSS203x203x 9.5 W360x57 WWF350x263
5 HSS203x203x 9.5 W360x57 WWF350x263
4 HSS203x203x 13 W360x64 WWF450x409
3 HSS203x203x 13 W360x64 WWF450x409
2 HSS203x203x 13 W360x64 WWF550x503
1 HSS203x203x 13 W360x64 WWF550x503

As for preliminary design, a comparison between the zipper forces envelopes as
calculated from each one of thaur considered load distribution patteragplied on the

12- and 16storey building without outrigger trussissshown inFigure 3.13.

e—e——oP-P
&—e—o LP-SP

1
I T l T I T I T T ‘ T ‘ T ‘ T I i T I T I T T 1 T I T I
-10000-7500 -5000-2500 0 2500 5000 7500 10000 -15000 -10000 -5000 0 5000 10000 15000

Axial load (kN) Axial load (kN)

Figure 3.13Axial force envelopes developed in ziguHrthe 12 and 16storey building
without outrrigers under load patterns: L¥T; LRSP; LRT and LRP
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Storey Braces Beams Columns
16 HSS152x152x9.5 W360x33 W310x74
15 HSS178x178x8.0 W360x51 W310x74
14 HSS178x178x9.5 W360x51 W310x158
13 HSS178x178x13 W360x57 W310x158
12 HSS178x178x13 W360x57 W360x262
11 HSS203x203x13 W360x64 W360x262
10 HSS203x203x13 W360x64 WWF450x409
9 HSS203x203x13 W360x64 WWF450x409
8 HSS203x203x13 W360x64 WWF500x561
7 HSS203x203x13 W360x72 WWF500x561
6 HSS203x203x13 W360x72 WWF550x721
5 HSS254x254x13 W360x91 WWF550x721
4 HSS254x254x13 W360x91 WWF650x864
3 HSS254x254x13 W360x91 WWF650x864
2 HSS254x254x13 W360x91 WWF650x864
1 HSS254x254x13 W360x91 WWF650x864

When the load distribution pattern 1$P forthe 12-storeyis considered, the eav

lope of the axiatompressivdorce is too largand the axialensionforce isrelativey too

small. This trend is similar for the 1§torey as wellOn the other hand, similar ene-

lope was obtained under the consideration of thd fttern. In light of this, these load

distribution patternd.P-SP and LP-T were not selected for designhd remaining load

distribution patterns, potentially to be used in the zipper column design, &3& I(#-

guential triangularyjand LRP (parabolic).In the compression sider both 12 and

16-storey buildingsthe larger force is generated under theSTPpatternthan undethe
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LP-P pattern. It is noted that thesgo envelopes overlapped at the lower half of the
structure and slowly diverged in the upper part. In the tension feidéhe 12storey
building, the LRST patternand the LPP pattern are verglose but still LRP pattern is
slightly larger in the middle floors and is proposed for design. Regarding thtorsy
building, the axial tensile force envelopg&zipper columsis larger under the P pa-

tern than that under the LT pattern Thus, t is concluded thathe LP-ST pattern is
recommended to be considered flasigning the zipper columns under tpaal can-
pressive envelope artie LP-P for the tensile envelope. Preliminary designs of zippers
are carried out following the methodglp discussed in this chapter, and the sections

chosen are as shown in Table 3.11.

3.4.3 Preliminary design of outrigger truss

As mentioned early in this chapter, the preliminary analysis method of outrigger truss is
based on a compatibilityoncept According tothis method, by matching the rotations of

the braced frame and outriggers, the top level deflection of the building can be calculated
by using equation (3.36). Inspired by this, having all other parameters unchanged but se
ting a limit of the top level diection, it is possible to conduct a reverse derivationeto d
termine the crossectional area of the outrigger truss such that it provides sufficient

stiffness to reduce the deflection at the top floor level.
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Table 3.11 Zipper column sections for d2dL6-storey buildings

Storey Zippercolumnsi 16storey bldg. Zipper columnsi 12storey
bldg.

16 W310x60
15 W310x86
14 W310x129
13 W310x143
12 W360x179 HSS152x152x8.0
11 W360x216 HSS178x178x13
10 W360x262 HSS254x254x13
9 W360x314 HSS305x305x13
8 W360x314 (2) HSS254x254x 13*
7 W360x347 (2) HSS254x254% 13*
6 W360x347 (2) HSS254x254% 13*
5 W360x314 (2) HSS254x254% 13*
4 W360x262 (2) HSS254x254% 13*
3 W360x216 (2) HSS254x254x9.5%
2 W310x143 HSS305x305x 13
1 - -

* Built-up sections

Refering to equation (3.36), the only parameters associated to the properties of
outrigger truss members is the structural characteristic parar§etEq. 3.34). IfS, is
known, by using Equations (3.24) and (3.25), the esessional area of outrigger truss
membersAq, can be calculated herefore, the top level deflectiam setas the code -

it, which is2.5%hsand te M, is calculatedrom equation (3.36).

Rewrite equation 3.36 as below:
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0 _ — 0 f— — (3.37)

where— fi— w 0 is the required redupegpeion of

According toHoenderkamp and Bakker (2003), the first two terms of the right side
of equation 3.37 represents the free deflectibithe top level of the building. In this
study, the aforementioned two terms:— —— are replaced by the values of top level
deflection outputed from DraiBDx models. Taking the maximum values for
consideration, the free displacemanthe top level of subjected buildingseeis equal
to 1.150m for 1torey building without outriggersnd is equal td.543m for 16storey
buil ding without outriggers. Ther gfcanr e, t h

be calculated.

Meanwhile, rewrite Equation (3.35) as below,

o 7 (3.38)

SinceM; is calculated in equation 3.37, by using equation 3.1Efgrequation 3.16or
GA, and equation 3.33 fd&,, the only unknown i&, in equation 3.34. Therefor§&, can

be solved.

Therefore, rewrite equation 3.34 as below,

@ (3.39)
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After S is foundfrom equation(3.38), the total racking sheatiffnessof two outriggers,
GA, can be calculated by using equat@39 and (3.24). Thus, theracking shear

stiffness of individual outrigger segme@®A can be found.

Eventually, rewrite equation 3.25 as below,

(3.40)

O:

BecauseGA is calculated in equation 3.39, by using equation 3.40, the-seasi®nal

area of outriggerdiy2 can be determineflom equation (3.40).

The aforementioned design parameters of outrigger truss mearbstsmmarized
in Table 3.12 given below.

Table 3.12 Design parameters of outrigger truss

Free Required o
. . Restraining
delfection deflection
Yiop . moment, S GA, Ay
storey cases at the top reduction, M
level, Yree BBop '
[m] [m] [m] [KN*m] [mm’]
12 Top-truss 1.14 1.15 0.01 2.67E+03 5.44E07 1.06E+06 4556.33
16 Top truss 1.52 1.543 0.023 5.15E+03 4.78E07 1.31E+06 5954.27
Mid-truss 1.52 1.543 0.023 7.21E+03 5.30E07 5.32E+05 2055.32

0.0115 2.57E+03 1.14E06 2.14E+05 775.72

Two truss 1.52 1.543
0.0115 3.61E+03 1.13E06 1.84E+05 663.29

Moreover, the preliminary design sections of outrigger trusses are given in Table 3.13.
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Table 3.13 Outrigger truss sections for- Bhd 16storey buildings

Outrigger truss sections

Storey Cases
External truss pannel Internal truss pannel
12 Top truss HSS152x152x9.5 HSSH2x152x9.5
16 Top truss HSS203x203x8.0 HSS203x203x8.0
Two truses HSS152x152x9.5 HSS152x152x9.5
HSS152x152x9.5 HSS152x152x9.5

3.5Design summary

The seismic design and buildings characteristics are presentadlan 3.16 The period

of vibration in the firstthreemodesT; T, and T3, computed fronthe elastic dynamic
analysis by usinghe modalresponsespectrum method as implementedERABS are
given in Table3.16. Also, the periods of vibration in the first three modgslJ, and &
resulted from a nonlinear tirf@story analysis conductdxy usingfinite element program:
Drain-2DX are given in the same tablk good correlation between tiséructue periocs
computed in Drair2DX, ETABS, andheequivalent static proceduveas observeds is
shown in Table3.16 for the 12-storey buildingthe difference between tlesignfun-
damental period;andthatcomputed in DraifRDX, T, is around 15%, but decreases to
7.5% after adding one outrigger truss at the roof level.tk®d 6-storey building, the
difference betweenzland Ty is 19%, and decreases to 11% after adding one outrigger truss
at the roof level. Then, by adding one moreigger truss at the milleight of the building,

the differencalecreases to 1.2%.
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To summarize the member sectionsf the 12- and 16storey buildings with and

without outrigger trusses arghown below inTables 3.14 and 3.15

Table 3.14 Member section§the 12storey building

Storey Braces Beams Columns Zippers Outriggers
12 HSS127x1278.0 W360x39 W200x%52 HSS152x152x8.0  HSS152x152x9.5
11 HSS152x1528.0 W360x51 W200x%52 HSS178x178x 13
10 HSS152x1529.5 W360x51  W310x107 HSS254x254x 13
9 HSS178x1789.5 W360x51  W310x107 HSS305x305x 13
8 HSS178x1782.5 W360x51  W310x202  (2) HSS254x254%3**

