Innovative Bracing System for Earthquake Resistant Concentrically Braced Frame

Structures

Liang Chen

A Thesis
in
The Department
of

Building, Civil & Environmental Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Mster of Applied Science (Civil Engineering) at
Concordia University
Montreal, Quebec, Canada

April 2011

© Liang Chen, 2011



CONCORDIA UNIVERSITY
School of Graduate Studies

This 1s to certify that the thesis prepared

By: Liang Chen

Entitled: Innovative Bracing Systemn for Earthguaks Resistant Concentrically Braced Frame Structures

and submutted 1n partial fulfillment of the requirements for the degree of

Master of Applied Science (Civil Enginesring)

complies with the regulations of the University and meets the accepted standards with
respect to oniginality and quality.

Signed by the final examining committee:

Ashotush Bagchi Chair
Oscar A. Pekau Examiner
Ramin Sedaghati Examiner
Lucia Tirca Supervisor

Approved by

Chair of Department or Graduate Program Director

Dean of Faculty

Date April 6, 2011




ABSTRACT

Innovative Bracing System for Earthquake Resistant Concentrically Braced Frame
Structures

Liang Chen

The devron braced frame is avidely used seismic force resistant system in North
America in areas subjected to moderamtsevere earthquakes. However, the chevron
braed frame system isimited in term of lateral loadsredistributionover the building

height.

Khatib et al (1988) proposed to add zipper columns to link together all-bodmsam
intersecting pointsvith the aim todrive all compression braces to buckle simultaneously
and as a result tenlarg the energy dissipation capacity of the system. Although the
Commentary of AISC Seismic Provisions for Structural Steel Building (AISC 2002)
contains recommendationggarding this innovative zipper steel frame systsmno

design provisions are included yet.

The scope of this thesis is to refine the design metbodhe Zipper Braced Frame
System which was initially proposed by Tremblay and Tirca (2003) and to study the
systemb6s behaviour under S einelastiti tienehistaya d s

analysis.

The main objective of this research projedhigefold:

by



1 To develop accurate computer brace models by using Drain2DX and OpenSees
and to validate the accuracy of computations with experimental test results for

slender, intermediate and stocky braces;

1 To refine the existing design method for CBFs witbrsiy zipper columns;

1 To validate the refined design method biudying the performance of CBF
systems with strong zipper columns in Drain2DX and Open&adsonmentfor

low-, middle and highrise buildings

Through this research, the overall understandbhghe CBF system with strong
zipper columns is improved by means of accurate numerical predictions. The outcome of

this study will be further used as input data for experimental tests.

The design procedure has been divided into two phases: desigrces$,bcalumns and
beams according to NBC 2005 and GSA609 anddesign ofzipper columns. A
spreadsheet was developed do0t-, 8 and 12storey buildings and six different pattern
loadsrelated tothe distribution ofinternal brace forces over the strucduheightwere
proposed Based on this study, the best suited pattern load distribution is selected and

considered for zipper column design.

In order to evaluate thaccuracyof modeling assumption in OpenSees, parametric
studies were carried ouCompari®ns between analytical and available test reshitge
validatedthe accuracy athe computer models amhalysisresults Three ground motion
ensembles such as: regular, rald and Cascadia were scaled to match the design

spectrunfor Victoria, B.C.,have beeronsidered in treeanalyses



In conclusion, good seismic performance was found for all studied buildings. The forces
in the zippers were equal to or lower than predicted in the design medodipper
columns performed in elastic range whileuckling of braces propagat upward or
downward within seconds. It was clearly demonstrated that by using G@BthR zipper
columns the storey mechanismas mitigatedandin almost all cases thaterstorey drift
wasuniformly distributed over the strugiheight. In addition the median estiroas of
the interstorey driftsvere below than 2.5% Hlimit prescribed in the NB&@5 code for

buildings of normal importance.

The outcomes of this research project will be further wsednput data for a future
experimental tesfplanned tobe conducted orman 8storey braced frame with zipper

columns sample
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CHAPTER ONE: INTRODUCTION

1.1 General

Concentrically braced frare€CBF) with different brace configuratisrare widely used
in North America to withstand moderdtesevere earthquakesThis system is
considered asdingthe most stiffness efficient when braces behave in elastic range. Once
the inelastic response is initiated, the lateral stiffness starts degrading and an
asymmetrical response is developed. The popularity of this system is attributed to the

reduced cst, supervised fabrication process and speed of erection.

Past studies have shown that braced frame structures exhibit a limited redundancy
due to the tendency of earthquake loads to concentraiespecific floor where large
storey forces and interstgredrifts are developed.Consequently this specific floor
becomes vulnerable and prone to storey mechanism formation (plastic hinges in CBF

columns) wiile the structures driventoward a dynamic sideway collapse.

In the case of concentrically bracé@mes with a chevron configurationthe
stability of the system is enhancetiem strong floor bearmare employed. These beams
are designetb resist thgostbucklingunbalancd vertical load transferred from braces in
combination with the correspoimgj gravity load. When the floor beams are not designed
to carry the vertical unbalanced force that develops after braces buckle, the storey shear

resistance diminishes and forces are redistributed into the structural syStem.if a



chevron bracing systemith larger floor beamss designed, its relatively inefficient to

redistribute the lateral loads over the building height.

In light of this, the 1995 edition of the National Building Code of Canada
(NBCC695) has i mposed a | i nor CBFtstruotures inn t he
function of ductility and seismicity zone. Later on, in the 2005 edition of the National
Building Code ( NWreanfed fromtthe @umber oh stdéreys to the
height of the building expressed in meté&khough these limg are considered, the CBF
system is still prone to storey mechanism formation under earthquake excitations

characterised by different frequency content.

In order to mitigate the formation of storey mechanism and to achieve a stable
inelastic seismic respser, Khdib et al (1988) proposed to add a zipper column to link
together all brac#o-beam intersecting pointswith the aim being to force all
compression braces to buckle and tensile braces to, gedth that a large amount of

energywill be dissipated.

Although in the last decade several researchers in North America have conducted
analytical and experimental studies in the field of behaviour and design of zipper braced
frame systems, the concept is different and can be defined as follows: i) CBFeaith w
zipper strut (inelastic behaviour); ii) CBF with strong zipper strut (elastic behaviour) and
i) CBF with suspended zipper struBrecedently,experimental studies have been
conducted only for the CBF system with suspended zipper siffbuese structal

systems are presented in the next chapter.



Onthe other hand, analytical studies conducted before-ZW¥ have employed
the Drain2DX computer programwhile recent studies haveonsidered the most
powerful softwareOpenSee¢The Open System for BAquake Engineering Simulatipn
McKenna, F. and Fenves, G.L., 200® simulak the earthquake rpense of the
structures. If inthe Drain2DX frameworkthe inelasticity of bracewas captured by the
implementation of the refingohysicaltheory brace modein OpenSegedrace members
were modeled with the nonlinear beam column element compdsexl/eralfibres and

integration points for which a simulated steel material was assigned.

As mentioned, the research conducted for CBF systeith zipper columnsvas
initiated by Khatib and Mahin (1988), continued by Sah@000) who envisioned the
CBF system with weak zipper stgjfTremblay and Tirca (2003, 2004) who promoted
CBF systemwith strong zipper strstand Leon and Yang ( 2002007) who developed
CBF with suspended zipper struts. Although the Commentary of AISC Seismic
Provisions for Structural Steel Building (AISC 2002) has introduced the zipper steel
frame systemno design provisions are availabirthermore, AISC has recommended
the braced frare in a zippetbracing configurationas an innovative systemble to

improve the poselastic seismic performance @BF with chevronconfiguration

1.2 Objectives and Scope

The aim of this research project is thfek:

1 To develop accurate computer brace gledoy usingthe inelastic timehistory
softwareDrain2DX andOpenSeesnd to validate the accuracy of computations

with experimental test results for slender, intermediate and stocky braces;



1 To refine the existing design method for GB¥th strong zippecolumns;

1 To validate the refined design methdy studyng the performance of CBF
systens with strong zipper columns in Drain2DX an@penSeescomputer

environmenfor low-, middle and highrise buildings.

Through this research, the overall understandihghe CBF system with strong
zipper columns is improved by means of accurate numerical predictions. The outcome of

this studywill be further used as input data for experimental tests.

1.3 Description of methodology

For attaining the aforementioned objeeswthe following steps will be caéd out:

1 Results from experimental tests were selected to emphasise the difference in
behaviour of slender, intermediate and stocky tubular braces subjected tetgtiasi
cyclic loads. Based on thetestresults, analycal brace model were developed and two
computer programs such as Drain2DX a@genSeeswere selected for numerical
simulations. To study the influence of loaditygpe on brace response, a forth sample
(intermediate brace) was selected for investigatilh.selected braces are tubular,
compact crossections belonging to class 1 of section. This selection was made to
analyse the inelastic brace response which depends on the gied@ice crossection

and type of loading.

1 To bring refinement to the dgn method of CB&with strong zipper columns
and to assure that zipper columns behave elastically, additional lateral load distribution

patternsof internal brace forces are developed herein ardifferent brace buckling



scenarios are considered. In tregard, beside the sequential triangular load distribution
employed in the previous study, thdded patters are the followingangular; parabolic;
sequential parabolic; uniform; and sequential uniform. The maximum tension and
compressive forcdevelopéd in zippers under each one of the aforementioned scenarios
was considered for design. Therefore zipper columns are designed to withstand the

probable tensile and compressive force developédaces.

1 To improve the overall understanding of the CBF witbrsy zipper columns and

to validate the design method, 4 & and 12storey building were analysed under three
ensembles of ground motions typical for Victoria, British Columbia. The first ensemble is
|l abell ed fAordinary gr ou reight simulbtédoandohistaricatl i
accelerograms; the second ensemble is composed dfléaufield ground motions with
forward directivity and the third is composed of two simulated Cascadia subduction
ground motios. The selected accelerograms were scatedhatch the seismic dign
spectrum for Victoria.OpenSeesand Drain2DX models were developed for these

buildings

1.4 Thesis organisation

This thesis is organised in six chaptdise first chapter contains a brief introduction, the
scope and thesis objeats, the methodology, as well as the thesis organization. The
second chapter summaries the literature review related to past stugiesens design
principles and behavioural characteristics of concentrically braced frame systems with
zipper columnsas well as past studies conducted v@denSeesChapter 3 is related to

the calibration of brace model inOpenSeesand Drain2DX by using results from

S



availableexperimental tests. The computer modeling of slender, intermediate, and stocky
braces subjectedo quasistatic loading histeesis developed. Theefineddesign method

is based on five different loadindistribution patternsandis depicted in Chapter four.

This method was applied for the, 8-, and 12storey building and the maximum force
develgped in zippers is illustrated. The fifth chapter presents the ground motion
envelopes selection, the scale factor calculation and the roddle- and highrise
building response under tintestory nonlinear analyses by using Drain2DX and
OpenSeesThe buiding performance is discussed in term of forces developed in zipper
columns, sequensef braces buckling and lateral interstorey drift deformatlanthis

study, the failure mechanishabelled the fulheight zipper mechanisiig reachedvhen

all braces have buckled and beams hinged at the braces to beam intersection point.
Conclusions of this study, as well as the recommendations for the future work are

presented in the sixth chapter.



CHAPTER TWO: LITERATURE REVIEW

2.1Past studies on the Design of Concentrically Bced Frames with Zipper

Columns

2.1.1General

Chevron braced frames are widely used in Canada (Tremblay and ,Ra@l) to
withstand earthquake loads. This structural system provides higher stiffness and a
moderate ductility through yielding and/or bucklinglwfices while all other structural
members such as beams, columns, and connections behave in elastic range. However,
under strong seismic excitation, this system is prone to storey mechanisms, especially
when beams are not designed to carry the unbalaretidal load caused bluckled

braceqFigure 2.1)

Thus, either the ground floor and/or the upper floors are prone to excessive lateral
deformation after braseéouckle and/or yieldConsequentlythe sudden formation athe
weak storey or storey mechamiglrives the structure to failure instead of transferring the

lateral forceso adjacent stories.

To overcome the problems caused by beam failure, several studies have been
conducted by researchers (Khatib et al. 1988, Remennikov and Walpole 1998, Sabelli
2001, Tremblay and Robert 2001). The concept of strong beams, designed to carry the

unbalanced forces developed when the braces lose their capacity in compression, was
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proposed. Despite this design strategy, the braced frame system is still prone to storey

mechanism formation.

\Y \Y Vi

Figure2.1 Chevron braced frame configuration and its failure mechanism (Brunahu et
2005)

On the other handhatib hasme nt i oned i n his report (¥
structurd configuration that achieves trilinear hysteresis loops without having to use stiff
beams and sl ender braces, and without caus
in need.Further on, he proposed to aaldhew vertical brageermed zipperto atach the
braceto-beam intersectiompoints between adjacent floor this respectthe zipper
members act either i n tension or in compre

forces the braces at adjacent stories to buckle simultaneously orssuelyes

Therefore, in AZipper o configuration, t
force developed aftethe buckling of bracesoccurs inadjacent stories, and force the

braces on these stories to buckle.



The Zipper configurationf designed properlys expected to overcome several
behavioural problems and to improve the seismic response of the chevron braced system.
Thus, this proposed system is able to maintain a more uniform damage distribution over
the structure height and to develop stable hgsterbehaviour. Furthermore, it does not
require very strong beams, and offers a relatively good performance level in terms of

storey drift and energy dissipation under earthquake excitations.

In the Commentary of AISC Seismic Provisions for StructuraklSBaiilding
(AISC 2002), the Zipper steel frame system has been recommended as being a braced
frame configuration able to improve the pesdstic seismic performance of chevron

bracing system.

2.1.2The tension Zipper strut approach

Foll owi ng Kh ant bubkiing of dreces imtateat the first storey and
propagates upwards, which means the structure will deflect in thevibrsttion mode

shape when the zipper effect is activated. After the first brace element $uekkile

forces will be develope in the zipper elemesitto force the brace elements of the above
stories to buckle subsequently. However, since tergile forcels considered in zipper
elements, this theory can only apply to the cases when the first brace buckles at the first
storey.This ideal behaviour mode of the zipper braced frame system requires braces on
onehalf-span of the fram& be on the verge of bucklingior to those on the other half,

such thatthe systenwill be led to deflect following the firstmode deformed shapi

light of this approach, theensile forcs in the zippermembersarecalculated as the sum

of all unbalanced vertical loadssuling from internal forces developed the braces



However, Khatib in this work formulated several questions related te th

behaviour of the zipper systemihich opened the door for further research

fWhat happen if the buckling of braces initiates from other stories instead of the
first storey? Could the zipper elements be activated in compression instead of tension?
What if the structure is not in a first mode deflected shape when the zipper effect is
activated”How to proportionthe braces to maximize the effectiveness of zipper effect?
How to choose the relative stiffnesstbé zipper elements and beath® ( Keha,t i b

1988)

These questions have besmadiessed by the following researchers: Salj2001),

Tirca and Tremblay (2003, 2004) and Yang and Leon (2004, 2008).

