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Abstract

Reinforced concrete momerdgsisting frames are structural systems that work to
resist earthquake ground motions through ductile behavior. Their performance is essential
to prevent building collapse and loss of life during a seismic eventnigdisiilding code
provisions outline requirements for three categookreinforced concrete moment
resisting frames: ordinary moment frames, intermediate moment frames, and special
moment frames. Extensive research has been conducted pertormancefespecial
momentresisting frames for areas of high seismic activity such as California. More
research is needed on the performance of intermediate moment frames for areas of
moderate seismicity because the current code provisions are based on padiaibserva
and experience. dapting dynamic analysis software and applications developed by the
Pacific Earthquake Engineering Research (PEER) Group, a representative concrete
intermediate moment frame was designed per code provisions and analyzed for specified
ground motions in order to calculate the probability of collapgearametric study is
used to explore the impact of changes in design characteristics and building code
requirements on the seismic response and probability of collagsely the effect of
additional height and the addition of a strong colum@ak beam ratio requiremefithe
results show that the IMF seismic design provisions in ACHB.8rovide acceptable
seismic performance based on current assessment methodology as gravity design
appeaed to govern the system. Additional height did not negatively impact seismic
performance, while the addition of a strec@umn weakbeam ratialid not significantly
improve resultdt is the goal of this project to add insight into the design providmms

intermediate moment frames and to contribute to the technical base for future criteria.
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1.0 Introduction

On a daily basismost gople takdor grantedthe gound beneath their fe€tolid
ground is a concept that many of us consider as a 100 percent guarantese\uar
cars, commuté work, play outsideand relax in our homesith the comfort that the
ground provides a soliundation to our everyday lifetlowever, the ground can move
and at times move violently.
Earthquakesr ground vibratiorcan arse from both natural and mamade
sources. The most common natwgailirceof an earthquake imovement along a fault in
thea r t h 0. Other mawrad gotential causes include volcanic eruptioniaige
landslideswhich can alstve outcome of earthquakédeanwhile, marmade
earthquakes are caused by such thingsdsrground explosions or mining activiti€n
average, ma than onenillion earthquakes are felt and recorded across the glabe in
given year (MarshaR007, 207).While most of these occurrences are small and non
threatening, there are occasional larger earthquakes that can cause significant damage and
loss of Ife. In the United Stateshirty-nineout of fiftyar e suscepti bl e t o fime
severe eart hapo84klpso (ATC 3
It is the task offte structural engineer to desiguildingsto survivethe ground
motion caused by earthquake@slilding codes ad designspecifications published by
organizations such as th@ernational Building Cod€ouncil and the American
Concrete Institut¢ACI) have evolved throughout the past century to help minimize loss
of life caused by a structural collapse during athgaake. Througkheuse of research

and past observatiorthiere are documents thaitline the various types of structural



systems capable of resistiagismic forces and the design requirements needed for those
systems to best survive seismic events.
Reinforced concrete moment frames are one type of structural system that is
widely used to resist seismic forcd$ie desigmequirements for these frames hiveen
divided into three categories based on the seismic activiaypai i | di ngdés all ocati or
moment frames, intermediate moment frames, and ordinary moment fGnagder 21

of the ACI publicatiorBuilding Code Requirements for Structural Conc(&€l 318,

2008) outlines the various additional detailing requirements for these frantasary
moment frames are located in areas of low seismic activity and follow thestand
design practices for flexuratembers, columns, and members in compression and
bending. Meanwhile, special moment frames are used in areas of high seismic activity
such a<California. These frames have been the focus of much research into the design
and detailing of concrete member shiliwi th respe
during an earthquake.