7 HSS178x17843 W360x57  W310x202  (2) HSS254x254%3**
6 HSS203x203.5 W360x57 WWF350x263 (2) HSS254x254%3**
5 HSS203x2039.5 W360x57 WWF350x263 (2) HSS254x254%3**
4 HSS203x20343 W360x64 WWF450x409 (2) HSS254x254%3**
3 HSS203x20313 W360x64 WWF450x409 (2)HSS254x254x9.5%*
2 HSS203x20343 W360x64 WWF550x503 HSS305x305x 13

=

HSS203x20343 W360x64 WWF550x503 -

** Built -up section



Table 3.15 Member sections of thest6érey building
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Outriggers*
Storey Braces* Beams Columns Zippers
Top Two
16 HSS152x9.5 W360x33 W310x74 W310x60 HSS203x8.0 HSS152x9.5
15 HSS178x8.0 W360x51 W310x74 W310x86
14 HSS178x9.5 W360x51 W310x158 W310x129
13 HSS178x 13  W360x57 W310x158 W310x143
12 HSS178x 13 W360x57 W360x262 W360x179
11 HSS203x 13 W360x64 W360x262 W360x216
10 HSS203x 13 W360x64 WWF450x409 W360x262
9 HSS203x 13 W360x64 WWF450x409 W360x314
8 HSS203x 13 W360x64 WWF500x561 W360x314 HSS152x9.5
7 HSS203x 13 W360x72 WWF500x561 W360x347
6 HSS203x 13 W360x72 WWF550x721 W360x347
5 HSS254x 13 W360x91 WWF550x721 W360x314
4 HSS254x 13 W360x91 WWF650x864 W360x262
3 HSS254x 13 W360x91 WWF650x864 W360x216
2 HSS254x 13 W360x91 WWF650x864 W310x143
1 HSS254x 13 W360x91 WWF650x864 -

*Square tubular sections: width x thickness

Table 3.16Seismic design and buildings characteristics

Equivalent static force procedure

Dynamic analysis

Storey Height W  Ta S(Ta)V/frame Ft/frame ETABS Drain-2DX

T1 T2 T3 T1 T2 T3
[m]  [kN] [s] [g] [kN] [kN] T1/Ta

[s] [s] [s] [s]
12-ZBF 45.6 870352.28 0.17 2490 397 2.50€0.7970.41¢€ 2.61 0.8020.4271.14%6
12 ZBF-RT  45.6 871052.28 0.17 2491 398 2.39€0.72£0.3912.450.74t 0.4 1.074
16 ZBF 60.8 11652£3.04 0.13 3334 709 3.4711.0470.5313.61£1.0520.5511.189
16 ZBF-RT  60.8 11659£3.04 0.13 3336 710 3.36€0.9710.51% 3.380.9810.5241.112
16 ZBF-RT&M 60.8 11671¢3.04 0.13 3339 710 2.91€0.9640.4743.0770.981 0.5 1.012
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CHAPTER FOUR
Nonlinear Time-History Analysis of ZBF Building Structures with and

without Outrigger Trusses

The studied 12 and 16storeyzipper braced fram&BF) structuresaredesignedandil-
lustratedin Chapter3.Accordingto Tremblayand Tirca (2003), when the higher modes
effectinfluencesthe ZBF behaviouy large axial forceis triggeredin zipper columnsat
upper floors and dynamic instabilitgay occurafter the fultheight zipper mechanism is
formed.Thereforeto improve the seismigerformancef ZBF structuresit is proposed to

add anoutrigger trusst the roof levelHowever, the location of outriggémuss couldoe
optimized such thaa uniform distribution of interstorey drift over the structure height is
obtainedln this light, researchefsaveproposed loenderkampget al., 2003) to selethe
optimum locatiorfor outrigger trusseamong the upper one third floots this study, lhe
design of the outriger truss ixonducted bypplyingthe compatibility conceptproposed

by Taranath(1974) and by usingthe graphical methodlevelopedby Hoenderkamp
(2003)The purpose of this study is not extended to find the optimal location of outrigger
trusses added to the-l&hd 16storey ZBF systems, but to analyze the response of the ZBF
system when outrigger trusses are added to the extppar braced frame ashn in

Figure 3.11Regarding thisthe12-storey ZBFsystemequipped ith outrigges at theoof
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level is labeleBFi RT; the16-storey ZBFequipped with roof trusses labeledZBFi RT

and the 16storey ZBF system equipped with outriggers at the roofr fleeel and at
buildingmid-heightis labeleiZBFi M&RT. To studytheseismic response of tllesigred

ZBFs with andwithout outrigger trusss located in Vitoria, BC, three ensembles of
seismicgroundmotionssuch as: crustal, subductiand neaifield with forward directivity
areconsideredwhile the total number of selected oeds is 21 Thus, @choneof thethree
ensemblesontairs sevenground motionsA detailed description of the analytical models

is providedand the results of nonlinear tiAéstory dynamic analysis are presented in this
chapterAll nonlinear timehistory analyses were conducted ugimgDrain 2DX software
(Sabelli2001Tirca & Tremblay2003 Leon & Yang2003Chen, 201land Tirca & Chen

2012), although Chen (2011) has considered Drain 2DX and OpenSees softtware.

4.1 Zipper braced frame & Outrigger truss modeling

The Zipper braced frame system waggmsed by Khatib and Mahin (1988ith the aimto
improve the behavior of CBRbat are usually prone to seftorey mechanism formation.

As noted in Chapter 2, there are differences between the design method initially proposed
by Tremblay and Tirca (2003) and Leon and Yang (2003). In the first case, the zipper
column was designed behave in elastic range, while in the second case a truss was added
at the top of the structurethie top floor braces were designed to respond in elastic range

and zipper columnsvere allowed to yield in tension. In this study, the design method
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proposd by Tremblay and Tirca (2003) aladeron refined byChen (2011) andlirca and
Chen (2012) is employed

Prior to numericamodelingof ZBF with andwithout outrigger trusseghe follow-
ing assumptions have been made:

1 For simplicity, the building sampleak a symmetrical layoais given in Figure 3.11
and the accidental in plan torsion was omitted.

1 In Drain 2DX, the zipper braced frame is modeksl a2D frame Therefore, the
out-of-plane buckling of brace elements was neglected.

1 To take into account thdfect of the overall stiffnessll gravity columnsbelonging
to half of the building (there are two ZBF systems in th® dlirection and two in the
E-W direction) were also consideredn the 2D layoutof the braced frameThese
gravity columns were conntad to thebracedframe through rigid links.

1 All the connections within the structures are assumed to be pin connections, which
include the brace end connections, beam to column connections, column ends co
nectionsHowever, columns were considered conérover two stories.

1 The outrigger trusmembersare pirconnected tdhe externalgravity columns and
columnsof ZBF system.

Thus, the mathematical model of the ZBF system is illustrated in Figure 4.1 and the model of

ZBF system equipped with outriggieusses is shown in Figure 4.2.
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Figure 4.1 Model ofthe ZBF systenm Drain 2DX
[Pin Connection
Cx n } } { | | Jrn )
b sy Wj fruss /\W: tm\f
ut n - u . 00—
(n-1)-th story Pin Cdnnection
3rd story
T ] ] Jref ]
Brace Element
2nd story \_7N0el Column \_Gravity Column
o O 0 T’ u = CID—UD—UD—\U- Rigid Link
Iststory & Pin Conndgtion rRagid Lt
4» \Gravity Column
7.6m 7.6m lm

Figure 4.2 Model ofthe ZBF system equippedith outrigger trusesin Drain 2DX

4.2 Selection andscalingprocedure of ground motions

4.2.1 Ground motion selection

As stated abovesevenground motions were selected for each enseniliies number of
recordsis in agreement with ASCE/SEF procedure and it allows usdwsconsider the
mean responsef the studied structured. is mentioned that the crustal and subduction
ensemble clracterize the seismic hazard of Victoria region. Herein, thefigaren-
semble is aded for the comparison purpoddoreover it is also suggested thstlecting

records ly their acceleratiorspectral shapelose to thedesign spectral acceleratioe-
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mand may furtherincreasdhe accuracynd efficiency of th@rocedurgReyes & Kalkan,
2011)