2.1.3The weak Zipper strut approach

In order to achieve a uniforulrift distributionat each storey and tow@d the formation
of the storey mechanism, R. Sab€lD01) hasproposed a design methéat the zipper
braced frames. For brace design, he recommended the samememis given in the
code for theconcentrcally braced frame systemofthe zipper calmns,the forces
expected to be developed tensionand compression must reach gteength of braces
located at the level below. In addition, zipper columns shall be designed and detailed with

the expectation of inelastic demand in both tension and @ssipn.

Based on his study which involva 3 and a 6 storey zipper braced frames, R.
Sabelli (2001) concludeghat the inelastic demand on the bracgsmore uniformly
distributed than in a chevron braced frame with strong beams. However,tiaik
storey zipper frame showan outstanding behaviour under the ground excitstiand

10



deflects based on the first mode shaaweral behavioural aspetiawe beenobserved in
the 6storey frame. The deformed shape of thedey frame approximage¢he shapef
the second mode of vibration instead of the first mode, while significant buckling and

tension yieldinghave beembserved in the zipper columns.

The behaviour of a chevron braced frame Witek zipper columns is shown in

Figure 22. Both cases: zipgr yielding and buckling are considered in design.

a) L b)
ral

4

B_race chkling Brace buckling
Zipper yielding Zipper buckling
Beam hinging Beam hinging

Figure 2.2 Behaviour of pper braced frameystemwith weak zipper columiiTirca &
Tremblay, 2004)a) zipper yields in tension; b) zipper blekin compression.

2.1.4Strong Zipper strut approach

With the aim of limiting the inelastic behaviour within bracéremblay and Tirca (2003)
have proposed a design methbdtrelies on the ability of zippeito behave elastically.
Based on the proposediesign methoaology, threezipperbracedframebuildings(4-, &,
and 12storey)have beerdesigned andnhvestigaed. Close examination of the inelastic
behaviour ofthe aforementionedracedframes has shown thhbth critical scenarios of

zippess acting n tensionand compreson can be treated separately. When the brace

11



buckling initiatesat the bottom storeyand propgates upwardn the frame,zipper
columnsare subjected to tensile foragge to the subsequent buckling of braces as shown
in Figure 23 a). On the other hand, when the first buckled brace is located at the top
floor, as the buckling of braces propagates downward, the unbalance vertica] forces
projected fronthebraces to migspan ofthe beamsare transferred asompressive forces

in zippe columrs (Figure 23 b).

Brace buckling Brace buckling
Brace yielding Brace yielding

Figure2.3 Behaviour ofzipperbraced frame system with strong zipper columns (Tirca &
Tremblay 2004): a) brace buckling initiated at the base; b) brace bucklingéaité the
roof.

Therefore, the zipper columns are designed to carry the unbdldoad
developed at the midpan of the beams after braces buckle. To assess the force in zippers
and their required compressiand tende strength, the following two scanos have
been proposed: zippers act in tension when the first brace buckles at the base and zippers
act in compression when the first brace buckles at the top of the structure. The zipper

struts are designed to withstand both of the maximum compressige &nd the

12



maximum tensile force which would beducel by the internal forcewhich are equal to

theprobable bucklinglostbucklingcapacity and the tensile capacity of braces

a)
— —_— b)

<Tu =C'u <Tu =C'u <Cu <Cu <Cu <Cu
—> o
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—»
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>

<Cu =Cu <Cu <Cu <Tu =Cu
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— —_
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Figure 2.4 Mechanisms andateral load distributions adopted for design with brace
buckling initiating at the: a) upper floors; b) lower floors (Tremblay and T2@@4)

In order to make the zipper braced frame respond as predicted, the zipper columns
must remairelastic throughot the entire seismic excitationg.he design methodology
proposed by Tremblay and Tirca (2008)able topredictthe envelope othe maximum

tension andcompressive force developed irzippers under different groundnotion

excitations.

In order to estim@ the maximuncompressive foreein zipper columns, Cthe

following assumptions have to be made:

U Lateral load distribution is assumed to vary linearly in an inverted triangular

shape, from a maximum value reached at the roof level to zero at thbdéwel

the studied level.
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0 Plastic hinges form in beams where buckled braces are connected, asbich

typically the midpoints of beams.

U Braces are assumed to maintainitttompressivestrength, G, upon buckling,
and their strength will drop to thepostbwekling strength immediately after

buckling occurs.

U Thecompressive foreetransferred downward through zipper columns are taken
by the compressive bracestlat levels belowthe studied levellt is assumed that
when the zipper at the studied level readhesmaximumcompressive forgethe
compressioractingbraces at the floor beloare onthe verge of buckling, i.e. the
compressive forcen the brace reaches ik®mpressive capacity,, as shown in

Figure 24 a).

For calculating the maximunensile fores in the zipper columns,,Tthe following

assumptionsremade:

U The lateral load is assumed to vary linearly from a maximum value at the first
floor (when thetensile forcedeveloped in the brace of the first floor is smaller or
equal to the yielding fae, T, or when all braces belonging to thtudiedtier
reach thepostbucklingload G) to zero at the floor located above the level of

study.
U Plastic hinges form in the beams located above the buckled braces.

U Zipper is designed to carry at each floog tumulaive difference of thaensile

forcedeveloped in the brace versus gustbucklingforce G° (Figure 24 b).
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In conclusion, the proposed methoals beerfound to provide realistic estimatisof
the zipper column loads and a confirmation that eippolumns behave elastically. In
addition, a stable inelastic responsehown for all studied structures under all regular
ground motions. However, for the -s8rey building dynamic instability can occur under
the Nearfield and Cascadia ground motioméen a fultheight zipper mechanism is
formed even if the zippsrespond elastically. This studiysunderlined the requirements
of future research and the validation of the proposed design magwudst different

pattern loads beside the sequentialrtgular pattern load considered.

2.1.5Suspended Zipper strut approach

Roberto T. Leon(2003) from Georgia Institute of Technologgspointed out thathe
formation of afull-height zipper mechanisnmplies a reduction on thdateral load
capacity.Regarding tfs, Yang and Leon (2004)aveproposed a modified zippéraced

frame structure consiag of anincreagdsizein top-storeybraces This concept requires

the top storey braces temain elastic and prevent the full zipper mechanism formation.
This modified configuration is known as suspended zipper frames. The suspended zipper
frame consists ofa partial height zippeoracedframe and an elastic hat trustthe top

floor with the aimto prevent the overall collapsé the structureThe suspended zipper
columns are able to transfer the unbalanced verticalfdeesloped graduallglue to the
bracés inelastic behaviouatt the lower part of the structure to the top storey braces and
support the beams at mgpan. As a result, the beams can be designngehivhich
meansreducel beamsizes anda moreeconomicaldesign Meanwhile, the suspended
zipper frame provides a clear force path which makes the capacity design for all the

structural members straightforward.

15



A

I —

Figure 2.5 Suspended zipper column design and its yov&n curves (Bruneau et.al
2005)

In their researchl.eon and Yandhavemainly focused orthe early buckling of
lower story bracesvhich progresses upwardvhile having a hat truss on top dfet

structure as shown in Figures2.

The loading path o& suspended zipper braced framewsll defined However,
since the zipper struts are designed to transfer all the unbalanced forces to the top storey,
the member sizes of the elastic hat truss bectwa big. Thus,ie main disadvantage of
the suspended zipper braced frame configuration is that as the number of storiessincrease
the strength demands of thep storeybracesrequires anunacceptablesize of cross

section

2.2 Studying the zipper braced frame behaviour withDrain2DX

Drain2DX is a computer program for static and dynamic analysis of plane structures

developed by Department of Civil Engineering, University of California, Berkeley
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(Prakash et al., 1993t is capable of performing linear andminear static and dynamic

analyses.

Drain2DX has been widely used over the past three decades. The credititiéy of
Drain2DX output fileshas been examined and verified by many researchers. The studies
presented in previous sections conducte&@alyeli, Tirca and Tremblay, as well as Yang

and Leonwere all performed ithe Drain2DX environment.

With great confidencethe Drain2DX software has been used to verdutput

parameters resulted fromany othernalysis programs, such as ETABS Nmear.

Drain2DX uses analytical models to simulate thelasticbehaviour of structural
membersEach element type implemented bmain2DX serves a particular purpose, for
instance, element type 02 is used to simulateirteastic behaviour of bearsolumn
membes and element 05 is used forodelinginelasticbracing membebehaviour This
feature made modeling iDrain2DX a straightorward process. As will be shown in the

next chapter, Drain2DX has its advantages and disadvantages in modeling.

2.3 Studying the zippe braced frame behaviour with OpenSees

The Open System for Earthquake Engineering SimulatipegSees(McKenna and
Fenves, 2004) is a software framework using finite element methods to develop
applications to simulate the performance of structural syssmjected to earthquakes.
OpenSeess capable of modeling and analyzing system response using a wide range of
material models, elements, and solution algorithms. Due to its open source nature,
developers, earthquake engineering researchers and usatseate dig into the source
code to make their modifications for specific problems.
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The OpenSeedramework is built up by four main abstractions: ModelBuilder,
Domain, Recorderrad Analysis. The relationship betwethese abstractions is showed

in Figure 26.

ModelBuilder Domain Analysis

Recorder

Figure2.6 OpenSees abstractions (Mazzoni et al, 2005)

fiModelBuildeid congructs the objects in the modmhd adds them to the domain.
The fiDomaird will then hold the state of the modeind send thenformation to
fAnalysi with the aim to move the model froits state at time t tthe next statat time

t+dt. ThefiRecorded monitors user defined parameters in the model during the analysis.

In a iDomair, all detailsregarding the modelingave to bedefined such as:
Elements, Material, Nodes, Constraints, LoadPatterns and TimeSeriesfiAhalysi

will handle the algorithm, integrator and so on as shown in Figdre 2.
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Figure2.7 OpenSeefAnalysi abstraction (Mazzoni et al, 2005)

2.4 Past studies on Braced Steel Frames Behaviour usiipenSees

OpenSeehas been developed as the computational platform for research in perfermance
based earthquake engineering at the Pacific Earthquake EngineeringcReSeater.
This application has been widely adoptby researchergor nonlinear analysisof
structures Over the yearDpenSeeéas been refined and provenbe one bthe most

powerful nonlinear simulation to®providing accurate results farariousanalyses.

In order to validate the plastic behaviour of braseseral parameters defined in
the OpenSeesnodel have been studied and validated against the experimental test
results. In generalthesestudies were focursg on bracing members with square or
rectangular tubular crossections Thesemodek werebuilt with nonlinear beartolumn
elements. TheGiuffre-MenegottePinto hysteretic materialvas assigned to all the
structural membersThe influence of parameters such as: number of subelements,
numberof integration points per element as well as numbébogswere investigated by
researchers (Agureo, Azvernari, C. and Tremblay, R2005, Izvernary, 2007; P. Uriz

and Mahin, 2008). In addition, they considered rotational springsnémteling ofthe
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gusset plate connectionshich enablesbraces to buckle ouof-plane. In order to
calibrate the GiuffrdvienegottePinto material, the variation of material parametstsh
as Ry, a1, & agand a were investigated by Aguero et §2005)and validatechgainst

experimental test results, as shown in Figuge 2.

.0 - Test S2A

Py

4.0 4

vi L (%)
Py

2.0
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-2.0

-8 -4 0 4 &

Figure 2.8 Comparison between test andjeinded model with length KL: a) Hysteretic
response withRo = 25, a1 = a3 = 0.00001, ande = a+« = 0.00®2; b) Hysteretic response
with Ro = 25 andai to as = 0.0; ¢) Owtof-plane response at brace arohgth with R = 20
and ato a = 0.0 (Agureo, A.Jzvernari, C. and Tremblay, R2005).

Although there are slight differences between the model respargethe
experimental test, th®penSeesnodel offers a great accuracy in the fedsormation

response and owif-plane defomation due to its 3D analysis capability

Chevron braced subassembly has been tested @talg2009). The test setup is
as show in Fig. 29 and he subassembly is constructed with 2 HSS2x2x1/8 brace

sections.
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Figure2.9 Chevron bracedulassembly (Yang et al., 2009)

Rotational spring <—— Rotational spring

<«— Rotational spring Rotational spring

Figure2.10 Chevronbraced subassembly model (Yang et2009)

The bracenembersvereconnected to beams and columns through gusset plates.
All the dimensions are shawn Figure2.9in Imperial units. In the OpenSeesnodel,a
two-dimensional irplane model was usedhe brace membemgere modeledvith two
flexibility -formulation nonlinear bearwolumn elementsvith five fibre crosssections
along the length of each elemeaind a 1/100 of the total length of braces eat-
straightness was implementddniaxial Mene@tto-Pinto steel material (Steel 02) was
used to model the material behaviolihe gusset plates are modeled with rotational
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springswith zercelength element from OpenSees Libr@fygure 2.0). The properties of

all the elements are modified accordinghe test. The foredeformation response of the
chevron braced subassembly has bessorded and compared wifipenSeeslt is
shown that a weltlefined OpenSeesnodel is able to represent the response of the

experimental test.

A comparative response dhe experimental test and th@®penSeesmodel
responsareshown in Fig. 2.1. A very good match is observed. However it is noted that
the low-cycle fatigueis not considered in this modethich can be seen from the last

cycle of experimental test data.
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Figure2.11 Experimental and Analytical respon&&ang et al. 20(0)

Furthermore, if the loveycle fatigue and local buckling are of great concern of
some particular problems, a more detailed model can bk iouithe OpenSees
environment. This behaviour which captures the failure due teclmle fatigue was

obtained by Uriz and Mahin and is detailed in their research report. This last study proved
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again the capability of the OpenSees software to model ¢eé lstaced frame response

under seismic loads as shown in Figure 2.12.
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Figure 2.12 OpenSeesnodel versus experimentgdst resultsy considering the low
cycle fatigue (Uriz and Mahin, 2008)
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CHAPTER THREE: MODELING OF T UBULAR BRACING MEMBERS UNDER

QUASI-STATIC LOADING

Braces are the most critical elements in typical braced frames. Thus, an accurate
nonlinearbrace model is in demand to simulate the seismic response of the zipper braced
frame. Severalresearchers (Arclabault, 1995; Walpole, 1996; Tremblay et al., 2001;
Shaback, B., and Brown, T., 2003; Broderick et al., 2008; Haddad et al., 2009) have
conducted experimental tests on the cyclic behaviour of tubular brace members in order
to investigate the nonlinear beacesponse under cyclic loading. A comparative study of
analytical brace response obtainedDmain2DX and OpenSeesagainst experimental

results under quasitatic cyclic loadings carried out in this chapter.