In this light, the crustal ensemble contairesords selectefom moderateto large
crustal earthquakes withagnitudeanged fronM6.5 to M7.5andsourceto-site digances
rangedfrom low to intermedate. All records were selected from the PEER tddase

(http://peer.berkeley.edu/peer ground motion datdbalee supduction ensemble is

composed of 6 records selectemin themegathrustTohoku earthquake (March 11, 2011)
and one simulated record (Atkinson and Maccis, 2010). As noted by Atkinson (2009), a
potential megdrust eartlquake with magnitude ranged from M8M9 and longer dua-

tion (around 300 s) malyappenin the Cascadia subduction zoiiée Neatfield group
consiss of 7 ground motions characterized by pulse effect and forward directinitiais

study, the 7 crustal records wesdected from a group @fL randomly chosen Californian
recordsthe 6 subduction records were selected feognoup ofL8 Tohokurecords and the
simulated record from 6 artificial ground motions as proposed by Atkinson and Macias
(2009). The artificial subductiorecordwas adjutedagainstthe t r ong Japanos
ground motions recordetlringthe M8.3 Tokachi Oki earthquakeccurred orseptember

23th, 2003 (Atkinson and Macias, 2009). Although the simulatioade for distances
largerthan 84km from the fault and firm soil conditions (site class C) are characterized by
low (~0.1g) peak ground acceleration (PGA), theskectedground mdions contains

largerenergycontentandhave long durationd®ecords selected from Tohoku eaytlake


http://peer.berkeley.edu/peer_ground_motion_database
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show P@&\=~0.15¢g atepicentral distancesround350km and higler PGA=~0.6g at ds-
tancedarger tharlOOkm. The neaifield ensemble is composed®hearfield recordghat
were sele@d among a group of 12 records.

According toReyesandKalkan (2011) the selectiorof ground motionsvasmade
such that taninimize the discrepancy betwedme scaled spectrum of each oed andthe
uniform hazard spectrumverthe peiod of interest (0.2T1~1.5T1T.he relevantchara-
teristicssuch asnagntudei Mw, the hypocentral distandeR, the peak ground aceel
ationi PGA, the peak ground \aity i PGV, the PGV/PGA ratio as a measure of the
frequency content, the Trifunac dtiom i ty, and the total duration of thelseted records

T t,are summarized imable4.1.



Table 4.1 Ground motion characteristics
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No.

Event

M
(km)

R .
Station

Comp. PGA PGV "E¢ | tq4 t

(degree) (g) (m/s) EE " (s)

(s)

Crustal ground motions

Anderson Dam Dow

C1 Oct.18, 1989Loma Priet 6.93 19.9 ) 250 0.2440.2030.8310.5140.00
str.
C2 Oct.18, 1989Loma Priet 6.93 19.3 Presidio 90 0.20C0.3201.60 5.70 30.0
Oct.15, 1979Imperial ,
C3 6.53 15.2 Cerro Prieto 147 0.17€0.1200.71 19.7C63.74
Valley
C4 Jan.17, 1994 Northridge6.70 17.3 St. Monica City Hall 360 0.3690.2530.68 10.7240.0C
) Castaic, Old Ridge
C5 Jan.17, 1994 Northridge6.70 20.1 Rout 90 0.5680.5200.92 9.10 40.0C
oute
Apr.25, 1992
C6 , 7.00 40.2 Eureka 90 0.1780.2801.57 18.8C89.0C
Cape Mendacino
Apr.131949 Western .
7.10 76.0 OlympiaTest Lab 86 0.28C0.1700.61 18.8C89.0€
Wash.
Near-field ground motions
N1 Jan.17,1995 Kobe 6.9 0.6 JMA 90 0.83 0.92 1.08 8.38 48.0C
N2 Jan.17,1995 Kobe 6.9 1.5 Takatori 90 0.61 1.27 2.08 9.94 40.9¢
N3 Jan.17,1994 Northridge 6.7 7.1 Rinaldi 228 0.84 1.75 2.02 7.05 14.9t
N4 Jan.17,1994 Northridge 6.7 7.2 Newhall 90 0.58 1.18 2.03 5.92 60.0C
N5 Jan.17,1994 Northridge 6.7 9.9 Sylmar County Hosp. 90 0.65 1.08 1.62 7.08 60.0C
) Sylmar Converter &t
N6 Jan.17,1994 Northridge 6.7 i 52 0.60 1.22 2.0311.9844.0C
ion
N7 Dec.23,1985 Nahanni, 6.8 2.5 Site 1 10 0.98 0.46 0.50 7.90 20.5€
Subduction ground motions
S1 Marchll, 2011 Tohoku 9.0 156.C IWTOO7E E-W 0.66 0.29 0.44 80.96300.C
S2 Marchll, 2011 Tohoku 9.0 201.C FKSH19N N-S 0.61 1.27 2.08 89.07300.C
S3 Marchll, 2011 Tohoku 9.0 272.C IBRH16E E-W 0.57 0.31 0.5566.91300.C
S4 Marchll, 2011 Tohoku 9.0 357.C CHBOO1N N-S 0.14 0.28 2.0083.78300.C
S5 Marchll, 2011 Tohoku 9.0 376.C TKYO027E E-W 0.16 0.28 1.9093.75300.C
S6 Marchll, 2011 Tohoku 9.0 380.C TKYO026E E-W 0.16 0.28 1.9099.06300.C
S7  Simulated Cascadia 9.0 84.0 VIC084E E-W 0.10 0.28 2.8038.06262.C
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4.2.2 Scaling ground motios

The selectedground maions are required to be scaléol match the design speemin a

period rangebetweerD.2T; and1.5T;, whereT; is the fundamental period of the structure.
Severalscalingprocedurs could be found in literaturgKalkan & Chopra 2010

Kalkan & Chopra 201,1Baker 2010) In addition to tle mentionedprocedures, the NBCC

2005 requires thathe scale gound motionsto fit the ordinate of theuniform hazard

spet¢rum, UHS which corresponds tethe fundamental perio8(T,), as well as the UHS

should match or be above of all points corresponding to higher modes. In this study the

ASCE/SEI-7 procedure is adoptedccordingly, the mean obtained from at leastc? a

celeration spectra must fit the UHS over the periadtefest0.2T; 7 1.5T;. The boundry

of the shorter period meahgyher mods, while the boundary of the longer period means

thedegradation of stiffness due t dnaddhien, bui | d

Beyer and Bommer (200favesuggestdselectinponl vy one recormds conm

alyzinga 2D buildi n g 6 s Asmoedtierleakarlierin this chapter21 crustalCalifornian

records were rankeolased on the fundamental period of the studied buildingsnaax

cordance tdReyes and Kalkan methodology (2010). Thbhsfundamental peodsof the

12-storey ZBF and 1-3torey ZBFRT is T; = 2.61s andl'; = 2.45s respectively. Fothe

16-storey ZBFbuilding, the fundamental period & = 3.615s,and for the 1&torey

ZBF-RT and ZBFM&RT the fundamental period is T1 3:378sand T1=3.1s, respe-

tively. By usirg Reyes and Kalkan methodolodlye record with the lovst scaling fator
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is ranked the highest.he fundamental periods of each configuration indr®l 16storey
ZBF are shown in able 4.2.The scaled spectrwsrof the selected ground motisrare
plotted togethewith the UHSfor Victoria regionand are illustated in Figure 4.and 4.4
for the 12storey building and in Figusel.5 to 4.7for the 16storey buildingMeanwhile,
for eachground motionensemblethe mearof the scaled response spectrumalso I-
lustratedin the plots In addition the scaling fetors (SF)for the selected ground motions

of 12-storey and 1&toreyaregivenin Table4.3 andTable4 4.