3.1 General characteristics of the refined brae model implemented inDrain2DX

The brace modeltermed Eement 05 was implemented inDrain2DX by lkeda and
Mahin (1984). This nonlinear brace eleméntdefined by the refined physical theory
modelwhich consists of two elastic beam segments joingtl a plastic hinge at mid

span (Figure 3.1 a). The beam segments allow elastic axial and flexural deformations
while the state of the plastic hinge is defined by-® fhteraction curve. Empirical
parameters for defining the M interaction curve and the tamgt modulus of elasticity

are included irthe Ikeda and Mahin refined physical theory model (1984).
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Figure 3.1 Refined physical theory model of brace: R¢fined physical theory brace
models; b) Basibehaviour of a brace associated with each zone (lkeda and,Ni884)

deflection Dis raised. This deflection increases with the axial shortening deformation
d until the plastichinge rotations formedunder the internabendingmomentM. At this

point, the force starts decreasing follmg the implementedP-M interaction curveand

When the brace member is loaded with axial compressive freemidspan

Elasti

a) | Li2 ot L2 .|. 3 ,|

SO e-B-

)
bttt

the rotationg simulates the buckling of the brace

zone, yielding zone and buckling zone, as shown in Figure 1 b). The elastic zone is
divided into shortening (ES2 and ES1) and lengthening zones (EL2 and EL1) both in
tension and compression atiee plastic zone is dividedito two zones in compression
(P1) and tension (PZJhe plastic hinge rotation is assumed to occur only in plastic zones

and is defined as a function of axial foreeand loading history. In Element 05, each

The

braceds

hyst er e sfouszoney eldste zooe plastic e

Elastk zone in
Buckling zone
Plastic Zone In compression

Elastic Zonein

Elastic slngation zone In tension
Plastic zone in onsion

Yiekling zone

Elestic sharianing zone in tension

zone is divided into a finite number of secBomith constant tangent stiffness.

Mahin, 1984) influences the inelastic cyclic stretching and shortening of braces. For an

elasteperfectly plastic materiadssigned tahe hinge zoe elongationdincreases under

In Drain2DX, the tangent modulug; implemented in Element 05 (lkeda and
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constant tensile load. In this modélyo linear empirical curvesre implemented as
shown in Figure 3.2ZThese curves are definad a function of the normalized axial force

p = P/R,, to define the ascending and descending patterns thleexial force decrease

or increases. Sets of four parametets e2, eande4 are selected and calibratbdsed

on available experimental data on the tangent modulus of elasticity. It is assumed that
tangent modulus is constant until the specimentsstauckling or yielding; then it
increases bilinearly when the axial force reverses. However, the difference between the

deteriorations of the tangent modulus from cycle to cycle is ignored.

™ P2 ES2/ :

edl_/\

ESL— F\PL |

Normalised Axial Force
=
|

el e2 e3
Normalised Tangent Modulus

Figure 3.2 Linear Idealization Curves for Tangent Modulus History (lkeda & Mahin
1984)

Thus, in the nonlineardynamic analysis, the Element 05 implemented in
Drain2DXis capable of simulating the inelastic behaviour of braces with various types of
cross sections. Thaccuracy of brace response depends on the defiMdneraction
curve, empirical parameters used to define the tangent modulus variation and the

magnification factors in tension and compression.
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In conclusion, the behavioural characteristics implemeinteBlement 05 are
identified as: i) the material ndmearity per cycle, expressed by the tangent modulus of
elasticity in place of the elastic modulus; ii) the deterioration of the cyclic plastic hinge
rotation; iii) the consideration of residual disgarent once the strength of the material
starts degrading. However, local buckling and Bauschinger effect, the progressive
degradation of tangent modulus during cycles and the spread of plastification along the

bracedés |l ength are lnot considered in this

3.2 General characteristics of the brace model i©penSees

In order to overcome the aforementioned limitationsDo&in2DX brace model, the
Nonlinear Bearrtolumn element with fibre section was selected fromQ@penSe&s s
library to simulate the inelasticrdce response. ©§Nonlinear Beancolumn element
allows plasticity tobe spreadalong the member lengtiA corotational transformation
method is selected to ammt for the large displacemeand a bilinear material law

known as Menegott®into material Wwh isotropic strain hardening is used.

Uriz and Mahin (2004) have underlined that more accurate inelastic brace
behaviourcan be simulated with nonlinear beaslumn elements combined with fibre
section model, by applying an initial camber at the membedength and attributing the
uniaxial Material Steel02, also known as GiuflenegottePinto model with isotropic
strain hardening. The Menegof®into functions (1973) express stresses as a function of

strain and the material model is defined basederidllowing equation:
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o' =bs'+ ———— Equation3.1

where 0% and U~ are the effective stress
interval, b is the ratio of the final to initial tangent stiffness and Rmaterial parameter

which defines the shape of the unload curve. The MeneBatto function for the strain

stress curve is able to describe the responeedighly nonlinear model accurately. It is

stated that the initial tangent stiffndsss equalto the elastic stiffneds, the stresstrain

relation is linear in the elastic rangge £ gand under the yielding plateau, the strain
increases from yielding straig to strain hardening, while the stress, is constant.

The MenegottePinto model accounts for the accumulated plastic deformation at each
point of load reversal. Thughe hysteresis loop follows the previous loading path for a

new reloading curve while the deformation is cumulated.

CA
o / Final tangent stiffness E,
og) | T T
b=E/E,
nitial tangent
stiffness E,=E
L= € - Eo

Figure3.3 MenegottePinto model for steel material

In OpenSee&nvironment, the brace adel consists of a number of forbased

elements with distributed inelasticity over the length of the member. Thefibreslof
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the elements are defined with Menegd®ioto stresstrain relationship. Thus, both
Bauschinger effect ané-M interactionsare considered. The force displacement relation

in the standard forebased element formulation is established on the basis of local
coordinates, which has been transformed to global reference system following the
concept of the Corotational geometric sormation, in other words, large displacement
geometry is also considered in the model. With this approach, two elements for each
brace are sufficient to simulate the buckling zone. Even though the local buckling is not
considered in the model, accorditiyUriz and Mahin (2008), the nonlinear response of

hollow crosssectional braces does not seem to be substantially affected.

3.3 Selected experimental tests from literature

For validating the accuracy of the computed mogdfgar full-scale brace members with
tubular crosssections, loaded first in compression were selected from nine experimental
studies (Tremblay, 2002). Among them, three out of tw#miy brace specimens tested

at the Structural Engineering Laboratory at Ecole Polytechnique, Montreal (Aveloit

et al, 1995) and one out of twenty specimens tested at the University of Calgary
(Shaback and Browr2004)were selectedThe three selected specimghslonging to

the first group have been tested ia single bracing frame configuration as fg@nded
members. The test sep is shown in Figure 3.4and was used for experimental
investigation ofa single and Xbracing frame configuration. Among the three selected
braces, two of them labelle®1B and S3B were tested under cyclic quastatic
displacenent loading typeH; (Figure 3.6 a,b), while the third brac81QB under
displacement time history Q (Figure 3.6 c). The selected cyclic -gt&gi loading

sequenced; is a symmetrical displacement pattern with stepwise increasing deformation
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cycles, agecommended in AT@4 (1992) Two identical cyclesvere defined at each
second ste@and the increment in peak deformation between successive steps was set to
0.67 times the interstorey driftt yielding The selected sequence is a displacement
history dereloped based on the results of nonlinear dynamic time step analyses performed
on typical two and threestorey buildings subjected to several ground motion records.
SpecimensS1Band S1QBhave the same rectangular hollow section RHS 152x76x4.8,
while the slender brac&3Bhas a square hollow section HSS 76x76x4.8. During the
experiments, the interstorey drifland the storey shed was obtained, so that storey
sheardrift hysteretic loops were built and illustrated in this study. The tlsetected

brace hasa cold-former hollow section made of CSB40.21M350W steel (Fy=350

MPa; Fu=450 MPa). The deformationd) corresponds to the clear brace lendgth
multiplied by the yield strain of the bracg=F,/E with E=200000MPa. For the single

brace specimens, the effective buckling lengthvariesbetween 0.88 to 0.964. The
slenderness parametés (KL/r)( Fy/pZE)O'5 as well as the mechanical and geometrical

properties of the selected braces are given in Table 3.1.

The brace effective slenderness ratior was evaluated in the plan of buckling
considering end conditions. Specime®sB S1QBhave a slendeness ofKL/r = 92.6
while theS3Bspecimen haa slendernessf KL/r = 143.2. In Table 3.1, the length of the
braces between the two ends hinggss equal to the distance between the points where

hinges were observed the gusset plates duritige tests.

The brace specimen labell2A was selected from the experimental tests conducted at

Calgary University. Th@A brace specimen is a stocky HSS152x152x8.0 member with a
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denderness ratio equal to 68 this specimers first loaded in compression under the
cyclic quaststatic loadingprotocol as shown in Figure 8léand ts mechanical and
geometrical charactetiss are presented in Table 3The experimental setp for a

single brace membes shown in Figure 3.5. The yield strendijof the selected braces

was obtained using the 0.2% offset method from stalumn testing of sample bracing
member. All of the selected specimens have developed a plastic hinge at the member

mid-length.
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Figure 3.4 Experimental setip for single and X bracing frame configuratiiremblay
et al., 2003)
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Figure3.5 Experimental setip for single bracA (Shaback, B., and Brown, T., 2003)
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Figure 3.6 Loading protocols for specimens@) B b) S3B ¢) S1QB and d)2A

Table3.1 Properties of selected test specimens

Study
Hollow Ag Fy I Z r (bo/t)  Lg Ly d,
no./Test ] . 5 KL/r |
_ crossection mn? MPa 10°mm* 10mm®* mm  (by/t)im mm mm mm
specimen

1/S1B 127x76x4.8 1790 395 3.78 73.8 45.9 0.67 4007 4610 92.6 1.312 7.922
1/S1Q0B  127x76x4.8 1790 395 3.78 73.8 45.9 0.67 4009 4610 92.6 1.319 7.926
1/S3B 76x76x4.8 1310 389 1.08 34.4 28.8 0.67 4179 4619 143.2 1.990 8.126
T712A 152x152x8.0 4430 442 151 237 58.4 0.86 3950 3995 68 1.01 8.730

The resistance capacity of selected specimens in tengigraAd compression,C
(where G = AgFy( 1 Y, as well as the probable capacity in tensigRyfy (Where
Ry = 1.1), compression nd theproballe postbucklingcapacity in compression,Gare
given in Table 3.2In addition, Table 3.2 gives the horizontal projection of axial forces
developed on braces during the experimental test conducted on-tiye iBestrated in

Figure 3.4.
32



Table3.2 Calculated tensile and compressive strength of test specimens

Hollow C

e - AGRFy c
ﬁ(t)ul()i/y Toqq CTOSS ARy, ARFy §=1 Ci GO Cf Co I %74 Cue o < Testresults
. section

specimen shape kN kN KN kN kKN T, C, KN kN kN

Tma=526
1/S1B 127x76x4.8 706 777 305 403 155 0.43 0.38 622 320

C,=328

Thmac=722
1/S1QB 127x76x4.8 706 777 304 401 155 0.43 0.38 622 318

C,=362

T =464
1/S3B 76x76x4.8 510 561 115 152 112 0.23 0.74 449 121

C,=129

Tre=2164
712A 152x152x8. 1958 2154 1156 1526 431 0.59 0.28 - -

C,=1507

*Cuc”) = Q@R /F2(probablepostbucklingcompressive capacity)

3.4 Comparison of analytical inelastic braces response iBrain2DX and OpenSees

versusExperimental

3.4.1Empirical parameters calibration for Element 05 implementedDmain2DX

The concentricallybraced frame in single bracing configuration illustrated in Figure 3.3
was modeled irain2DX and testedinderthe same loading protocols as considere

experiments.

All the beamto-column connections and brattegusset plate connections are
considered as pin connections in the model. The beam and columns are modeled as
beamcolumn element, Element 02. Braces were modeled with Element 05 and the
brc ed6s gusset plate was model edRegardinghe EI e me n
refined brace model (Element 05), a set of empirical parameigrsh{, ¢, &, k) is

required to define the theoretid@l M interaction curveand a set of four paraness(e;,
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e, 6, &) is required talefine the bilinear variation of the tangent modudusvesafter

buckling or yielding. Parameterg;, a.can also be defined to adjust thmagnitude of

yielding forces in tension and compression.

For the refined physid¢aheory brace model, the effectipéastic hingeanomentM

is expressed as the product of the axial féteamd the effective lateral displacemef.

Based on the measured vyield stress during experimental tests and ass@faste

perfectly plastigroperty for the materigtwo parabolic equations ¥abeen proposed by

Ikeda & Mahin for the theoretic&-M interaction curve: m= 1+p+cp” for 0 ¢ p ¢ pro

and m= a+bp+cp’ for p¢ p ¢ 1 (where m = M/M and p = P/R). The empirical

parametersy, b, ¢, &, bp, ¢ and pi> were suggested based on theerimental tests

conducted foa brace member with tubular cressction, HSS 102x102x12.5. The values

of suggested parameters are given in Table 3.3 whilePtMe interaction curve is

illustrated inFigure 3.7.

Table3.3 Coefficients for defining the theoretidalM interaction curve

Study P12 by C1 & b, C2
Ikedaand Mahinproposal

05 O -1.33 1.33 -1.33 0
(HSS 102x102x12.5)
This study 06 O -1.04 0.78  0.495 -1.278
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Figure3.7 Theoretical PM interaction curves

The empirical parametees, &, 6;, g used to determine the slope of the hysteresis
loops are shown in Table 3.4. In order to match themx@ntal curves (analyzed in this
study) with the theoretical ones based on the refined model, the vatlue phrameters
defining thetangent modulusurveshas to be slightly adjustetl is noted that lkeda and

Mahin have considered a-$hape membebtcalibrate the; to e, parameters.

Table3.4 Empirical parameters fatescribing theangent modulusurvesfor braces with
tubular sections

Study €1 € €3 €4
Ikeda & Mahin proposal 0.05 0.9 1.25 -0.25
This study 0.15 0.95 1.225 0

Magnification factorsa; and a.are used to adjust the tensile and/or compressive
capacities of brace membear with values obtained in expewntal tests. The

magnification factors proposed by the previous and current studgshaven in Table 3.5

35



as well as the value of the consténtvhich defines the plastic hinge rotation degradation

in theelastic elongation zone.

Table3.5 Magnification factors for braces with tubular sections

Study ai ac b
Ikeda & Mahin proposal 0.9 0.8 1.2
This study 1.0 1.0 1.2

3.4.2Comparison of aalytical resultsusing Drain2DXwith experimentalresults

By considering the same quasatic loading as depicted in Figure 3.6 and the
geometrical properties of the braced frame setupustratedin Figure 3.3, resgctively
Figure 3.4, the computed hysteresis lo@dpsce versus displacemert) specimen$S1B
S1QB S3Band 2A are shown in Figures 3.8 to 3.1i.is underlined thaturing the
experimental testhe inelastic deforations were observashly in the brae member. As

in the aforementionefigures, the refinedrain2DX brace model is able to simulate very
well the overall cyclic behaviour atlatedbrace membaear In this study, g using the
empirical parameters proposémt the Element O5the analyticahysteresis loopare a
better match to the experimental resultdHowever, the brace model is not able to
perfecty simulate the sampleinelastic behaviour especially ithe plastic zones of

hysteresis loopsyhich aredepictedirom force-displacement paragters.

For the slender specim&8Bwith KL/r = 143 the analytical resultebtainedin
thetensileplastic zone P2 underestimate the slopes of the force displacement curves and
fail to reach the tensile axial strength. This limitation can be overcomafigmening
theBaushinger effect in thieracemodel.
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During later cyclegollowing buckling and at th@unction ofthe elastic shortening
zone in compression ESAnd the plastic zone in compression, some underestimated
strengthis observedfor all specinens This transitim can be corrected if the model is

able to consider the effect of the gradual spread of ptzgtdin across the brace length.

S1B Lateral Force vs. Interstorey Drift
]

- = =lkeda &
IMahin
(1984
Proposed

., LateralFopce (KN)

Experim ental
Interstorey Drift (mm

: i/ - g & ¥ test
B — s

&0

-400

Figure3.8 Hysteresis loops of specim&iB

S1QB Lﬂteggﬂl Forcevs. Interstorey Drift

L — — —lkeda &
IMahin (1984)
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Experim ental

&0

Figure3.9 Hysteresis loops of specim&1QB
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S3B Lateral Force vs. Interstorey Drift
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Figure3.10 Hysteresis loops of specim&3B

2A L ateral Force vs. Interstorey Drift
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Figure3.11 Hysteresis loopsf specimerA

3.4.3The influence of parameters requireid OpenSees fothe bracemodel

The brace element is modeled wétlorce-based nonlinear beaoolumn element which

relies on an iterative force formulation and considers distributed plas@@tgssthe
elemend dength. In this studythe Gioffre Menegotd’into material is used and the
parameters considered to define the transition between elastic to plastic response are the
same as given in Aguilero et §2006) Ry = 20, cR1= 0.925,cR2= 0.15;a; = az =
0.00001,a; = a4 = 0.00002 for thasotropic hardening parameters; dmé 0.01for the

kinematic hardening parameter. The@sgameters used to define the steel matersk
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calibrated from the loadeformation response ohanner platefor a budling restrained

bracing membeandsubjected to quasitatic cyclic testing (Tremblay et al., 2004).

The bracenembelis modeled abeing composed @& number of nonlinear beam
column eéments. In ordeto percept the sinusoidal eot-straightnessleformation of
braces, more than two nonlinear bearonlumn elements have to be considered (Figure
3.12) Herein, the gusset plate is modeled as a rigid link and its length used for the
numerical modetorresponds to that used in the experiment.tésts two rgid links are
connected to the nonlinear beawlumn elements by using zelength rotational springs

and theresidualstress of the brace member is disregarded.

Simulation of theinelasticbrace member behavio(yielding in tension and buckig

in compressior) stronglydepend®n the following parameters:

1 the amplitude ofthe initial geometric imperfection at brace rsgan (out-of-

straightness)k;

1 thenumbersdibresdi screti zati on osedionNt he member q

1 thenumber ofnonlinear beartolumnelementsacross the brace length. and

1 thenumber of integration points per elemehit,
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Figure3.12 The consideredracemodelin OpenSees

3.4.3.1The influence of the oubf-straightness parameter

For the specimen2A in consideration here, the effect of initial camb@utof-
straightness)s investigated Four different values, corresponding to 1/10601/600",
1/350" and 1/108' of the brace lengtiflL=3.95m) have been considerethese values
applied at the brace milgngth corresponds to initial cof-straightness parameters of
e=3.95mm, 6.58mm, 11.28mm and 39.5mm, respectivelgrein, the brace was
composed of two nonlinear bearolumn elementshe brace crossection was defined
by N; = 16fibresas per di screti zati onantdfpyiategiatiod s how
points, N; were used for each one of the two elements. The sensitivity of thef-out
straightness paramet@) with the buckling load is clearly emphasisadrigure 3.13By
amgifying the initial camberrequired to bepecifiedfor the brace model, théeveloped
buckling load reduced significantly, whilethe postbuckling load is not affected.

Therefore, if the initial camber is larger than expected (for example L/100) thenguckl
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is reached prematurely and conducts to a false inelastic deformation mechanism. By
analysing the buckling load corresponding to an initial camber L/350 versus the brace
buckling forceC, given in Table 2 it seems that L/350 (11.3mm) is a realisticey&uen

if L/300 (13mm) seems to be more accurate.

TheEffect of VaricuzInitial Camber on Segment S2A
2500

L/1000

Figure 3.13 Effect of the outof-straightness parameters with buckling load captured in
the hysteresis loops

Therefore, the accuracy of the brace respoaiséhe first buckling zone is
influenced by the owbf-straightness parameteg, which needs to be applied at the

middle of the brace.

In this study the ouwbf-straightness parameter is calculated based on the
analytical equation given by Dicleli and Met (Simulation of inelastic cyclic buckling

behaviour of steel box sections, 2007), which is:
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M, P, L* :
e=——\1- Equation3.2
P, 12EI

wherePy, is buckling load of the bracd/,s is the reduced plastic moment of the brace
which corresponds tBy, on theproposed MM interaction curve given in Figure 3.7, and

L, Eandl are the length of the brace, the modulus of elasticity and moment of inertia of
the brace about the axis of buckljmgspectivelyFor example, considering beaZA, the

Mpp value which corresponds &, = 1507kNin the given PM curve isMp, = 54kNm

the calculated value e =13mmmatches perfectly the estimated rdti800. However,

for various brace lengths and cresstions, by estimating the eoft-straigliness
parametere as being the same percentage of the length of the member is not accurate.
During the member iterations, the coordinates ofitiresare constantly updated starting
from the initial configuration with camber included. Thus, the employroéthe above
equation is recommended to evaluate theoddtraightness parameter, which is very

sensitive to the value of buckling load.

In braced frame analysis, when the exact buckling load of brace members cannot
be obtained directly, an initial sisoidal outof-straightness with maximum amplitude
corresponding to 1/5800f the brace length are generally tested to give a satisfied

buckling response.
3.4.3.2The influence of the number of fibres

The number offibres discretization over the element cresstions may impact the
hysteretic behaviour of braces. Two types of fibre discretization for tubularszossns

are considered herein and are | abelled in
Figure 3.14Thus,i n case @ A0 iarrdhgementrofalibeedarerdistribated a n
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as follow: 1 fibre isconcentrated at eachor ner of t hsectied amdhteent 6 s
remaining 12fibres are distributed at equal distanaerossthe webs and the flanges

the studied tubular sectid@fibreseachas for HSS sections).
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Figure3.14Layoutofd f f er ent fi br e di scr dilirasb)aype on: a;
ABO, w(mtnhfibrdsl

Il n case ABO, e ach c @ecto@smesbdd withixrefibres] e me n t
while the flanges and webs are meshed wiem fibres In comparison, m is setqualto

120 and n is setqualto 5, thus, the entire crosgction is discretized with 50bres

Differencein resultsbetween both cases;#.6 andN;=500, isshown in Figure
3.15 for braceS1B The analytical model was built withhwo nonlinear beancolumn

elements<=2) and four integration points per elemadt4).

The number of fibres used to mesh the brace &esBon influences the

hysteres behaviour of the brace, while, more importantly, in the case of highly nonlinear
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elements, further meshing offers a better chance of convergence while slightly increases

the computation time.

600+

Ne=2; Ni=4; Nf=16
Ne=2; Ni=4; Nf=500

Lateral Force (kN)

Figure3.15 Hysteresis loops of specime84Bwith different fibre discretization

3.4.3.3The influence of the number of elements

In this analysis, the number of nonlinear beastumn elementsonsidered tanake up

the brace member and erablethe brace taccommodate sinusoidaldeflectedshapas

2, 4 and 8Recalling the Uriz and Mahin study (2008), the number of elements used with
the aim to capture the displaced shape of the buckled brace was 30, 10, 4 and 2.
However, 2 bearcolumn elements are not sufficient for netidg an adequate deflected
shape. In this study, the case with 2 bemtumn elements is considered for the
comparison purposégain, the number dibresused in this investigation is 500 and the
number of integration points per elementNs= 4. As is shown in Figure 3.16, the
number of elements selected to model the b&is@Bhas a small effect on the buckling

force prediction and has a slightly difference in plestbucklingrange. Furthermore, it
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can be noticed that when more than 4 elements ad tlseanalyticalbrace response in
terms of both hysteresis behaviour and energy dissip&i@mostidentical. On the
contrary, modeling each brace member wihly 2 nonlinear beangolumn elementsa
minimum computation times required while the mad is still able tocapture larger
curvature during the nonlinear global response if refined efficient meshing is applied at

the level ofthecrosssection, howevelysingmore than 4 elements recommended

A similar conclusion related to the minimuramber of elementasedfor brace
modeling was formulated by Uriz and Mahin (2008) amkguero et al. (2006) They
mentiored that differentcurvaturedistribution is obtained for 2, 4, and 6 elements with
16 fibres per crosssection and 4 integration pointshoosing more elements to simulate
an accurate defoned shape is highly recommendéthwever, increasing the number of

nonlinear beartolumnelements requires an increase in the computation time.

Analytical response of specimen S10B versus experimental test results
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3.4.3.4The influence of the number of integration points

In this analysis the number of elements along the brace length was fixed to two, the
number offibreswas seequalt o 16 as per type AAO0 of disc
integration ponts is varied within each element such as: 2, 3, 4, 6 and 8. The initial
camber was calculated based on the equajigen in section 3.5.3.,1and the value
corresponds to B50. If two integration points are set per element the result differs
significanty from otherswhen 4, 6, 8 integration points have been considered. This
comparative analysis is illustrated in Figure 3.17 for $2&\ specimen.Therefore, to

ensure the accuracy of theacebehaviouy at leas# integration points @ element are

requred. From Figure 3.17 it can be seen thatdifference in brace response when 4, 6,

or 8 integration points are selected is negligible. Aguerro et al. (2006) has also

recommended that eadbnlinear beartolumnelement to include4 integration points
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Figure 3.17 Effect of the number of integration poinfger nonlinear bearolumn
element tadhe specimeA
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3.4.4Comparison of analytical resultasing OpenSeewith experimental results

Correlationsbetweenanalytical studiesand experimental test resulklemonstrate the
ability of the proposed model tsimulate the inelastibrace response under cyclic
loading In these analyses the uniaxial steel GidNtenegottePinto material
nonlinearity is defined by tegrating the stresstrain relation expressed at the material
level over the area of the cressction. Due to the large number of meshisg9), the
computational attempt to perform the numerical integration and storage of variables
render the modelingnore demanding at the level of computatifpe Sousa, 2000).
However, by considering the characteristics of the nonlinear bealonmn element to
spread plasticity across the element lengtre employed forebased formulation
provides a good estimation fostiffness variation along the nonlinear abpecolumn
element.This occurs in the presence of moderately large deformafldreseffectof N;

and N are further studiednd the results are illustratedFigure 3.18. For these studies,
the amplitude of inial outof-straightness wasonsidered L/35@nd 4 integration points

are assigned for eaatonlinear beartolumn element. A Newton algorithm with line
search was selected from tpenSeedibrary in order to achieve rapid convergence
(Mazzoni et al., 205). This algorithm uses an energy increment for which the tolerance

was set equal to ffor a maximum of 500 iterations.

As shown in Figure 3.18pr elementS1B a good match has been observed with
experimental test results in terms of forces develope each haltycle if 4 or 8
nonlinear beartolumn elements are considered and the element-sessi®n is meshed
with 500 fibres instead of only 16 fibre&s highlighted in the figureif 500 fibres are

used the tensile forces developed in the fiest tycles are closer to the experimental
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values. Similar conclusiencan be formulated by considering the output of energy

dissipation per each hatfycle.

Different Nk and N values do not have a significant influence on brace
behaviour interms ofcumulative energy dissipationTherefore,by assigningb00 fibres
to thenonlinear beartolumn element crossection, the model simulates the response
more accurately, especially in the first a few cycles, even when only 2 elements are used

for each brace.Rerefore, N=500, Ne=4 and N=4 are used for future brace modeling.
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3.4.5Comparative response of braces wrdquasistatic loading in OpenSeesand

Drain2DX versus experimentakstresults

As illustrated in Figure 3.19, both numerical moddksveloped in Drain2DX and
OpenSees are able tapture the braée behaviour accurately. The main difference
between théwo brace models built in Drain2DX and OpenSees has been identified in the
plastic zoneP2tension of the forcedisplacement hysteresis loofsee Fig. 3.1 bjlue to

the omission of the Baushinger effeatDrain2DX. Even though th®©penSeesnodel
includes the Baushinger effect and the simulatisnhigHy refined, some difference
between the analytical response and experimental udatar quasstatic loadingstill
exists. The difference in simulation is explainsdhe omission of the low cycle faiie,

the local buckling andesidual stresses.