Table 42 The findamental periosl of 12 and 16storey ZBF with different
configurations of outrigger trusses

Type of Building Type of configuration Fundamental period, Ty(s)
ZBF 261
12-storey
ZBF-RT 2.45
ZBF 3.61
16-storey ZBF-RT 3.38
ZBF-M&RT 3.08
5 Crustal ground motions.Victoria, 57 Subduction ground motions,Victoria, 357 k Near field ground motions,Victoria,
| 12-storey building without truss

1 ‘ 12-storey building without truss
I
\

4—_ 4“

] ”LI i10.2Ta

)

Ta=2.61s

| 15Ta:
1 ]

Time (sec) Time (sec) Time (sec)

Figure 4.3 Design and scaled acceleration response spectrum for-sterey ZBF
building



| Crustal ground motions, Victoria,
7 12-storey building with top truss

Time (sec)

Subduction ground motions, Victoria,
1 Alz-storey building with top truss

1M

Ta=2.45s

Time (sec)

Page|86

Near field ground motions, Victoria,
12-storey building with top truss

Time (sec)

Figure 4.4 Design and scaled resposgectrum of the selected accelerograms for

7] Crustal ground motions.Victoria,
1 16-storey building without truss

Time (sec)

12storey ZBFRT building

Subduction ground motions.Victoria
6 16-storey building without truss

Time (sec)

7] | Near field ground motions.Victoria,

16-storey building without truss

Time (sec)

Figure 4.5Design and scaled response spectrum of the selected accelerograms for the

| crustal ground motions, Victoria,
| 16-storey building with top truss

Time (sec)

16-storey ZBF building

Subduction ground motions, Victoria,
6| 16-storey building with top truss

Time (sec)

Near field ground motions, Victoria,
16-storey building with top truss

Time (sec)

Figure 4.6 Design and scaled response spectrum of the setextelérograms for

16-storey ZBFRT building
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| Subduction ground motions, Victoria 67
16-storey building with two truss

Crustal ground motions, Victoria,
16-storey building with two truss 6

Near field ground motions, Victoria,
16-storey building with two truss

Time (sec) Time (sec) Time (sec)

Figure 47 Design and scaled response spectrum of the selected accelerograms for
16-storeyZBFM&RT building

Table 43 Scaling factors of selected ground motions for analyzimg 12-storey
buildings

12-storey ZBF bldg. 12-storey ZBF-RT bldg.

No. Event Trange:0.521 3.92s Trange:0.497 3.68s

SF PGA(Q) SF PGA(Q)
C1 Anderson Dam, Loma Prieta 2.325 0.567 1.886 0.494
Cc2 Presidio, Loma Prieta 2.355 0.472 2.073 0.422
C3 Cerro Prieto, Imperial Valley 3.698 0.639 3.073 0.541
Cca St. Monica City Hall Northridge 1.989 0.734 1.760 0.666
C5 Castaic Old Ridge R., Northridge 0.981 0.627 0.986 0.569
C6 Eureka, Cape Mendacino 248 0.447 2.299 0.408
Cc7 Olympia Test Lab, West. Wash ~ 2.618(2.346)* 0.742 2.324 0.661
S1 IWTOO7E, Tohoku 1.685 1.112 1.519 1.002
S2 FKSH19N, Tohoku 1.031 0.629 0.934 0.570
S3 IBRH16E, Tohoku 1.9571.607)*  1.115  1.9231.753)* 1.096
S4 CHBOO1N, Tohoku 2.1731.373)* 0.304 2.2291.489)* 0.312
S5 TKYO027E, Tohoku 1.8950.955)* 0.303 1.9571.052)* 0.312
S6 TKYO026E, Tohoku 2.0120.907)* 0.322 2.0091.209)* 0.321
S7 VIC084E,simulated 3.7531.753)* 0.375 3.80§1.733)* 0.381
N1 JMA, Kobe 0.516 0.442 0.476 0.403
N2 Takatori, Kobe 0.494 0.305 0.4660.422)* 0.284
N3 Rinaldi, Northridge 0.461 0.387 0.423 0.358
N4 New Hall, Northridge 0.891 0.526 0.823 0.478
N5 Sylmar C. Hosp., Northrige 0.857 0.577 0.796 0.522
N6 Sylmar Conv.St., Northrige 0.545 0.349 0.539 0.324
N7 Site 1, Nahanni 1.670 1.656 1.508 1.498

()* rescaled ground motions
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Table 44 Scaling factors of selected ground motions for analyttied 6-storey building

16-storey 16-storey 16-storey

ZBF bldg. ZBF-RT bldg. ZBF-M&RT bldg.
No. Event T range: Trange: T range:

0.72i 5.42s 0.687 5.07s 0.627 4.62s

SF PGA(g) SF PGA(g) SF PGA(g)

C1 Anderson Dam, Loma Prieta 2.773 0.677 2.666 0.677 2.520 0.615

C2 Presidio, Loma Prieta 2.124 0.425 2.140 0.425 2.269 0.454
i ) 4.521 4,127

C3 Cerro PrietoJmperial Valley 4.687(3.834*) 0.797 0.797 0.702
(3.738)* (3.973)*

C4 St. Monica City HallNorthridge 1.845 0.681 1.845 0.681 1.919 0.708
C5 Castaic Old Ridge RNorthridge 1.003 0.570 1.010 0.570 1.067 0.606

i 2.126 2.202 2.386
C6 Eureka, Cape Mendacino 0.378 0.378 0.425
(1.526)* (1.607)* (1.616)*
i 2.910 2.947 2.824
C7 Olympia Test LabWest. Wash 0.815 0.815 0.791
(2.66)* (2.75)* (2.304)*
2.789 2.620 2.354
S1 IWTOO7E, Tohoku 1.841 1.729 1.553
(1.789)* (1.739)* (1.629)*
1.818 1.561 1.301
S2 FKSH19N, Tohoku 1.109 0.952 0.794
(1.100)* (1.051)* (1.055)*
S3 IBRH16E, Tohoku 2.193 1.250 2.157 1.230 2.101 1.197
1.836 1.875 1.957
S4 CHBOO1N, Tohoku 0.257 0.263 0.274
(1.176)* (1.443)* (1.691)*
1.553 1.606 1.692
S5 TKY027E, Tohoku 0.248 0.257 0.271
(1.093)* (1.133)* (1.170)*
1.668 1.736 1.831
S6 TKY026E, Tohoku 0.267 0.278 0.293
(1.198)* (1.183)* (1.274)*
. 3.886 4.012 4.080
S7 VICO84E, simulated 0.389 0.401 0.408
(1.936)* (2.032)* (2.056)*
N1 JMA, Kobe 0.540 0.448 0.531 0.441 0531 0.441
N2 Takatori, Kobe 0.456 0.278 0.465 0.283 0.480 0.293
N3 Rinaldi, Northridge 0.456 0.383 0.455 0.382 0.458 0.385
N4 New Hall, Northridge 1.028 0.596 1.030 0.598 1.012 0.587
N5  Sylmar C. Hosp., Northrige ~ 0.938 0.610 0.945 0.614 0.942 0.613
i 0.563 0.563 0.573
N6  Sylmar Conv.St., Northrige 0.338 0.338 0.344
(0.493)* (0.443)* (0.470)*
N7 Site 1, Nahanni 1.872 1.835 1.847 1.810 1.798 1.762

()* rescaled ground motions
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4.3 Numerical analysesausing Drain-2DX
4.3.1 Modeling in Drain-2DX
In this study, thédrain-2DX modes arebuilt up by usingthreetypes offinite elements
Element01, Element 02, and Element 05.

Element 01 isa simple elastidrusselement whichis used formodelingof truss
membersin this studyit is usedto model the diagonals tiie outrigyer trusesadded to
the ZBF structuresThis element has twalternative noades of inelastic behavior which are
1) yielding in both tensioand compression, and 2) yielding in tension but elastic buckling
in compressionThe latter mode isonsidered in the modeds$ this study.

Element 02 is a simple inelastic beaslumn elemenivhichis usedto simulate the
behavior ofsteelbeams and beagolumnmembersThe element is made up of an elastic
beamsegmentandtwo rigid-plastic hingesat its ends. All plastic deformations areneo
centrated within the plastic hinges. This elemenassigned for modelingeams and
columns

Element 05 is a refined physical theory brace model developed by Ikeda and Mahin
(1986), which achieved efficiency by combining analytical formulations desciplbaistjc
hinge behaviour with empirical formula developed based on a study of experimental data.
Element 05 was calibrated by Ikeda and Mahin based on experimental test HesHts.

ever,these parameters were recalibrated to match the hysteresis beloh\imaoces with
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hollow sectiondased on previousxperimental testeesults(Chen, 2011)This element
wasused to moddboth braces and zipper columns