In this studyaccuracy in modeling the inelastic response of a slender Bizige
(KL/r = 143), intermediate brac®1BandS1QB(KL/r = 93) and stocky brac2A (KL/r =
68) is emphasizedIn light of this, te influence of loadingparametersfor the
intermediate brac81BversusS1QBhas also beenlentified The parameters chosen for
investigation arethe yielding force,the energy dissipated per haljcle and the total

cumulative energgissipation
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U Inelastic behaviour of thaiermediate bracesampes S1BandS1QB

Specimens$S1BandS1QBbelong tothe samédraced frameetup, but weresubjected to
different quasistatic displacementcontrol loading histories which initiated with
compression SpecimenS1B was subjected to 14 questiatic cycles (28&alf-cycles)
incremented at eacdecond cycle (Figure 3.6 a) uparpture which initiated in tension
as shown in Figur8.20a. Specimeis1QBwas subjected to 6 similar cycles with equal
loading displacement (Figui26c) which were equivalent to the 18ycle in terms of
displacementoading protocolcycle developed tahe specimerS1B As illustrated in

Figure3.20b,the failure of this brace is in tension

The intermediate brac8lBhasreachd the buckling loadduring the first cycle
and d d mxperence yielding in tension under the aforementibleading protocolAs
shown inFigure 3.20a the axial forces inOpenSeesare slowly overestimated, local
buckling and fatigue was omitted from the model and the buckling fort2%slarger
than the analytial value calculated in agreement with the S16 stanteder a different
loading protocol characterised bylarge displacement from the beginning $
application, the behaviour of brage different. Thus, he braceS1QB has reached
buckling in the fist cycle followed by yielding in tension in the next cycle. In this case
the strain hardening effedtas produced an increase itme tensile capacity of the

member, 8% lower than,Tasillustrated in Figure3.20b.
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Figure 3.20 Axial force developed per hatlycle for: a) specimeS1Band b) specimen
S10QB

When the S1B braces subjected taas incremented loading history, a lower
tensile force was developed in every odd cycle as shown in Figure Al@@augh the
energy dissipated in tension in tBpenSeevracemodel S1Bmatches almost perfdygt
the experimental valuga small differenceof 15% is observeih the compression side
due to the omission of local bucklimgpplemented irthe analyticalmodel.However, the
difference in terra of the cumulative energylissipationis about 3% betweethe
experimental andhe analytical model@penSegsand is overestimated up 0% in
Drain2DX due to the omission of the Bauschinger effect (Fi@22a). The saple S1B

reaches 50% of the total cumulatidessipatedenergy during the fbcycle out of 14
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which means 67% of the total number of cycles. Comparatively, the s&d08
reaches 50% of the total cumulative energy during theygle out of 7 which means
43% of the total number of cycles. If in the first césammpleS1B the cumulativeenery
dissipationfollows a parabolic curve poiimtg upwardsin the secondsampleS1QB
case the cumulative energy follows a parabolic curve pointed down. In thef GE@B
sample the cumulative energy@penSees underestimated by 15% while in Drain2DX
is underestimated by 2% (FiguB£22b) and this difference is developed in the plastic

zone in compression as is illustrated in Figure 3.21b.
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S1B Global Energy Dissipation
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Figure3.22 Cumulative energylissipationper halfcycle: a) specimeB81B b) specimen
S10QB

In addition, under a smooth loading protocol the same brace 152x76x4.8 is able to
dissipate 30% more energy (S1B) than under larger loading protocol (S1QB) especially
when lower displacement amplitudes are applied from the beginning. For the
intermediate kace S1B the energy dissipated is approximately equal in tension and
compression, while for the brace samBEQB a lower amount of energy is dissipated in

tension.
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U Inelastic behaviour of theestder brace samp&3B

The brace sampl&3Bwas subjected téthe same type of displacement history as the
bracesampleS1B In comparison with the previouwsmse §1B, the number of applied
cycleshasdoubled to 28 (56 halfycles) for a maximum displacement of £100mm as
illustrated in Figure 3.6b. First, the brasas loaded in compression atite bucking
state was reachatliring the first cycle. Then, after the application of two similar cycles,
the brace yielded in tension in th& 8ycle and reached its ultimatapacity when
fracturewas initiatedin tensionin the 28 cycle. By analysing FiguBe23, during each
half-cycle the postbucklingforce is almost constant whileishvalue is approximatelgs
being half of the buckling load in spite of the theoretical value calculated by the
expression 0.24RyFy. In this cas€OpenSegsDrain2DX and experimentaésts,develop
similar forces in tension and compression. In additionOppenSeemodel shows similar
dissipative energy values in tension willat resulted in thexperimentatest while in
compression sidand especially in thpostbucklingzone theevalues are underestimated
by 25%. Overall the energy dissipated in tension and compression paydialfis
comparable (Figure 3.24) and half of the cumulative endiggipationis reached in the
19" cyclesout of 28which means 67% of the total number of cycles as shown in Figure
3.25. The total cumulative energy is underestimate®penSeedy 30% while in

Drain2DX is overestimated by 30%.
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U Inelastic behaviour of theéacky brace sampl2A

This brace was subjected to 9 cycles by following an asymmetric loading history, being

larger in tension than compression for the second half of cysées Figure 6.6)The

specimen

buckled in compressiin the &' cycle, yield in tension in the"&cycle and lost

its strength in the ® cycle under an incremental increaiseloading. The OpenSees

model overestimates the maximum tension emwipressive forcen the plastic range by

approximately 6% ashswn in Figure 3.26 whilgt underestimates the maximum

cumulative energy by 4% (Figure 3.28). The energy dissipation pecywdf shows a

slight underestimation in tension and overestimation in compression by 3% (Figure 3.27).
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Figure 3.28 shows that half of the cumulative energy is reached ir"tbgcle
out of SQwhich means 78% of the total number of cycles and the tendency of cumulative
energy from one tdhe next cycle follows a parabolic curve pointed up and open

narrower than the previous cagBandS1QB
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CHAPTER FOUR: DESIGN METHODOLOGY OF ZIPPER BRACED FRAME

STRUCTURES

In this chapter, a detailed design methodology of ziypaced frames aiming to achieve

the strong zipper effect is presented andample design of an-8torey building is

illustrated. The proposed design method is developed in agreement with the NBCC 2005

and S162009 provisios. Althoughthe zipper frame system has been introduced in the
Commentary to the structural steel seismic provisions (AISC 2005) since 1992 as a
means of improving the pestastic performance of chevrdmacing frams, it hasno
been included in the Canadian Steel Design Standard Netvertheless, design
recommendatiam for zipper braced frames have not been proposady building code

or standard

4.1 Design Philosophy

4.1.1General design steps

The design of the zipper braced frame structure is divided in two steps such as:

- design of chevron braces, beams and columns bywiog the SB-2009 and
NBC-2005 provisions for concentrically braced frame withchevronbracing

configuration and

- design of zipper columns as members acting in teranoifor compression, able

to carry the loads transferred from braces and adjaqgera.
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4.1.2Detailed design steps
4.1.2.1L ateral seismic force and distribution

For seismic load calculation, the equivalent st&irce procedure has been used for the
preliminary design. The base shear is proportional to the design spectral acceleration
value, S(T,), the higher mode factoiMy, importance factor]g, the building seismic
weight, W, and itis inversely proportional to the ductility related force modification

factor, Ry, and overstrength factd®y, as shown

V =S(T )M, I.W/(R R,) Equatiord.1

For braced frame structures, NBCC 2005 requires that the minimum lateral

earthquake force calculated with the above formula shall not be less than

Vo = S(2.0)M, I W /(R,R,) Equation4.2

or greater than

Voae = (2/3)5(02)I;W /(R R,) Equation4.3
Then, for structures with a fundamental lateral period larger than 0.7s the total
lateral seismic force is distributed such that aipor; is concentrated to the roof level,
while the remaining\( - F;) amount is distributed to each story including the roof level in

accordance whtthe following equations:

F,=007TV < 025V whenT = 07s; F. = 0whenT < 0.7s
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m=1
whereT is the fundamental period of the structume,s the total height of the structure
andF;, W, are the lateral force and the seismic weight of tHtoor respectively, ant
is the height above the base to stareyhus, the lateral earthquake lodidtribution as

shown in Figure 4.1 has a triangular pattern.

Fi

Wi

Fi

hi

— V

Figure4.1 Lateral seismic force distribution

4.1.2.2Design of braces

Braces are the first members to be designed. These elements are proportiesist ttee
storey shear force in combination witketgravity load component (DIJ5LL+0.25SL).

Based on the capacity design concept, the shear force developeif'dtabeis equally
distributed to both tension and compression bragkiEh belong to ie same floar

Therefore, the load acting on each brace element can be calculated as:

Tfl:f:' = Cfl::"_:- = 1":3"(2 X CDS E::l Equatlon45

whered; is the angle between the brace and a horizontal line.
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The brace element is designed in compression and tension such that the factored
tension andcompressive loadC;, T;) are smaller than the resisting strength of
corresponding membe€y, T,), whereC, = 0.9AF,( 1 #)3"andT, = 0.9AF,. In these
formulas & is the sl e-sedtienmalnasea anéynsathieistegl A

strength.

4.1.2.3Design of beams and columns

Beams and columns shall be designed based on the capacity design concept.
For thebeam design two scenarios are considered:

U Braceshave reachethe stage of bucklingndbean has lost its braces support.
Thus, the beam has to carry the reduced gravity loadiPg+0.5LL) over the
entire span without considering the braces supports astilme class 1 of section
After buckling is experienced e compressive bracenly the postbuckling
load estimated a€,6 = 0 . R, #aR be develgd in that braceOn the other
hand, the tensile bracés able to carrya tensile loadlimited by its yielding

strength therefore, lower than the probalinsile strengthr,,.

U In the second scenario, theamis supported by braces at its rgdanand he
compressivdorce in thebrace reacheiss probable nominal compressigé&ength
C,=1.2(R/1)C; where R=1.1 and /7=0.9, and the tensile force developed in
braces is considered as its probable tensile strengthln this verification the
beam acts as a bearolumn supporting the gravity load in combination with the
axial load induced by earthquake forcesl dorace effestwhen the compression
acting brace isnthe verge of buckling.
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Columns of the bracing bents are designed to carry the tributary gravity load in
combination with brace effextColumns are considered continuous over $taries and
are degined to carry axial load in combination with bending moment, which is limited to

0.2ZF,, whereZ is the plastic section modulus of the column section

4.1.2.4Design of zipper columns

Prior to the zipper column design, three assumptions are made:

U The beams are asmed toform hinges at the location whetiee buckled braces
are connected. As stated by Tremblay and Tirca (2003), although with the
presence of zipper columnsinging of beams is delayed until the brace buckling

has extended to several floofhis assmption is maintained for simplicity.

U It is also assumed that the braces can maintain their probable compression
strength,C,, upon buckling. In this way, all braces in the floors below or above
the floor where the brace has bucklede able to retain theirprobable

compression capacity when supporting the zipper column.

As stated in the previous section, the basic concept of designing zipper sasmn
the methogroposed by Tremblay and Tir¢€2003, is to consider two different scenarios
which are able tocapture separately the maximum tensile and compressive force
developed in zipperd-or low-rise structures, the zipper columns act mostly in tension

and their behaviour depends on the ground matih@macteristics

Since the behaviour dhe zipper framesystem depends on the frequency content of

ground motions, each one of the two aforementioned scenarios may(zippers act in
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tension, zippers act in compressiodpwever, when the higher mode effect is activated
and the building has more than 8 starithe seismic demamagrates upwardgads the
upper braces to buckland thuglrives the attached zipper coluntnsact inconpression.
When theloadng reverss, the upper bracesvhich wereprevioudy in tenson, are on the
verge ofbuckling The siffness of the structureasdegradd during this time sequence
Whenthe demands concentrated at the bottom floor and migrates upwadtivies the
bottom braces to buckle and zippeosacttension. In general, it is uncertain which
scenario is followd duringan earthquake, and, as is shown by researchers, mdasé of

time both scenariosiayoccur duringhe sameground motiorexcitation

In the first scenaricconsidered for zipper column desjgih is expected that the
bottom brace is the first toaehits buckling state while other structural members remain
elastic. Consequently, the unbalandadce force developed at the brace to beam
intersection pointrives the beam to hinging and the attached zipper cotorbehave in
tension. Since all zimgr columns are designed to remain in elastic range througfimut
entire ground motion, they serve as links between the lower and the upper drehm
transfer the unbalanced force upwar@siring this process, theompression brace
located at the storey abe is forced to buckle and the developed unbathhaad is

transferred upward.

Note that each buckled brace will affect the remainder storey stiffness, and as a

consequencat may influence the lateral force distribution along the building height.
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Basal on the propagation of plastic deformation, the maxincompressive forcen
the zipper column must be evaluated (Nr1) cases, where N denotes the number of

stories.

By following Scenario No.1 shown in Figureb2) of Chapter 2, it is assumed that
the bottom brace of the owression side reachithe postbucklingstrengthC @; and the
corresponding brace on the tension side develops a Tgrcemaller than the probable
tensile strengthl, ;. The vertical component of the developed unbalarradeforce
leads the beam to hiagnd to activatéhe zipper in tensiarOnce the bottom zippert2
floor) is activated, itdrives the upper compression brace to re@shprobable
compressive capacityC, 2, while the tensile force developed in brace is kaiby its
probable tensile strength, ». If the brace to beam angledsandthe plastic moment of
the floor beam isM; 1, thetensile forcenduced in the zipperolumnon thefloor above

can be derived as:

T, = (Tyy —Chq) Xsinh, —4 XM, /L, Equation4.6
where @M, /L) is the applied concentrated force corresponding to the development of
Mp,1. This force, T, (the tensile force developed in tkgper on the second flopris
transferredo the zipper above {8floor) alongwith the unbalance force produced by the
tension acting brace and compression acting brace located on the second floor. Regarding
the assumptionif the compression acting braeé the second floois on the verge of

buckling then, the tensile force dewgled in the zipper column located at tff&fl@or is:

T, =(Tp, —C,,) Xsinb, +T,, Equation4.7
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It is expected that after the first brace of the bottom floor resathpostbuckling
strength, buckling of braces is propaghupward and atompression actingraces on
the verge of bucklingwill buckle simultaneously or subsequently. Therefore,témsile
forcedeveloped in the zipper coluniwcatedabove the floor with stiffnesdegradation is
composed othree types of geerating forcesthe unbalance force caused by buckling of
braces, the force rejuired to yield the beam memband the forces transferred fraime
lower zippers For any other stories, the zipgensile forcewill be the summation of the

unbalancd vertical force andte force developed in zippers from the stories below.

As mentioned above the force in the tension biacés always smaller than the
probable tensile strengtf,. Its value can be derived from the lateral shear fdfice
induced into achstorey by the ground motion, when the unbalanced force at each floor

may be expressed as:

F, = (Tb.:' T Cb.i’} cos8; — (Tyieq + Cpyeq) cOSH 4y Equation4.8
The expected maximum compressive farge zipper columnsare studied in a
similar mannerassuming that brace buckling initiates at the top floor and propagates
downward. Several scenarios base on a sequential triangular lateral force distribution
pattern are shown in FiguB4 for both cases: zippers acting in tension and zipper acting

in conpression

Six different load patterns are employed in this study in order to predict the
maximum tensile and compressive forces developed in zipp@ssprediction is verified

for different types of ground motions which have been scaled to match $ignde
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spectrum for a given location. The pattern load which gives a better estimatioba of

forcesdevelopedn zippers is proposed for design.

In this respect, the zipper frame systeras analyzed based on differefdad
distribution pattern along the building heightin light of this, a spreadsheet was

developed for 4 8-, and 12storey structures
4.2 The influence of Pattern Load Selection on the Preliminary Design Methodology

Different lateral load distributions along the height of the stmecthave significant
influence on the forces induced in braces and zipper columns. Thus, the purpose of this
study is torefine the design method developed by Tremblay and Tirca (2003) with the
aim of recommending a suitable zipper force envelopedtr tension and compression
forces To reach this objective, 6 different pattern loads described below are considered

in this study.

4.2.1Sequential triangular pattern load

The design method proposed by Tremblay and T{g&03) is based on a sequential
triangular pattern load distribution. It was assumed that the lateral loads vary linearly
from a maximum value at the roof level to zero at the level under coasareas is

shown in Figure2.4. Since the compressive strength of buckled bcase only retain

their postbucklingstrengthC, , and the brace on the verge of buckling sustains a probable
compressive strengt@, , the force developed in the zipper columnshat¢orresponding

stories iscalculated.
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The aforerentioned design method has been verified by a series ohistary
dynamic analyses. In this respect, @ & and 12story structure hmbeen designed
accordingly, and 3 ground moti@msemblefiave been selectethd consideretb verify
the predictiorof the maximum tensile and compressive forces developed in zippers under

a sequential triangular load distribution pattern

a) b)
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Figure 4.2 Computed peak axial loads in zipper columns for 4,8,12 storey kyildin
(Tremblay & Tirca, 2003)

As illustrated in Figure 2, the design load pattern employed by Tremblay &
Tircadoes not cover the development of the maximum force in zippers for &mel 8.2
storey buildings under the Cascadia and Mearfield ground notion engembles.
Althoughthe predicted valuesiostly agreedwvith the peak zipper loads obtained from
nonlinear timehistory analysesa few exceptions especialgn the tension side dhe

lower levels of the 8and 12 storey structuresere found
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4.2.20ther load distribution patterns considered in this study

In light of FEMA 356 (2000) several load distribution patterns are proposed herein with
the aim to provide an accurate design envelope for the tension and compression forces

expected in zipper columns
Accordingdy, the lateral load distributioconcurswith the following equation:

F,=C,.%xV Equation4.9
where V is the total design base shear agdsGhe vertical distribution vector which can

be calclatedas

C,. = Wb Equation4.10
vic Z?::[wih?: quation4.

wi, hi andw, h, denote the seismic effective weights and height of the structure dh the
and x" level, respectivelyK is an exponent factor related to the fundamentebgeof

the structure to define the relative lateral force distribution. Recommended by FEMA
356, for structures with a fundamental peribdess than 0.5 seg, shall betaken as 1

and the lateral force distribution is based on the first mode of vibrativangular
distribution) for structures withTl; greater than 2.5 sek=2, higher modes effect have
been consideredind for any structures witFy between 0.5 sec and 2.5 sk®alue can

be obtained by linear interpolatiofparabolic distribution) The shape of these
distribution vectors are shown in Fig. 4Bqual seismic weight and storey heigire

assumedor all floors.
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Figure4.3 The variation of vertical distribution vector of lateral forcethwdifferent k

The threemost commonly usedalues for the exponent factkrare 0, 1 and the
one determined byTl;. These values have been chosen to determine the vertical
distribution vectors. Correspondingly, uniform distribution, triangular disiohuand
parabolic distribution of lateral forces as shown in Figudehdve been adopted this

study in order to refine the zipper force envelope in tension and compression

LP-U LP-T LP-P
Wy hy \ \
w, hy
N XI w; hy
' -3 N —
: k=0 k=1 k=15 k=2

Figure4.4 Lateral force distbution vectors

A total of six force distributionpatterrs are set up and compared such as the

sequential load distributigmattenand the full height load distributiqrattern

Each lateral force distributigmatternis describedelow.
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U LP-ST: Sequenal triangulardistribution pattern

The first examined load distributiopattern labelled LP-ST, is the same as that
considered by Tremblay and Tad~or both scenarios: zippers act in tension and zippers
act in compressigrinear distributionof internd forces proportioad to the ratioFi/F,

are consideredThese forces arémited by the probable buckling anpostbuckling
strength of braces and askhown in Figure 4.5. For example for thestérey zipper
braced framgwhen the buckling of braces imtes at the first floor, the corresponding
normalized load distribution pattern is {1.00, 0.50, 0.0, 0.G8¥hile the buckling of
braces propagates to the second storey, the normalized pattern vectos thdadio,

0.66, 0.33, 0.0%. Then after the braes located at the third storey buckled, the
normalized vector appears in the form of {1.00, 0.75, 0.50, 6, @ agreement witlhe
assumption. During this time, the activated zippers are acting in tension. In the second
case, when the buckling initiset the top floor, the zippers are acting in compression.
The same set of vectors has to be considered while the buckling of braces propagates

downward.

Again, when the first brace buckles at the top floor, buckling of braces propagates
downwards and zpers are loaded in compression. On the other hand, when the first
brace buckles at the bottom floor, buckling of braces propagates upwards and zippers are

acting in tension.
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Figure 4.5 Zipper mechanics% load patternLP-S gpa) buckling initiate at top; b)
buckling initiate at bottom

U LP-SU: Sequential uniform distributiqrattern

This pattern load assumes a sequential uniform distribution along the stories with buckled
bracing members, followed by a lemrevariation within the upper or lower two stories, as
shown in Figure 4.6. Also shown are both cases of buckling brace propagation,

considered for estimating the tensile and compressive forces induced in zippers.
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Figure 4.6 Zipper mechanics & load patternPiSU: a) Buckling initiate at top; b)
Buckling initiate at bdbm

U LP-SP: Sequential parabolic distributipattern

This pattern load assumes a parabolic distribution along the stories with bucklied) bra
members and it decreases to zero aldhel of calculation when buckling is initiated at
the top floor andat the level of calculation when buckling is initiated at the bottam

shown in Figure 4./Herein, the parabdalishape is governed by thguation4.10.
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To explain theLP-SP pattern load distributipnthe following example is
considered. A &torey regular chevron braced frame structure, with equal weight and
height distribution among all floordas a fundamental period of vibration caltedh

with the empirical equation given in NBCC 20&8shown below

T, = 0.025h,, Equationd.11
where hy is the total height of the structure. According to National Building Code of
Canada 2005 edition (NBCC200%) the fundamental period of the structure calculated
from a dynamic analysis is equal to or greater thEipn & maximum value of B can be
used. The storey height of this structure is assumed as 4 meters for simplicity and the
fundamental period of thetructure calculated from Eq. 4.11s 1.2 seconds. Thutek

value is obtained as 1.35

Hence thenormalizedvertical distribution vector icalculated aq1.00, 0.78,

0.58, 0.39, 0.23, 0.09¥rom Eq. 4.10when k=1.35.
U LP-T: Triangular distribution g#ern

It is assumed as a standard triangular distribution pattern load along the full height of the

structure.
U LP-U: Uniform distribution pattern

It is assumed as a uniform distribution pattern load along the full height of the structure.
U LP-P: Parabolidistribution pattern

As mentioned in the previous section, this lateral force distribution is related to the

fundamental period of the structure, to the stiffness and mass distribution over the
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structure height. This parabolic pattern load distributionsimters the level of inelastic
behaviour influenced by the stiffness, masses and building height and the contribution of

the higher mode effects.

LF-5F LF-5F LF- 5P
a) T, e, T, [ T, i,

- L] -
- - - L -
I LT .-
L] { f ; - 1
k - - - -
L.
.
- ¢
i [
3 T L
- L - -
o
g
— — —
Scenano Mol Scenanc Mo.2 Scenanc MNo3
- : . . - x 1 -
1
L - I
- & 1 - 1 - -
.
- - - | = f - 1
- ET .
. Fi - * . 4
- - -
— — —

Figure 4.7 Zippef rﬁéchanics & load patte"thi-'SU: a) Bucking initiafé ét the topb)
Buckling initiate at the bottom

4.2.3Preliminary design & selected design load patterns

Mentioned inthe previous section, a-48 and 12 storey zipper braced frame structure

were designed to choose aralidate the design load farn
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4.2.3.1Building description

The plan view of thetudiedstructure is shown in Figure8and he modeled frame is on

the NS direction. The structures were assumed to be located on a firm ground site in
Victoria, B.C., Canada. The occupancy of the buddis considered asn office
building, therefore, the live load is considered as KP4 according to NBCC 2005
requirement. The live load on the roof level considers only the snow load, according to
NBCC 2005andthe snow load is calculated as 1k The dead load is considered as

3.4kPaat the roof level, and 4k®aat floor level.
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Figure4.8 Structure plan viewWTirca and Tremblay, 2003)

The zipper braced frame is assumed to be at the same perterteasl ashe
moderately ductile concentrically braced frame, type MD (Moderately Ductile).
Therefore, the ductility related force modification fadigrwhich reflects the capability

of the structure to dissipated energy through inelastic incursmmsnsidered a3 and
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the overstrength related force modification fad®ris considered as 1.3he higher
mode effect factoM, is calculated based on the building fundamental peridu:
analytical model of thdrame is shown in Figure 4.9Gravity coumns takinginto
accounthe Rdelta effectvere added to the moddlhe gravity columns are connected to

the frame through rigid links which transfer only the lateral force to the frame.
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Figure4.9 Computer nodelof the studied CBF with zipper columfiame(Tirca and
Tremblay, 2003)

The braces, beams and columns were designed in Phase I, following the NBCC

2005 requirements. The designed sections are shown in Tabld 8.1
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Table4.1 Member sections of thegtorey structure

FI. Braces Beams Columns
4 HSS152x152x8.0 W360x39 W200x52
3 HSS178x178x9.5 W360x57 W200x52
2 HSS203x203x9.5 W360x57 W310x143
1 HSS203x203x13.0 W360x64 W310x143
Table4.2 Member sections of the&orey structure

Fl. Braces Beams Columns

8 HSS152x152x8.0 W360x39 W200x52

7 HSS152x152x9.5 W360x51 W200x52

6 HSS178x178x9.5 W360x51 W250x115
5 HSS203x203x9.5 W360x57 W250x115
4 HSS20%203x9.5 W360x57 WWF350x176
3 HSS203x203x9.5 W360x57 WWF350x176
2 HSS203x203x9.5 W360x57 WWF450x274
1 HSS203x203x13.0 W360x64 WWF450x274

Table4.3 Membersections ofhe 12-storey structure

FI. Braces Beans Columns

12 HSSH2x152x8.0 W360x39 W200x52

11 HSS152x1529.5 W360x51 W200x52

10 HSS178x178x9.5 W360x51 W310x107

9 HSS03x203x9.5 W360x51 W310x107

8 HSS203x203x9.5 W360x51 W310x202

7 HSS203x203x9.5 W360x57 W310x202

6 HSS203x203x9.5 W360x57 WWF350x563
5 HSS203x203%3.0 W360x57 WWF350x263
4 HSS203x203x13.0 W360x64 WWF450x409
3 HSS203x203x13.0 W360x64 WWF450x409
2 HSS203x203x13.0 W360x64 WWF550x503
1 HSS203x203x13.0 W360x64 WWF550x503
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4.2.3.2Preliminary design of zipper columns

Concerningpreliminary design, a comparison between the zipper faoeelopesas
calculated from each one of the six considered load distribution paitestm®wn in Fig

411
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Figure4.10 Comparison of zipper forces obtaintmovarious load patterns

Whenthe load distributionpatternLP-SU is consideredtheenvelope of the axial
tension force is too largevhile thecorrespondingalues ofcompressive forcedropped
by a considerable amount. Furthermoreisashown in the gaph, the prediction largely
overestimated th&ensile force on the upper storie®n the other hand,P-U has shown
a much better prediction on the tension sidtheB-storey building but too largea value
for the 12storey building A similar envelpe was obtained under the consideration of
the LRT pattern. In light of this, these load distribution patterns-((LR-P-SU, LRT)
were not selected for desigithe remaining load distribution patternshich can
potentially be used in zipper column desigire LPST (sequential triangular), LBP

(sequential parabolic) and LP (parabolic).
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In the compression side, the larger force is generated under t&8d lfattern
followed by the LPSP pattern and L-P pattern. It is noted that these three envelopes
overlapped at the lower half of the structure and slowly diverged in the upper part. In the
tension side, while the 1-BP pattern offers a slightly larger envelope tti@none given

by LP-ST, onlythe LRP pattern made a satisfying prediction.

Therefore LP-ST pattern is recommended to be considered tfar axial
compressive envelope and {EPfor the tensile envelope. However, analyses of the
influence of these load patterns on higher structures are still regeiedichinary designs
of zippers are caied out folbwing the methodology discussedthis chapter, and the

sections chosen are as shown in Table 4.4.
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Table4.4 Member sections dhe4-, 8-, 12-storey structure

Zippers

Zippers

FI. Zippers

12 HSS127x127x13.0
11 HSS203x203x13.0
10 HSS254x254x13.0
9 HSS305x305x13.0
8 (2)HSS254x254x9.5*
7 (2)HSS254x254%9.5*
6 (2)HSS254x254x9.5*
5 (2)HSS254x254x9.5*
4 (2)HSS254x254x9.5*
3 HSS305x305x13.0
2 HSS254x254x13.0
1 -

HSS127x127x13.0

HSS203x203x9.5

HSS254x254x9.5

HSS254x254x13.0

HSS254x254x13.0

HSS203x203x13.0

HSS178x178x13.0

HSS127x127x13.0

HSS203x203x13.0

HSS203x203x9.5

* Built-up sections
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CHAPTER FIVE: SEISMIC ANALYSIS AND STRUCTURAL RESPONSE OF

MULTI -STOREY ZIPPER BRACED FRAMES

The 4, 8-, and 12-storey zipper braced frames designed in Chapter 4 basddeon
proposed methodology developed on the Excel spreadsheet under the considered 2
scenarios: zippers in tension and zippers in compressomnalyzed herein with
Drain2DX andOpenSeesThe purpose of these analyses isdtidatethe design method

as well asto assesghe performance of this innovative structural systé&mdetailed
description of analytical models isrovided in the first part of the chapter, and a
comparative discussi related to the timhbistory responses as obtained in Drain2DX

and OpenSees is conducted in the second part.

5.1 Zipper braced frame modeling

In order to validate the proposed design method, results from numerical analyses
performed with ETABS (elastic anyais) and two finite element progranidrain2DX
andOpenSeeare consideredAs presented in Chapter 2, most of the zipper braced frame
analyses conducted by following research8eelli(2003), Tirca and Tremblay (2003,
2004), Leon andYang @003), were performed by usin@rain2DX. Thus, for a
consistent discussion related to the previous resegrd¢he Drain2DX program
developed at UC Berkeley, was selecteth@agthe first analytical tool. In addition, the
second computer program selected to awee the limitations oDrain2DX was the

most popular earthquake engineering simulation platfQpenSees
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Prior to numerical modeling of zipper braced frames,ftfiewing assumptions

have been made

1 For simplicity, the building sample has a symmetriagbut and the accidental in

plan torsion was omitted.

1 In Drain2DX, the zipper braced frame modekdin 2 Dimension Thereforethe

out-of-plane buckling of brace elements was neglected.

1 To take into account the effect of gravity columns, all the grasolumns were
consideed along with the braced frame in a 2D layout. The gravity columns were
connected to the brace frame through rigid links to simulate their behavitng in
structure. The lateral shear forces were transferred to the braced fraunghthr

these links.