In this study a 3% Rayleigh damping was assigned to the model. All theeeip
columns and braces are pin connectethtogussetplate The P-delta effect has been
considered for botlZBF columns and gravity column3he elevation of the computer
modelis illustratedn Figures 4.1 and4.2.
4.3.2 Drain 2DX results
The seismigerformanceof the studieduildingsis sensitive to the ground motions chara
teristics such ashe frequency content, the rabbPGV/PGA, and the duratiarFor instance,
undercrustalground motions, the maximum tensile forces in zipper columns wggeted in
the lower parbf the building(e.g. the4™and the5™floor), while the maximum compressive
forces in zipper columnsasdeveloped at the upp#oors of the buildingge.g.8" ~ 9"floors
for the12-storeyand thel3" ~ 15" floor for the 16-storey. Regarding the behavior of building
structuresunderthe subduction ground mn ensemblgit was observed #arge seismic
demand at the lower part of the buildimgerezipper coumnsareacting in tensiomand transfer
the tensile forceipwards Whereas, dr nearfield ground motions, the largest demand applied
at the upper part of the buildings; therefore, the zipper coluaohm compression while
triggering forcesdownwards Moreover, as mentioned i@hapter 3, in order to capture the
axial forceenvelopeused for preliminary desigof zipper columns,esveral lateral load dt

tribution pattern were considered. By analyzing the tension and compression envelopes from
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each load pattern, sequential triangular distribution-¥R is ch@enasthe conpression
envelopeand parabolic distributio(LP-P) is choserasthe tensiorenvelope for designThis
selection is also in agreent with therefined design envelopeproposed byChen (2011)
andTirca andChen(2012). The maximum anthe meanaxial forceenvelopesieveloped in
zippercolumnsof the 12 and 16storey buildingscomputed in the MRS directionis shown in
Figures 48 and 49. Themaximum and the meanterstorey driftof the12- and 16storey ZBF

underthe selected ground motiorsplotted inFigures4.10and 411

— Design-Compression (LP-ST)
— Design-Tension (LP-P)

e—e—e 7/ BF-max

+—— 7ZBF-RT max
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Figure 48 Axial force in zipper columns obtained from nonlinear timstory analyses
of 12storey building with and without outrigger tressa) Crustal, b)Subduction, c)

Nearfield
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— Design-Compression (LP-ST)
— Design-Tension (LP-P)
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Figure 49 Axial force in zipper columns obtained from nonlinear tinigtory analyses
of 16-storey buildings with and without outrigger truss: a) CrustalShpductionc)
Nearfield

Referring toFigures 4.8 and 49, themean values dxial forcesdevebped in zipper
columns arevithin the design envepe in both tension and compresssie Furthermore
by observingthe differenceof the mean values of zipp&rcesbefore and afteadding
outrigger truses as expected, the amount of axial load transferrédet@ipper column
increases which indicatédt addingoutrigger trusssthe lateral resistance of the ZBF

systemincrease as well To address the concern raised by Tremblay and T206&3)
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aboutthehigher modes effecictivation the mean envelopes zipper forceslevelopedn
the ZBFRT system has diinishedthe probability of full-height zipper mechanismrfo
mation In addition, the lateral deformations are substantially reduced especially for the
16-storey buildingas shown in Figures 20 and 411 for the NS direction Thus, ly
addingoutriggertrusses it provides extra lateral stiffness anattivatesexterior gravity

columns to participati resistingthe appliedlateralloads

o—e—e /BF-max
+—+— ZBF-RT max
&-9-© ZBF-mean
a=2=2 ZBF-RT mean

4 3 0 2 4

o Sugug

f
yhos
K‘!’)
777 0 — T T ' ' T T |
-6 -4 -2 0 . 4 4 -2 0 2 4
Interstorey Drift (%hs) Interstorey Drift (%ohs)

Figure 410 Computed interstoregrift for 12-storey building with and without outrigger
truss, a) Crustal; bpubductionc) Nearfield
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Figure 411 Computed interstorey drift for i&orey building with and without outrigger
truss, a) Crustal; bpubductionc) Nearfield

Asillustratedin Figures4.10and 411, by adding outrigger trugsto the ZBF system
amore uniform distribution of the interstoreyiftlialong the building heightis observed
Underall selectedyround maions, the nean values dheinterstoey drifts fa the 12 and
16-storeybuildingswithout outrigger trussearelarger than 2.5%hs at upper floors (e.g.
4%hs for the 1zstorey and~ 5%hs for the 16storey,where R is the storey heightin

addition, the 16storey buildingexperienced larger interstordsift values at theSland 2°
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floor level, which are in the range of 2.5t 4%h. Thus byaddingtop outrigger trusss
to the 12storey buildingn both NS and EW direction the interstorey drift is within the
code acceptance (< 2.5%hRegardinghe 16storey buildingwith top outrigger trusses
(ZBF-RT), under the crustal ground motions ensemble, the interstorey drift is within the
code limit along the building height. However, this is not the case under the subduction and
nearfield ground motios. In this caseis requireceitherto find an optimunfloor location
for theoutrigger trussefoetween the 12and 15 floor) or to add outrigger trusses at two
floor levels as the top and th& Boor (mid-height).

Details concerning the behavior ofethaforementioned structures are given in

Chapter 5.
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CHAPTER FIVE
Comparative Study of Time-History Response of ZBF Building
Structures with and without Outrigger Trussesunder various Ground

Motions

To investigatethe behaviourof low-, middle, and highrise seismic resistardBF build-
ings, recoreto-record examination of inelastic response is required. In this sasdg,
measure of ground motion intensitiie PGV/PGA ratio (shown in Table 4.1) is used for
identifying different intensity levslof the selected ground motions and studytimg in-
fluence of ground motions on the inelastic responsth@fbuildings From high to low
PGV/PGA ratio, three records are selected from each of the ground motion ensembles.
Therefore, C2, C6, and Galere sécted from the crustansemble; S7, S4, and S2 were
selected fromsubdution ensembleand N6, N1, and N7Avere selected fromearfield
enserble. In this study, the importance of PGV/PGA ratio and the period cycleslia@as
observed. Foexamplethe N6and N1 record have the same P@GAweverthe PGV/PGA
ratio and the period cycles of N6 are twice larger than that oAb, for cases like C2
and C6 which hathe same PGA and PGV/PGA ratlout havedifferent period cycleghe
applied lateralemandcan also be differenThus, ground motions characterized by-si

ilar PGA but large PGV/PGA ratio and largeriod cycles may input high demand into the
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structure. To emphasize the influence of ground motions and building height onsthe sei
mic response of BF buildings 3 x 3 case studies are carried out for each buildibg su
jected to crustal, subduction and néald records selected to cover a large, intermediate
and low PGV/PGA ratioThe timehistory diagram of the selected ground motions are
shown in kgure 5.1.The same explanatory approach was considered by Tirca and Chen

(2012).

a)

eration (g)

ﬂnﬂdmﬂh oo A ny

ey NV IIH V"\/‘-’IJNU uuvﬂ V :g 0
© I

ceel

20

6
Time (s)

Ground A

=
S

Ground Acceleration (g)

(e]
—

nd Acceleration (g)

2
Time (s)

=

-0.8

Grou

Figure 5.1 ®lected records ranked on descended PGV/PGA ratio: a) crustal; b)
subduction; c) neafield

In this study the futheight zipper mechanism is defined whee first brace
buckling starts either at the bottom floor or the roof level@ogagategither upwards or
downwards.Thus, when allcompression brasereached the poebuckling strength, all

tensile braces with few exceptions reackedding and all ZBF leams have hingedhe

full-height zipper mechanism is formed.
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The failure status iseachedwhen the lateral loads keep increasing after the
full-height zipper mechanism is forme8hortly, braces reached failure, as well as the
attached beamd heoretictly, the dynamidnstability is reached wheminder constant

lateral loadinghedeflected shape continuoushcreasesinder the effect of gravity loads

5.1 Seismic responsef the 12storey ZBF building
As shown in Figure 4.10,nder crustal ground motionthe mean interstorey drift values
of the 12storey ZBF are equally distributed over the building height excephéot 1"
storey wiere theinterstoreydrift is 1.86%. Due to the higher modes effect, a larger d
mand is foundit the upper floors. Under the neéield ground motionsthe mean eres
lope ofthe interstorey drifts iscompletelywithin the code limit, and the peak value is
capturel at thetop floor where the value i$.73%hs.Under subduction ground motions,
the mean intetsrey drift valuereaches2.74%hs at the 11 floor that exceed the code
limit.

Regardinghe development of axidbrce in the zipper columns, as shown in Figure
4.8, the tensile forces in zipper columns are larger thawompressive forces under the
crustal and subduction ground motions. However, underfreddrground motions, the
axial demand in zipper columns is larger in compression than in tension. The maximum
tensile and compressive axial force design envelopes validated againstthe
time-historyZBF responsenderthe selecte@1 ground motions. Thus, the choseedal

pattern load distributionsed to build the axial force design envelopes provided anr acc
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rate prediction ofaxial forces demanded in zipper colusnof thel2-storey ZBF buidl-
ing.

As shownfor exemplificationin Figure5.2, the deformed shapes thfe 12-storey
building are subjected tgroundmotions C2, C6, and Cthat have different PGV/PGA
ratios. In this respect, the largest ratio (1.6) occurred for C2 and C6, while C4 is-chara
terized by a smaller ratio (0.68\s demonstrated by Tirca and Chen (2012), the seismic
demand increases for larger PGV/PGA ratios.sThnderthe C2, the brace buckling and
yielding was propaget! in less than 0.35from the 12 to the f' floor. Braces that
reachedbuckling are locatedat the right haHspan of the ZBF anthe location of the7
yielding braces was the left halispar. When the 13torey building was subjected to
the scaled grounthotion C6,the studiedbuilding almostreaches the failure statuBhe
first brace buckling happens at the bottom floor, but not develops in a strict order. After
all the braces buckled orgjded, beam hinges forsimultaneouslyn all the floors, and
the buildingeventuallydeflected in the '8 vibration mode. The higher modes were also
capturedunderthe groundmotion C4.The brace buckling is initiatedt the top level;
howe\er, buckling of braces is not propagaiteda strict order, but the structure deflected
in the 2% vibration mode.