1 All the connections within the structures are assumed to be pin connections,
which include the brace end connections, beam to column connectrahshe

column ends connections.

1 Gusset plates are modeled as rigid extensibms.yieldingand buckling effect of

gusset plates neglected.

An analytical model built based on these assumptions is shown in Figure 5.1.
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Figure5.1 Computer model of CBF with zipper columns

5.2 Ground motions seledbn and scaling procedure

5.2.1Ground motion selection

The studied buildings were subjected to three different ensembles of ground motions such
as: regular, Cascadia subduction &ehrfield ground motions. The firstnsembles
composed of 8 regular ground tlems selected to match the two dominant magniude
hypocentral scenarios for the Victoria region which are: M6.5 recorded at 30km and
M7.2 at 70km. Among them, 4 are simulated and 4 are historical ground motions, as
shown in Table 2. The secordsembleontains 2 artificial ground motions simulating a

Cascadia subduction scenario for a M8.5 and a hypocerdgtahde of 130km. The third
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ensemblas composed of ®learfield ground motions characterized by pulse effect and

forward directivity. Note, this lasensemble was employed for analyzing purpassl

not as beingharacterizedor the Victoria region.In addition to the magnitude, Mwand

the hypocentral distance, R, Table Shbws the peak ground acceleration (PHA), the

Table5.1 Ground motions characteristics

R _ Comp. PHA PGV ty,  t
No. Event Mw Station PGV/PHA
(km) (degree) (9)  (m/s) (s) (s)
Regular ground motions
Ry Simulated oo 5, ] 053 057 1.08 47 853
Trial #1
R Simulated oo 55 - 0.31 031 1.00 5.7 8.53
Trial #4
Rz Simulated ., .5 ] 030 030 1.00 125 18.18
Trial #1
R4 Simulated ., o4 ; 024 024 1.00 131 18.18
Trial #2
1984 San
R5 Morgan 6.1 38 Ysidro, 90 0.37 037 1.00 6.5 60.02
Hill Gilroy #6
1994 Castaic,
RS Northridge 7 % Oldridge % 052 052 1.00 9.1 60.00
R7 1965 Puget ;. g, Olympia, .00 550 013 0.65 208 81.96
Sound Test Lab
1949 Olympia
R8 Western 7.1 76 ympia, — gg 028 0.17 0.61 18.8 89.06
Test Lab
Wash.
Cascadia subduction ground motions
cp Simulated g o4 ] 010 017 1.70 65.1 100.00
Trial #1
c2 Simulated oo 1oq ] 0.09 024 267 51.4 100.00
Trial #2
Nearfield ground motions
N1 1995 Kobe 6.9 0.6 JMA 90 083 1.04 1.25 ; 150.00
N2 1995 Kobe 6.9 2.0 Takatori 90 061 1.75 2.87 - 40.96
Ng 1994 6.7 7.1 Rinaldi 228 084 1.75 2.02 . 1495
Northridge
Ng 1994 67 7.1 Newhall 90 058 1.18 2.03 . 40.00
Northridge
1994 Sylmar
N5 . 6.7 9.9 County 90 085 1.38 1.62 ; 30.00
Northridge
Hosp.
1994 Sylmar
N6 Northridge 7 64 Converterst 52 060 122 2.03 ; 60.00
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peak ground velocity (PHV), the ratio of PHV/PHA, the Trifunac duration, td, and the

total duration of the selected records, t.

5.2.2Scaling of ground motion

Since the design spectra indicatege seismic hazard at a site for design purposes, the
seismic degn codes and guidelines requsealing ofthe ground motiomccelerograms
to match or the design spectraobewithin a period range of interesi; and T, (Baker,

2009).

FEMA 356 suggests that the ground motions used for dynamic analyses shall be
scakd in such a way that the 5% damped response specti@e afjround motion
considerd does not fall below 1.3 times the 5% damped design spectrum ordinates for
the interval delimited by the following periody and T,. For conventional buildingSo
andT, are assigned to l@2Tand1.5Trespectively, where T is the fuachental period

of the structure

The proposed ethod for scaling ground motion accelerograsmmshown below
and was considerdterein toscale all selected ground motsoofthe regularNear-field

and Cascadiansembles

The first step consists of equating the energy develapddr the ground motion
acceleration spectrumithin the interval 0.2I; and 1.5T; with the code design spectrum.
For most structures, during the inelastic behawjidhe fundamental period degrades
toward 1.5T;, while during the inelastic behaviour the higher modes oscillate with a
period > 0.4;. Therefore, instead of matching the entire input energy of a given
spectrum with the code spectruomly the region beteen 0.2; and 1.97; is considered.
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The lower limit accounts for the influence thfe higher modes effect, while the upper
limit accountsfor the stiffness degradation of the structure in plastic range. In general,
ground motions can be scaled bguatingthe energy content of the selected ground
motion acceleration spectrum with the damage spectrum within these periods of interests
However, this method is not recommended to be applied without checking the magnitude

of the scaled acceleration spectrum oatie corresponding fb,.

According to FEMA 356 provisions, the spectrum acceleration ordinalg at
cannot differ more than 30%f S(T;) where S, is the design spectrum for the given
location. Therefore for those ground motions which have spectralabed5(T;) outside

the rangs specified by 30% o0fS,(T1), anadjustel scale factor is required.

Thus, for the 4storey building, all ground motions were scaled within the period
of interestTy=0.15s- T,=1.1sand the design spectruffhe mean of the gumd motions
considered for each ensemble and the mean tone standard deviation is shown in Figure
5.2 a). For the Band 12storey building, all ground motions were scaled within the
period of interes®y=0.32s- T,=2.6sand Tp=0.5s - T=4s, respectively The results are

shown in Figure 5.2 b) & c).
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Figure5.2 Design and scaled response spectrum of the selected accelerograms-for: a) 4
storey building; b) 1&torey building; ¢) 1&torey building

All scde factors calculated based on the above procedure are shown in Table 5.2.
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Tableb5.2 Scale factors applied to the selected ground motions

4-story building 8-story building 12-story building

T ranges: 0.15sl.1s T ranges: 0.352.6s T ranges: 0.54.0s
No. Event Scale Scale Scale

factor PHA(9) factor PHA(9) factor PHA(9)
Regular ground motions
R1 gim”'ated Trial 4 513 0643 1.006 0533 00933  0.494

- - - - (0.880)*  (0.466)*
R2 i'lm”'ated Trial 3 55y 0389  1.091 0338 1054  0.327
R3 iim“'ated Trial 4 697 0509  1.201 0.360 1.130 0.339

- - (1.072)* (0.322)* - -
R4 i'zm“'ated Trial 4 g67 0.448  1.347 0.323 1.221 0.293
R5 a?l?“ Morgan 446 0.424  1.116 0.413 1.185 0.439

; ; (1.190)*  (0.440)* (2.280)* (0.844)*
Re 1994 0.755 0392 0767 0399 0858  0.446

Northridge

- ; ; - (0.970)*  (0.504)*

Ry 1965 = Pugel, gq, 0576 2830 0566  3.006  0.601
Sound

RS \l,\?gjh Westerr ; g43 0516  1.802 0.504 1.736 0.486

(2.064)*  (0.578)* - - (1.564)*  (0.438)*

Cascadia subduction ground motions

Simulated Trial

c1 ) 3.921 0392 2948 0295 2445 0245
c2 i'zm“'ated Trial 5 244 0.348  3.006 0280 2528  0.235
Nearfield ground motions
N1 1995 Kobe  0.418 0347 0371 0308 0416 _ 0345
) ) ) ) (0.523)*  (0.434)*
N2 1995Kobe  0.507 0309 0326 0199 0311  0.190
N3 1994 0.407 0342 0319 0268 0321  0.269
Northridge
Ng 1994 0.625 0363 0615 0357  0.643  0.373
Northridge
(0.690)*  (0.400)* - ; ; ;
1994
N5 . 0.753 0640 0582 0495  0.54 0.471
Northridge
Ng 1994 0.583 0350 0401 0241 0327 019
Northridge
(0.466)*  (0.280)* - ; (0.265)*  (0.159)*

(* rescaled ground motions
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5.3 Numerical analyses in Drain2DX

5.3.1Modelingin Drain2DX

TheDrain2DX model was made up with two types of elemeBtement 02, ané&lement

05.

Element type 02 is a simple inelastic beemlumn element used to model steel
and reinforced concrete beams and beaflomns. The element is made up of an elastic
beamandtwo rigid-plastic hinges at its endall plastic deform#ons are concentrated
within the plastic hinges. This element is used to model the beams and columns in the

braceal frame.

Element type 05 is a refined physical theory brace model developed by lkeda and
Mahin (1986), which achieved efficiency by combinirgnalytical formulations
describing plastic hinge behaviour wdahempirical formula developed based on a study
of experimental dataElement 05 was calibratetty Ikeda and Mahin based on
experimental test results. However, as shown in Chapter 3, thesmebars were
recalibrated in this study to match the hysteresis behaviour of braces with hollow sections

as per experimental tests.

This element has been used to model both braces and zipper columns.

In this study a 3% Rayleigh damping was assigneithé¢omodel. All the zipper
columns and braces are pin connected goisset. Rlelta effect has been considered for
both frame columns and gravity columns. A typical analytical model is shown in Figure

5.1.
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5.3.2Drain2DX results
5.3.2.1General behaviour

The response dhe studied structures depends on the frequency content, the ratio peak
ground acceleration over the peak ground velocity and the duration of the selected ground
motions. For example, under the regular groumation excitations, the largegensile

forces developed in the zipper columns occur at the lower part of the structure ([8yels 3
4™, while the maximuntompressive forceoccur at the upper part. However, during
Cascadia ground motion, larger seismic demand is required at the bottom part of the
structure forcing zippers to act mostly in tension, while Nearfield ground motions

excite the upper modes and drive the largest demand towards the upper part of the
structure. For the studied buildings, the maximum and the mean + standard deviation
magitude of axial tension ancbmpressive foredeveloped under the three considered
ground motion ensembles are illustrated in Figure 5.3. As explained in Chapter 4, the
braces, beams and columns of the braced frame structure with zipper columns were
designed in agreement with ST09 seismic design requirements for moderately ductile
CBF with a chevron bracing scheme. Several distribution patterns of internal forces
generated by the unbalanced brace force propagated upward or downward were
considered in @ler to capture the maximum demand in zippers. However, the demand in
zippers varies from one pattern load to the other as is shown in Figure 5.3. By analyzing
the compression side, the demand coming from both pattern loads: sequential triangular
and sequetial parabolic differs about 10% for the upper part of the structure. In this

respect, the sizeof zippers were chosen to cover the demand raguftom the
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sequential triangular (L8T) distribution which is in agreement with the method

proposed by T@amblay and Tirca (2003)

In the tension side, twépad distribution patternswere retainedor sizing the
zipperssuch as sequential triangular ) and parabolic (L#P). For the l1z&torey
building, both envelopes are very close, whihe some differance is shown for the-8
storey building. Therefore, the sizes of zippelumrs wasalreadyselected to resist the
compression demand asmputed fromLP-ST load distribution patternerified against
the maximum tensile force developedring the applicatio of the LRP load distribution

pattern All selected zippers have satisfied the tensile demand.

Regular - Max

Regular motions - Mean+50
w—u—a Near-field motions = Max
o —o- —= Near-field modions - Mean+5S0
+—+—=+(Cascadia motions - Max
Design - Tension force ( LP-P )
=sssmmeses [Degign - Compression force ( LP - 5P )
. [Begign - Compression force ( LP - 5T)
==== Design - Tension force ( LP - 5T )

f 1 - T + ] r v T
SR i T i =M SO0 [ 2wl P B R [ SN HEHI

Axial Load { kKN ) Accial Load | kM ) Axaal boad { kKN )

Figure 5.3 Axial force in zipper columns obtained from nonlinear dynamic -ims¢ory
analyses of: a)-4tory building; b) 8storey building; c) 1&torey building

This exercise is able to demonstrate that by considering a parabolic distribution
versus the sequential triangular distributjpattern, a slightly larger tensile demand is

obtained in zippetsTheefore the concern raised by Tremblay & Tirca (2003) in their
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studyas shown in Figure 4.8 overcome by adopting a different lateral loadrehsition

pattern LPP.

Therefore, the LFST load distribution pattern was retained to compute the
compressive eimand of zipper columns in order to size the zipper €esBons and the
LP-P load distribution pattern was retained to compute the tensile demand and to verify

the selected crossections.

— Regular motions - Max
— — Regular motions - Mean+S8D
+—+—+Near-field motions - Max
e—o—c Near-field motions - Mean+SD
+—— Cascadia motions - Max

] 4 ’
|4 / |
DAl 1R
] | . ‘ é) N
747\ % B, ‘
T T T et v =i
-4 ) 0 ) 4 -6 -4 -2 0 2 4 6 4 -2 0 2 4 6
Interstorey drift (%hg) Interstorey drift (%ohg) Interstorey drift (%hg)

Figure 5.4 Computed interstorey drift: a)-gtorey building; b) &torey building; c) 12
storey building

For the studied buildings, the maximwand the Mean+SD (standard derivation)
interstorey drifts have been selected as seisesponse paramegerAs shown in Fgure
5.4, these structures shaimostuniform distribution of the interstorey drift along the
height of the building. During regular ground motions, the maximum interstorey drifts for
the 4 and 8storey buildings are around 2%, lwhere B is the storeyheight. The 12

storey buildingshowed a different behavioinfluenced by the highenodes effect. Thus,
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the topthree stories arprone to larger deformatiotunder theNearfield and Cascadia
ground excitationghe 8storey structure undergoes a largemand at the lower storeys.
When thebottom braces buckle, and beams lose their brace support, the zippers are
activated in tension and transtae load to the upper undamaged floors. When Mean+SD
values are considered instead tbe maximum interstorey drift values, upper limit

recommended by the building co®5% storey height) is satisfied

5.3.2.2Performance assessment of thestbrey building

The 4storey building generallgleflects intothe first mode of vibration. As shown in
Figure 5.5, the buckling dfraces initiates at the firstorey, and then propagates upward

It is interesting to note that the buckling of braces and hinging of beams happen in
different stages. In generdbraceson the compressive side buckle first, then the
subsequent cyclehe braces on the other half of the Of8Ech the buckling force. Once

the stiffness degrades, beams start hinging usually in the same sequence.

The behaviour of the 4toreybuilding follows the prescribed zipper mechanism
(Chapter 4).The effect of igher modes is hardly noticeable due to the relatively short
period of the structure. However, because of different characteristics of the selected
ground motions, cases in which the brace buckling initiates at the top floor are also
observed, under thR5, R7 and R8 ground motions. Under all considexkzhrfield
ground motiondut one (N5)the buckling of braces were initiated at the base. However,
under both Cascadia ground motions the first brace buckled almost simultaneously at the
first and at the sond floor. As shown in Figure 5.3,he peak axiakensile force

computed in the zipper columns under the regular and the Cascadia ensembles were
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lower, especially at thefloor, than thee values estimated in desigte large values
of both tensle and compresse forceswere obtainedn zippersunder theNearfield
ensemble Under all regular and Cascadia considered ground motibasmaximum

interstoreydrift was remaining within the code lin(ifigure 5.4).

Another interesting phenomenon whidcisho be noted ielated to the sequences
of bracesuckling, which occurs within 1 second as illustrated in Figure 5.5. Typgal
response of zipper braced franpesves the efficiency ofaddingzippes to CBF systems.
The zipperstransfer the unbalace forces from the damagdtbor to the aljacent
undamagedloor. The capability ofzippers tocontrol the redistribution of lateral forces

after braces have buckled has been demonstrated.

5.025 35.86

Figure 5.5 Time-history response of brace buckling and beam hinging for tbteréy
building under: a) R1 regular ground motion; b) N&arfield ground motion; c) C2,

Cascadia simulated ground motiofk(the first buckled bracd® subsequently buckled
brace and beam hinging, yielding of brace)

5.3.2.3Performance assessment of thes®rey building

Considering interstorey drift as being the main parameter for assessing the structural

performanceof the middlerise building, it is noted that the maximum response of the
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structure under the eight selected regular ground motion excitations, and the Mean+
Standard deviation values of tNearfield records are within the 2.5% limit (Figure 5.6).

In general, under the six out of the eight regular ground motion excitations, the first
buckling occurs at the bottom floor and the buckling is then propagated upwards. Thus,
the structural response under the R2 and R6 excitation is characterised by a lamgg dem
concentrated at the upper part which forces the top floor brace to bQokigary, under

the Cascadia subduction ground motions, a larger demand is observed to occur at the
bottom of the building. For example, the mechanism of braces buckling amdnieges

is illustrated in Figure 5.6a under the ground motion record R1. Herein, the first bottom
floor brace buckles at the 2'28econd, and the unbalanced force is transferred to the
upper floor through the zipper column. Due to this redistributiofoafes, the brace
located at the second storey on the verge of buckling reaches its probable compressive
capacity at the 2.32second. The buckling of braces is propagated upward within 0.35
seconds. After all braces belonging to the samedpalh of tle framed bay buckled, the
unbalance forces in bracgwoducedhinging of the beams at their mgban. As
illustrated in the aforementioned figura) the beam hingedevelopedwithin the time

interval 2.79 secorsdo 3.11 secorsl

In addition, Figure ®b and ¢ shows the behaviour of the sarstoBey building
under the N6 Nearfield) ground motion and Cascadia record C2. Although in these
cases the first buckled brace is located at the first floor, the building behaviour is
different. Under thé\earfield time history acceleration the building behaves mostly after

the second vibration mode with larger demand at the bottom and the top parts.
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Figure 5.6 Time-history response of brace buckling and beamginig for 8storey
building under: a) R1 regular ground motion; b) N6arfield ground motion; c) C2

Cascadia simulated ground motior@* the first buckled brac#® subsequently buckled
brace and bea hinging;O vyielding of brace)

Close observation of Figure 5.7 reveals that under the R1 time history
accelerogram (Figure 5.7a) all floors experienced almost éggastoreydrifts and the
overall deformatiorwasobservedd be sidewayThe larger deformation was reached at t

= 3.45s under the larger asymmetrical acceleration pulse with a magnitude of 0.469.
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Figure 5.7 Inelastic response of thesBorey building under th R1 ground motion: a)
simulated accelerograms, R1; b) timistory of interstorey drift; c) axial forces in zipper

columns
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The history of axial forces developed in zipper columns over the building height
are shown in Figure 5.7c for the following timeess: t = 2.28s; t=2.53s; t=2.79s;
t=3.11s; t=3.45s and t=3.56s. The axial force in the zipper columns corresponding to the
maximum displacement is lower. The maximum interstorey drift corresponding to 2.2%
storey height and 2.1% storey height, occurredZB45s at the first floor and at 3.56s at

the roof respectively (Figure 5.7b).

Cascadia subduction ground motions cause a larger seismic demand at the bottom

of the building rather than at the upper floors.

5.3.2.4Performance assessment of the-&trey buitling

Underthe regularground motion ensemble, the Mean+SD interstorey drift values of the
12-storey building are below the code limit (2.5%hs) and are equally distributed over the
building height. However, under the R4 regular ground motions, the imsyrsdaft of

the top 3 storeys have reached 3.5%hs. Dudegrfield excitations, the top storiese
always influenced by the higher modes effect axgeriencedarge interstorey drift
demand in the interstorey drifts. The building response under tiwvof daur Nearfield
ground motions showed a greater demand at thth $iorey. Contrary to the behaviour

of the 8storey building under Cascadia ground motions, thestiffey structure shows a
uniform interstorey drift distribution over the structureghe with peaks below the code

limit (Figure 5.4 c¢).

Regarding the seismic demand terms ofaxial force in the zipper columns,
Figure 5.3 is analyzed. Itlustratesa larger demand in the axial compression versus

tensile forces in the zipper columo$ the 12storey framecontrary to the tendency
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observedfor the 4, and 8storey response. Thitypical behaviourof the 12storey
building suggest a larger participation of the higher modes. Tihistory responsef

brace buckling and beam hinges i®wh in the deflectedhape of the 2-storey frame
illustrated in Figure 5.8For example, under the R1 accelerogram all braces on the verge
of buckling were able to dissipate a large amount of energy in less tisacohd.
Although in twoground motion ereambles (regular and Cascadalt of three the first
brace buckles at the bottom floavhile underNearfield the demand is moving to the

upper floors.

As shown in Figure 5.8 a) braces of the right 4saiin of the structurbave
buckled in sequence. e to the higher modes effect, the buckling sequences are not
strictly as predicted. However, it can still be observed that all braces of thsphalf
buckled within 0.4 secorsd With the participation of zipper columns, the inelastic
responseof bracesis spread intaall braces of the structuraystem. Thus, the pure
behaviour of CBB svith a chevron bracing configuratiorharacterised by limiting the
inelastic response within faw stoiies, is overcome. Undethe ground motion N6, the
braces on the tophree stories buckled simultaneously, then the buckling of braces
progress downwards. Since the maximumerstorey driftdeveloped undethis ground
motion is still lower than 1.3% storey height, the plastic deformation did not extend to the
bottom partof the structure. When the ground motion reverses direction, braces on the

other halfspanof the structurestartto buckle.
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Figure 5.8 Time-history response of brace buckling and beam hinging fstoRy
building under: a) R1 regular ground motion; b) N6arfield ground motion; c) C2

Cascadia simulated ground motior@* the first buckled bracd® subsequently buckled
brace and beam hinginQ), yielding of brace)

Although Cascadia ground excitations did not show a great demand in terms of
interstorey drifts, brace buckling and beam hingiveye still observed, which suggests
that significant amount of enerdyad been disipated through the plastic deformations.
Therefore, the effect of zipper columns clearly demonstrates the spreading of inelasticity

all braces

Figure 5.9 illustrates in detail the seismic response of thetdr2y building under

the ground motion excit@n R1. It is shown a similar behaviour with thest®rey
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structure. In this case, all floors undergo similar interstorey displacement and the
maximum interstorey drift, 1.7%hs occurs at the top floors as shown in Figure 5.9 (b) at
the 3.36s after experieed a 1.4%hs at 2.93s. The uppers 4 floors have a similar
deflected shape due to the softening of tAdl@r where a plastic hinge was formed in

the beam. This stage of inelastic behaviour is dictated at the sequence of time 3.45s when
the peak groundcaeleration 0.46g is reachefit the end of the ground motion, some
residual drifts can be observed. Forces in the zipper columns are shown for each step of
the time when braces buckM/hen braces in one side have buckled and reached the
postbucklingstrength a largeensile forceis developed in the tensile brace close to the
probable tensile strength. The vertical projection of the unbalance (drsei i d

C ¢ i ninduces compression in zippers as is shown in Figure 5.9c. Therefore, the loop
of transferring the unbalandéorces developed in braces belonging to the same flwor
zippers at the brace to beam intersection point is observed. Waemotion reverse
direction the braces of the previous tensile side are in compression and reach the
buckling strength. Again, the unbaladcéorce is transfeed to the zippers which
deflects the beams until plastic hinges are &min this regard, thefull zipper

mechanism is defined when all bratesebuckled and beams have hinged
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Figure 5.9 Inelastic response of the -kRorey building under the R1 ground motion: a)

Simulated accelerograms, R1; Bime-history of interstorey drift; c) Axial forces in
zipper columns

105



It is concluded that by increasing the number of storeys, the amount of compressive
forces transferred tthe zippers is increased. Recalling Figure 5.3 (¢), the tensile demand

in zippercolumns as shown in the analgsis much smaller than predicted.
5.3.30penSees results
5.3.3.1General behaviour

This part focugson analysing the magnitude and timistory evolution of the following
main parametersaxial forces in zippers, intstory drifts, brace force-displacement

hysteresis behaviour and story shear forces.

As demonstrated above the structure response is influenced by the type of ground
motionsinter-plate subduction or nedield and their frequency content. The envelope of
axial forces desloped inthe zipper columns of the-48- and 12storey building, under
the 16 selected accelerograpdivided in three ensemblgs expressed as maximum and
mean + one standard deviatiand is illustratedn Figure 5.10. These results obtained
from OpenSeesand the resulted from Drain2DXhown in Figure 5.3are almost equal.
Thus, through simulation, theomputation is validatedUnderregular ground motion
excitations, greater axial tensile force demand in zipper columns is observed at the third
floor of the 4storey structureat the third to fifth floor othe 8storey structure anthe
third to thefourth floor ofthe 12storey structure. The maximum compression envelope
developed in zipper columns of thestdrey building shows a parabolic demawith the
vertex located at the fifth flopwhile for the 12storey structure the distribution seems to
be linear from the bottom to th& Hoor where the peakasreached and from the roof to

the 8" floor where a second pedies beenidentified. During the Nearfield excitations,
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the responses oifie 8-storey structure antthe 12-storey structure are almost identical. In

this case, the compression demand moves towards the top of the building, while the
tension demand is much larger at the bottom (at 3f respectively the ' floor).
Interestingly, under Cascadia ground motion excitations, the zipper columns belonging to
the 8storey building behave mostly in tensjomhile the compressive force idnast
negligible.On the ontrary,for the 12storeybuilding, a peak in the axial compressi

force envelop is identified at the 8 floor, which corresporsito a drop in the tensile

force envelope

—— Regular motions - Max
= = Regular motions - Meant5D
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Figure5.10 Axial force in zipper columns obtained framonlinear dynamic timdistory
analyses irDpenSeesf: a) 4storey building; b) &torey building; c) 1&torey building

In the compression side, the predicted envelop&BHRs identical with the forces
resulted from timéhistory analysis for the uppe?-3 floors. There is only a small
difference between the LBP and the LEST envelop for the upper half of the structure.
Regarding the tension side, theotenvelopesLP-P, LRST) have shown very close

predictions.
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The maximum drifts obtained from ale dynamic analyses under the design
level of lateral forces shows the same patterns as those obtaibzdim2DX (Figure
5.11).Refining themodelingof inelastic behaviour, the interstorey dxtluesare below
the code limit 2.5%hs There aresomedifferences between the maximum values of
interstorey drifts obtained i@penSeeandDrain2DX. The main reason of the existence
of these differences has been covered in Chapt#ri8 noted that modeling braces in
Drain2DX conducts a larger incrementachount of cumulative dissipated energy than
that obtained in experimental results, while the same computatiOpenSeeshows a
lower amount of cumulative dissipated energy. However, since the brace model in
Drain2DX dissipates a larger amount of enetiggnthat in the experimental test&
influences the stiffness degradation and larger displacement is expgdetesfore, under
various ground motion excitations, the maximum interstorey drift gatue below the
2.5%hs limit, although fothe 8storeybuilding, the demand is at the bottom floors and

for the 12storey buildinghelarger demands atthe upper floors.

In conclusion, adding zipper columns to CBF structures with chevron bracing
configuration protects the building against storey mechafimation and assures a
uniformly distributed interstorey drift over the storey height under all selected ground

motions considered typical for Victoria region.
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Figure5.11 Computed interstorey drift:) al-storey building; b) &torey building c) 12
storey building

5.3.3.2Performance assessment of thestbry building

Close examination of inelastic behaviour of the structure revealed that, in general, the
first brace starts buckling at the base or at the tdpeobuilding. More specifically, for
low-rise buildings, the first bucklingf brace is more likely to happeat the first floor,
especially under regular ground motidoe to the overall tendency of these buildings

deflecting in the first vibration mode

Thus under all regular ground motions, RR8, buckling of braces initiaed at
the base of the structures been observedhe hystersis behaviour of braces on the
verge of bucklingunder the R1 ground motios shown in Figure 5.12. In additioat the
time sequencavhenthe compressive brace buckléise behaviour of the corresponding
tensile brace is also illustrated. Some yielding is detected in the tensile brace belonging to

the top and bottom floors.
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The seismicbehaviour ofthe studied stucture subjected to the R1 ground motion
is similar in bothOpenSeesnd Drain2DX. The timeequences indicatingucking of

braces irDrain2DX arealmost identical to that shown @penSeegFigure 5.12).
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Figure5.12 Hysteresis behaviour of brace elements-statey zipper braced frame under
ground motion excitation R1

To undestand the structural behavigadditional parameters such as: shear force,
storey force anthterstorey driftime-historyareconsidered for investigatioiheresults

areshown in Figure 5.13.
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Figure5.13 Structural response of thesfiorey zipper braced frame under ground motion
R1: a) Regular ground motion excitation R1; hjefstorey timehistory record under
ground motion excitation R1; c) Axial forces in zipper columns at spedifme steps; d)
Shear forces distribution along the building height at sgetiime steps; e)Storey
forces induced into structure at spexlfiime steps.

At the time sequence t = 2.32s, a larger storey force and a maximum base shear
werereached at the*1floor, which drovethe bottom brace to buckle. Aftdre braces
buckled(from t = 2.32s to t = 2.41s)hestructurelost partof its laeral stiffness. Thug
significant increase in story driftasobservedwvithin afraction ofasecond. From Figure
5.13, it is observed that thé"4torey brace buckles at 2glundera lateral interstorey
drift deformation of 0.8%ha&nd a maximum stey force which reached its peak after
migrating from the ¥ floor to the &' floor (Figure 5.13e)The maximum interstorey drift
value at the roof level increasto 158%hsat t = 2.86sA larger axial tensile forceas

detected in zipper@igure 5.13tat the time when braces reacdthe bucklingstrength
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