Similarly, under the nedreld ground motions, the first brace buckling is captured

either at the bottom or the top flomherelargerinterstoey drift demands developed
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The timehistory response of braces buckling and beams hinging under the N6, N1 and

N7 records is illustrated iRigure5.3.
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Figure 5.2 Timehistory response of brace buckling and beam hinging festagy

building withoutoutrigger truss under motions C2, C4, and @ (the first buckled
brace; 0 subsequently buckled brace and

Under motion N6, buckingf braces initiated at thep level and progressed downward
until the bottomfloor in only 0.31 sWhen ground motion reversed, braces belonging to

the other hakspan reached buckling starting from the bottom and progressing toward the
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top. After almost all braces haveuckled am a few reached yieldingoeans started
hinging in all the floors from top to bottom. Thus, th2 storey buildinghasreached the
collapse status while subjected to 88% of the scgtedndmotionN6. Alsq underthe
groundmotion N7, the collapse statusrieached whetine building wasubjected to 96%

of the scaled ground motionh& first brace bucklingccursat the ground floor and

N1
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Figure 5.3Timehistory response of brace buckling and beam hinging fest@&y
building without outrigger truss undenotions N1, N6, and N(* the first buckled
brace; 0 subsequently buckl ed Dbrace

and
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propagatesipward. Similarly, all beams of the -B2orey building are hinged during the
N7 ground motion excitation. The building response utidergroundnotion N1 shows
largerlateral force demand imposed at lower flodrlus,9 braces in the left halfpan
bucKed, and 7 aces in the right hapan have reachadelding. Most of the buckling
and yielding happened in the lower 7 floors of the building.

Under subductiongroundmotions, the higher modes of the-dt@rey building are
also activated. Theme hisory of braces buckling and beams hinging resulted under m
tions S2, S4, and S7 is showedrigure 5.4. Within this ensemble, four ground motions
characterized by large PGV/PGA ratio (S4 to S7) drove th&tdr2y building to collapse.
Regardingwith this, the studied building is able to carry ab@0®6 of S4, S5, S&Bnd 53%
of the S7 demand. Under motion SHe 12storey building reaches the failure status
when subjected to 47% of the scaled ground mofitwe. first braceouckling occursat
the top floorat 109.8 s and progresses downward almost simultaneously. Witkjrall.
brace on the right hakspan buckled from the £2o0 2" floor. After ground motion e-
versed the bucklingof bracesstarts fromthe bottomfloor level and propagates upward
but not in sequenceAfter all braces buckled or yielded, beam hinges start to &tre
floors. Under ground motion S4, the 1:3torey buildingalso reaches the failure status
while subjectedo 63% of the scaled ground motion. The first buckled brace wtas in
cepted at the ground floor and in both Fepfins buckling of braces propagated upward.

After that, the beam hinging starts from the bottonthetop floor level. Under the S2
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ground motionhalf of bracesaveeither buckled or yieldedHowever,bracel belonging
to the 5 floor remairedto behaven elasticrange Thefirst brace bucklinchasinitiated
at the ground floor anlduckling of braces progresses upward.
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Figure 5.4 Timehistory response of brace buckling and beam hinging festagy

building without outrigger truss under motions S2, S4, and®%tife first buckled
brace; 0 subsequdnbkewymbbchbedghrageebdir
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5.2 Seismic responsef the 12storey ZBF-RT building
Referring to Figure 4.1@hich illustrates thenterstorey drift envelope of thE2-storey
building with roof outrigger trusss the meaninterstoreyvaluesunder crugal ground
motions are below the code limiat all floor and are uniformly distributed along the
building height. After adding one outrigger truss at theflimgr levelto each ZBF frame
the roof displacements substantially reducedndthe upper stories experience larger
lateral demanth term ofinterstoreydrifts than the lower storie§.he peak mean value of
interstorey drift is capturedt the 11" floor and is1.4%6hs. Underthe rearfield ground
motions, the meaanvelope ofnterstorey drift isstill within the code limit, 2.5%h The
interstoreydrift values are uniformlydistributedexceptthat is concentratedt the 1
floor which is(1.526hs). Under Subduction ground motions, the seismic respohte
12-storey ZBF withroof truss ismore stableéhanthat resulted for the structuvéithout
outrigger trusss Thus, we can summarize that roof outrigger truseedrol the inte-
storey driftand make the upper part of the structure stiffer. Thus, largal faxces in
zippers are triggereat the upper tier of the buildingn this regard,lie peakmean inte-
storey drift valuedecreases from 2.74%hs to 1.47%lakile this peak has migrated from
the 11" floor to the9™ floor.

Moreover,in Figure 4.8, under Neafield ground motions, the axial demand of
zipper columns is larger in compression than in tension. Whereas, the tensile forces in

zipper columns are larger than compressive forces uth@e€Crustal and Subduction
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groundmotions.In addition a summary ofall meanvalues of axial forcedevelopedn
zipper column®f the 12-storey ZBF with outrigger trussunder all the selected ground
motionsindicates that the compressive demand is generally higher than the tensile d
mand in zipper columnst also shows thahe axialforcein zipper columnsregenerally
increasedafter adding one outrigger trusehe above two finehgs tells usthat by ad-
ing roofoutrigger trusesin the structural system of the-$forey ZBFthe systenis able
to carry a larger axial load in zipper columand the lateral resistance of the studied
building isincreased

Figure 5.5, illustrates the deformed shape tlie 12-storey building withroof out-
rigger trusessubjected tgroundmotions C2, C6, and C4. Undgroundmotion C2, the
induced forces drive the building in the nonlinear range while defletttsngraced frame
in the 3" vibration mode. Comparinthe responséo that resulted for ZBRwvithout ou-
rigger truses the brace buckling istill initiated atthe top level, and 10 braceembes
reachedbuckiing successivelyn less than 1.14, while buckling is propagatindown-
ward. In addition, inthe 'and 3° floors, braces remaito behave elastically in compa
ison with the ZBF system withowutriggers A more stable response ¢aptured under
groundmotions C4 and Cé6rhus, undergroundmotion C4, the first brace bucklinmg-
curs at the top level and propagatimvnwarduntil the 7" floor. Also, buckling of braces
occursat the 1 and 2° floors as well. However, with the participation of the outrigger

truss, the number of brace buckling and yieldsmgubstantiallydecreased. The perden
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age of the buckled braces drops from 58% to 42%tlamtbtal percentage of buckled
and yielded brasedrops from 83% to 64.5%. Undére groundmotion C6, the brace
buckling startsat the topfloor level and propagates the 5" floor within 1.5s(from
9.76s t011.22s). Moreover, the percentage of buckled braces dropsofddi to 58%,

and the total peentage of buckled and yielded braces drops from 100% to 62.5%.
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Figure 5.5 Timehistory response of brace buckling and beam hinfpng 2-storey

building with roofoutrigger trusesunder motions C2, C4, and C¥(the first buckled
brace; 0 subsequently buckled brace and

The timehistory response of braces buckling and beams hinging gnde@ndmo-

tions N6, N1 and N7 is illustrated lgure5.6. As mentioned before, without adding the
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outrigger truss, the studied building reaches file-height zipper mechanismander

groundmotions N6 and N7. However, after adding ooef outrigger trussthe building

is able to carry forces developed undex fitaled ground motionsN6. The buckling of

bracegnitiated at the tofloor level and progressed downward until the bottom floor.
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Figure 56 Timehistory response of brace buckling and beam hinging festagy
building with one outrigger truss underotions N1, N6, and NXthe first buckled

brace;

0

subsequently

buckl ed brace

The percentage of the buckled braces decreases from 75% tar@V#te number of

beam hinges decreases from 12 % Undergroundmotion N7,the first brace buckling

occurredat the 2 floor and therit propagates upward. Comparing to the case without

and



Page|108

outriggertrusses the percentage of brace buckling decreases from 50%6%g and the

total number of buckled and yielded braces decreases from 100% to 62.5%. In addition,
there is no beam hinging observéhe building response undground motion N1
shows largerlateral demand at lower floorshus, five brace membersin the left
half-span have buckled, aritve of the braces in the right hadpan yielded. Also, the
buckling and yieldingnostly occurredfrom the 2"to the 4™ floor of the building and the
number of floors remaining in elastic increases from 3 to 6.

Under ground motions S2,S4 and S7the history of braces buckling and beams
hinging is showed irFigure 5.7. Undergroundmotion S7,the studied building reaches
the failure status when subjected to 45.5% of the scaled ground mbtieriirst brace
still buckles at the top floor levelnd brace bucklingpropagates downward until the
groundfloor within 1.4s. Under the S4 ground motiatie studied building reaches the
failure status when subjected to 66.8% of the scaled ground motiefirst brace buk-
ling occursat thesecondfloor, and after all the braces buckled or yields, beam hinges
form in all thestories Undergroundmotion S2, the brace buckling stasdisthe bottom
floor, and 28.13% of bracdmveeither buckled or yieleld Comparing to thease wih-

out outrigger truss, the seismic performances are similar between them.
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Figure 57 Timehistory response of brace buckling and beam hinging festagy

building with one outrigger truss under motions S2, S4, an® #¥ first buckled brace;

(0]

subsequently

buckl

ed

brace

5.3 The behavior ofroof outrigger trusses added to the 1-3torey building

The geometrical configuration of diagonals in outriggesses haan importantmpact in
design if the analyzed elevation supports secondary beRegarding this, under the
gravity load component, diagonai$ outriggerscould be subjected to tension or torco
pression. If the geometry chosen for outriggagdnalss prone to development of tensile

forces as is shown in Figure&a, the systens costefficient. The axial forces developed

and

in diagonals from the gravity load component (DL+0.5LL) are shown in Fig8be Bor

beam
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comparison purpose, a geometricahfiguration of diagonals loaded in compression from
the gravity load component (DL +0.5LL) is shown in Figui@ Bs is expected, the axial
force in the internal outrigger panels is almost twice that that in the external outrigger
panel. If the timehistory loadingis applied to the structures in addition to the gravity
componentas is shown in Figure 5.8)eforces developed are larger in tension than in

a) 93.5 KN {540.1 kN {329.2 kN 93.5 kN

}329.2 kN ;340.1 kN

935 kN

-82.37 kN

Figure 5.8 Outrigger truss configuration 1 and axial loads developed in the outrigger
diagnalsunder the gravity component
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" i ! ! !
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b) 1 l
i
), 2
-281.11 kN -281.11 kN
455.63 k
¢ &
-363.48 kN 70.01 kN -491.43 kN -363.48 kN

Figure 5.9 Outrigger truss configuration 2 and the axial loads developed in the outrigger
diagonals under the gravity component

compression. Timseries of axial force developed in diagonal of mmatfiggers under the
crustal ground motion C2 are shown in Figure 5.10a for the external panel and in Figure
5.10b for the internal pandh addition, the maximum value reached under the C4 and C6

ground motions is also indicated in the graph.
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Figure 5.10 Timéhistory axial load in outrigger truss elements: a) exterior paneeT1

and b) interior panel T4 under ground motion C2

The timehistory series of axial force developed in diagonal of outriggers under lthe su

duction ground motion Sdnd neaifield ground motion N6 is shown in Figures 5.11 and

5.12
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Figure 5.11 Timehistory axial load in outrigger truss elements: a) exterior paneleT1

and b) interior panel T4 under ground motion S4

The deflected shape of the entire elevatinder the crustal ground motion C2 is shown in

Figure 5.13.
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Figure 5.12 Timéhistory axial load in outrigger truss elements: a) exterior paneT1
and b) interior pane T-Lunder ground motion N6
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Figure 5.13 Deformed shape of the -K2orey ZBFRT unar groundmotion C2
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5.4 Seismic responsef the 16storey ZBF building

Theinterstoreydrift envelopeof the 16-storey ZBFwithout outrigger trusss presented
in Figure 411. Under crustal ground motions, large lateral drift demandtésceptecdat
the upperstories, and thpeakmeanvalue of interstorey drifis obtainedat the 18 floor
as2.92%6hs which is higher tharthe code limit Also, underNearfield ground motions,
the peak mean value of interstorey drift2id@%hs at the 18 floor. UndeiSubduction
ground motionsthe peak mean value of interstordyift valueis 3.13%hs at the 18sto-
reywhich also exceed the code limit.

As is shownm Figure 4.9, under Crustal and Neéeld ground motions, the axial
demand of the zipper columnsl&ger in compression than in tension. However, under
Subduction ground motions, the tensile forces in zipper columns are largénédttam-
pressive forceBy considering all ground motions, the peakanvalues of tensile far
es are observed at the @pdloors, and that of compressive forces are captured in the
lower stories. In generalinder Subductiogroundmotionsthe axial demands largerin
compression than in tension.

In Figure 5.14, the deformed shape tife 16-storey building undegroundmotions
C2, C6, and C4 are show@round notion C2 induced forces that drive the building in
the nonlinear range while deflecting in tH&Bbration mode. The first brace buckling is
capured atthe top level andbuckling progresseslownwardin less thar2.57 s from the

16" to the £ floor. When the 16storey building was subjected 84% of the scalecho-



Page|ll6

tion C6,the failure status is reachedhdfirst brace bucklingpccus atthe top level at
9.72s, and propagates fraop to bottom in less than 0.84(from t = 9.72s to 166s).
The beam hinges start to form at 10.66s and tiasdevelop in all the floorsThe higher
modes were also captured untiee C4 groundnotionwhenbuilding deflected in the'
vibration mode and bucklingf braces ha®ccured at all floors with 4 exceptions
Moreover, in 8ut of the 16 floorshothbracememberdelonging to the same floor have
reacheceither bucking and yieldng or only buckling after the ground motion reversed
The first brace bucklingccursat the topfloor level. Howeverpracebuckling is not @-

veloped in a&onsecutivesequence.
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Figure 5.14 Timehistory response of brace buckling and beam hinging festaey

building without outrigger truss under motions C2, C4, and €#8ie first buckled
brace; 0 subsequently buckled brace and

The timehistory response of braces buckling and beams hinging gnoe@ndmo-
tions N6, N1 and N7 is illustrated Figure 5.15. Under ground motion NG@he studied
building reaches the failure status when subjected to 87.6% of the scaled ground motion.
The brace buckling is initiated at the top levahd propagateto the ground level in

1.64s. All beams hinged after the brdmeckling and yieldingoccurred Under ground
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motion N7, the 1&torey building reached tHailure status while subjected 0% of

the scaled ground motion.
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Figure 5.5 Timehistory response of brace buckling and beam hinging festaey

building wihout outrigger truss under motions N1, N6, and e first buckled
brace; 0 subsequently buckled brace and

The brace buckling starts at the ground floor and then propagates upward. All

bracegeached either buckling or yielding abdans formedhinges in all the floors. The
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building response unddéine N1 ground motion shows large demandhe upper floors.
The brace buckling is initiated at the tipor level, and then propagates from thé" 16

the 10" floor. Almost simultaneouslythe buckling alsestartsdevelopng from the %' to

the 1% floor. After the ground motion excitatipthere are 3 floorthat are still perfan-

ing in elasticrange.

The highemodes of the 18torey building are also activated under Subduction ground
motions. Thus, undergroundmotions S2, S4 and S7, the history of braces buckling and
beams hinging is showed Figure 5.16. The building reaches the failure status when
subjected to 50% of the scaled motion Sife Tirst brace buckles at the top floor leaél
110.7 sand progresses downward almost simultaneol®ithin 0.4s all bracemembers

of theleft half spanhavebuckled fromthetop tothe bottom level. After all braces have
buckled or yielded, the beam hinging develapall floors. Under the S4round motion,

the 16storey building reachkthe failure status. The first brace bucklingas intercepted

at the ¥ floor, andpropagate upward.In the studied building, 87.5% of bracbave
buckled, and plastic hingésrmedin all the beamsf the ZBFE Under the S2 ground on

tion, the failure status is also reached. The first brace buckling is captured at the bottom
level. Similar to the situation under motion &l,bracemembersuckled and albeams

formedplastic hinges.
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Figure 516 Timehistory response of brace buckling and beam hinging festaey

building without outrigger truss under motions S2, S4, and*3fi¢ first buckled brace;
0 subsequentl y ebaut khliendgibnrggc ez aynodelbdi ng

5.5 Seismic responsef the 16storey ZBF-RT building
The seismic performance of the-8®rey building with one outrigger trusslded at the

roof is alsostudied.Thus, under crustal ground motionse meaninterstoreydrift values
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werebelowto the code limit Since the top floor is belted by the outrigger truss and due
to the higher modes effect, the maximum seismic demand is shifted to"fiedr5 and

the peakmean value of the drift on that flodecreases frorB.92%hs to 1.85%hsUnder
Nearfield ground motions, the mean values of interstorey drift are distributed in a similar
pattern as undehe Crustal ground motions. The peak mean value of interstorey drift is
1.63% at the 15th floowhich is less than 2.%hs resulted from the case of no truss.
Under Subduction ground motions, thmeak meanvalue of interstoreydriftdecreases
from 2.13%hs to 1.3&hs and it is captured @he 14" floor instead othe 15" floor pre-
viously.

Referring toFigure 49 andcompaing to the case without outrigger truss, the mean
values of axial forces in zipper columns are increased in all the floors. Under Crustal and
Nearfield ground motions, the axidbrce demandin zipper columns is larger in oo
pression than in tension. Hewer, undeiSubduction ground motions, the tensile forces
in zipper columns are larger thtre compressive forces. Among all selected grourd m
tions, the largemean values of tensile forces are observed in the upper floors, and the
larger values of compssive forces are captured in the lower floors. In general, there is
larger axial demand in compression than in tension.

In Figure 5.17, the deformed shape die 16-storey building withroof outrigger
trussesis depictedwhensubjected tgroundmotions C2, C4, and C6. Undgroundmo-

tion C2, the induced forces drive the building in the nonlinear range while deflecting also
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in the F'vibration mode. Comparing to the case without outrigger égibsace buckling
is also initiated at the toftoor level. In addition, 11 brace membersachedbucking
successively from the 180 the8" floor within 1.44sFrom the #'to the 7" floor, braces

remainto performelastially. Thi s behavi ocasaedithaditowdriggersc cur i r
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Figure 5.17 Timehistory response of brace buckling and beam hinging festatey

building with roof outrigger trussasnderC2, C4,andC6¥t he f i rst buckl ed
subsequently buckled brace anditmeah i ngi ng; 3)yielding o



Page|123

Undergroundmotion C4, the large lateral demand is mostly camedothe upper
floors. The first brace buckling is daped atthe topfloor| e v e | but doesnot
a consecutivesequenceThus, @mparing to thecase witlout outrigger trusseshe ses-
mic performance is similatUnder C6 ground motion, thetudiedbuilding reaches the
failure status. The first brace buckling occurs at the top levelpeoghgateso the %'
floor in 1.08s. Beam hinges form in #ie stories

The timehistory response of braces buckling and beams hinging under the N6, N1
and N7 records is illustrated Figure 5.18. Undergroundmotions N6 and N7, the sei
mic performance isnore stable when roajutrigger trusses areaddedto the structural
system of the 18torey building.Under ground motion N6, th&6-storeybuilding with
roof outriggersreaches the failure status. The first brace buckling occurs at thevtop le
el,andpropagateso the %' floor in 1.6s. Beam hinges form il the stories Under no-
tion N7, the 16storey with roof outriggers was able to respond®6 of the scaled
ground motion. The first brace bucklingcurredat the 29 floor, butdid notpropagate
subsequentiallyComparing to the case without outriggeus®s under the N7 ground
motion, the percentage of brace buckling decreases from 75% to 37.5%, and the total
number of buckled and yielded braces decreases from 100% to FuaA#iermore, there
i's no beam hinge for med,t reexhntte fdilddestatistThed i e d

building response under N1 ground motion shows large demand at upper floors.
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Figure 5.8 Timehistory response of brace buckling and beam hinging festaGey
building with outrigger truss under motions N1, N6, and ¥t(he f i r st buck]| e
subsequently buckled brace and beam hi

Most of the brace buckling and yielding happens in the¢o816" floors. Generally, the
16-storey building shows similar seismic response that without outrigges. Under
ground motions S2, S4 and S7, the history of braces buckling and beams hinging is

showed inFigure 5.19. Undergroundmotion S2the studiedbuilding reaches the failure
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status when subjected to 67.32% of the scaled ground motion. The first brace buckling
occurs at the"™ floor andbeam hinges form in all thetories Under ground motion S4,

thestudiedbuilding reaches the failure status when subjected to 76.96% afdiee s
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Figure 5.0 Timehistory response of brace buckling and beam hinging festaey
building with outrigger truss under motions S2, S4, and%7 h e
subsequentlylboc k | e d

brace

first buckl ed
and

beam hinging,; 3

groundmotion. The first brace buckling occurs at the top level, @mogagated untithe

2" floor in 1.95 while beam hinges form in all th&tories Under ground motion S7, the
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studiedbuilding reaches the failure status when subjected to 50.65% of the scaled ground
motion. The first brace buckling occurs at the top level, and developed t8 fl@o? in
0.3s. After all the braces are buckled and yielded, beam hinges are obserilatian a

stories

5.6 The behavior of outrigger trusses added to the roof floor level of the6istorey

building

The time historytime series of axial forces developitthe internal and external panel of

the outrigger trussediagonalds shown in Figure 20 underthe C2 ground motion.

5.7 Seismic responsef the 16storey ZBF-M&RT building

With the participation of two outrigger trusses at the flopr and midheight of the
building, the studied buildingnay achieve the expected seismic performance. Under
crustal ground motions, the mean values of interstorey drifts in all sierless than
2.5%h, and the pealnterstoreydrift valuecaptured at thesl" floor is1.36%hs. A similar
response is obtainadhder the Nearfield ground motions. Among all stories, there is no
exceeding of thénterstorey driftcode limit The peak mean valuef the interstorey drift

is observed at the T4floor and is1.326hs. Under Subduction ground motiorthe

maximum drift vdue is1.568%hs and occurredt the 5" floor.
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Figure 520 Timehistory axial load in outrigger truss elements: exterior paneeahd
interior pane T4 under motion C2

In Figure 49 is shownthe envelopes of the maximuamd mearaxial loaddevd-

opedin zipper columns ofhe 16storey building with two outrigger trussaaderthe ®-
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lected ground motions. Under Crustal and Negd ground motions, the axial demand
in zipper columns is larger gompression thaim tension.

During Subduction ground nions, the tensile forcesiggeredin zipper columns
are larger thathe compressive forces. By considering all groundiore, the peak mean
values of tensile forces are observed atldleer floors and the peak values of compre
sive forces are captured in thpperstories. In addition, the overall axial compression
demand is higher than the axial tension demand andxilakforceenvelopes are inside
the design envelopes.

Figure 5.21 illustratesthe deformed shape die 16-storey building withtow outrigger
truseswhensubjected tg@roundmotions C2, C4, and C6. Undgroundmotion C2, the
16-storey building deflected in the™Vibration mode. Comparing to the case wdthe
outrigger truss, the brace buckling is also indihtat the togdloor level and 11 braces
havebuckled successively from the"™ & the 8" floor within 1.25s. Besidesprace buk-
ling is alsoobserved irthe 2 andthe 8" floor. Comparingthe responséo the case with
one outrigger trusst is observeda stable response especialtythe lower part of the
building. Undergroundmotion C4, the largdateral demand istill carried by the upper
floors. The first brace buckling is capturatthe topfloor level, while the bracebuckling
does noprogresssubsequetly. Comparing to the case witmeoutrigger truss, thees-
mic base shear is slightly increased, while more braces behave elasiicalyhe pe-

centage of buckled and yielded brace member decreases from 68.75% aodbB%aces
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belonging tosix floors perform elastically versuBraces belonging to fodtoors in the
case withone outrigger trusdundergroundmotion C6,the building reaches the failure
status. Te first bracebucklingoccursat the togfloor level and all beamsr@ hingedThe
time-history response of braces buckling and beams hinging @ndendmotions N6,

N1 and N7 is illustrated ifrigure 5.22. Undergroundmotions N6,the studied building
reaches the failure status when subjected to 100% of the scaled ground fhb&on.
bucking of braces initiates at the téipor level and progressed downward until tH& 7
floor in 1.58s Undergroundmotion N7,the response is similavith that resulted in the
case with one outrigger trugdnder ground motions S2, S4 and S7, the history of braces
buckling and beams hinging is showedFRigure 5.23. Under ground motion S2, the
studiedbuilding reaches the failure status when subjecté&1 10946 of the scaled ground
motion. The first brace buckling occurs at freundfloor and beam hingesereformed

in all thestories Under ground motion S4, tlstudiedbuilding reaches the failurstatus
when subjected t86.4% of the scaled ground motion. The first brace buckling occurs at
the topfloor level andpropagated untihe 2 floor, while beam hingesreformedin all

the storiesat the brace to beam intersection paittader ground mion S7, thestudied
building reaches the failure status when subjected #%0f the scaled ground motion.
The first brace buckling occurs at the fitgor level, andprogressed downward untie

2" floor in 7.9s. After all bracefiavebuckled and yieled, beam hinges are obsented

formin all floors.
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Figure 521 Timehistory response of brace buckling and beam hinging festatey

building with two outrigger trusses under C2, C4,and ®@(he first buckl ed
subsequently buckl ed brace and beam hi










