Intermediate momesesisting frameare used in areas of moderagsmic
activity such as in the Southstern United States. This type of frame design was added to
code specifications after the introduction of special and ordmargentframes in order
to provide guidelines fostructure thatdo not require the dudity of those used in
California. The effectivenessfantermediate momeritames is still being investigated
and updateéh building code provisions. The purpose of this researtohadd to the
knowledge basenintermediate momenesisting framegerfamance through the design

and modeling of a typical frammsed on current ACI 318 code provisions



Ultimately, the thesisvestigate the seismic performance of a reinfedc
concrete intermediate momemsisting frameand the studwas focuse@n fourmajor
areas First, background researalasconducted on earthquake engineering within the
United States and the underlying phenomena involved with seismiad&kig
discussion also included background ondbeelopment of seismjarovisions, typical
design procedures used by practicing engineers, and current research being conducted on
performance analysis using earthquake simulation. Next, a typical intermediate moment
frame was design based on current code provisions and inputtfeoengineering
industry. Theseismic performance of this frame was then analyzed and assessed using
the current assessment methodology being developed by engineering researchers. Finally,
a parametric study was conducted to investigd
affededby an increase in building height and the addition of a stoohgmn weakbeam

ratio.



2.0 Seismic Engineering: Philosophy and Design

The effects of earthquakes in the United States have been recorded for as long as
there have been European sg#tlon the continent and perhaps for even longer by Native
Americans. However, the science of understanding seismic events and specifically how
engineers can design for seismic forces did not develop until the late nineteenth and early
twentieth century. fle major advancement in seismic design provisions for buildings did
not appear until the 1978 publication of tentative standard by the Applied Technology
Council. This chapter investigates some of the history of seismic provisions in the United
States, som of the underlying phenomena that these provisions try to encompass, and the

current state of these provisions used for the design of structures.

2.1 History of Earthquake Engineering

The first recorded earthquake in the continental United Statesedaur June
11, 1638 in the St. Lawrence River VallgyS Department of CommercE982 5). The
first majorrecordedearthquake was record28 years later on FebruaryB63. The
1663quake reportedly caused extensivekshides and landslidesong the § Lawrence
Riverwith eyewitnesses observing that the wétee mai ned muddys f or a
Department of Commerd©82 9). The vibration was felt over an estimated area of
750,000squareamiles and houses in Massachusetts Bay were shaken with chimneys
collapsingand items falling off shelves.

Major earthquakes such as the 1811 New Madrid, IL earthquake or the 1906 San
Francisco earthquake would continue in frequency throuighe nineteenth and early

twentieth century. The invention of the seismograph889 by a German physicist



(Marshak2007, 212 and the generawareness adhe damage caused biplent ground
shakingmarked steps by the scientific community towards better understanding seismic
phenomena. Howevethe effects of seismic events onlding design and constrtion
werenot deeply considered until the twentieth century \piliminary seismic
provisions for building codes developingtive 1920s and 1930 these preliminary
applications, sismic forcesvereapproximated asqual to &én percent of the building
weight and were done soi t h o urte | fi aanbyi | ant Rriestlefl #93 1).IYet,y
with values of earthquake ground accelerations becomimrg readily available in the
1960s andvith a better understanding of thgnamic reponse of buildings,
seismologists and engine¢emmed togethdo develop a more dated set of provisions
for earthquake design

Therefore in 1974, the Applied Technology ColigairC) began work orcode
provisions for seismic design with fundin@iin the National Science Foundation (NSF)
and the National Bureau of Standards (NBS)C 3-06 1984 2). The ATC reporATC

3-06: Tentative Provisions for the Development of Seismic Reqgulations for Buildings

was published in June of 1978 with the hope efpre nt i ng fAi n one compr eh
document, the stataf-knowledge in the fields of engineering seismology and

engineering practice as it pertains to seismic design and coristtuon of bui | di ngs
3-061984 1). The provisions outlireethe overalldesigp hi | osophy for a buil
eathquake performance. It includetethods to determine seismic design parameters

such as ground acceleration, procedures to calculate seismic forces, and performance
requirements for various types and occupancidsudtiing gructures. By compiling most

of the research findings for seismic design, AF06, which was updated and reprinted



in the 1980s, haserved as the recognizbdnchmark of seismic requirememshe
United States.

In the same year as the publicatidrire ATC 306 report, two entities were
established teontinually testreview, and update thientativeseismicrequirement®f
the ATC 306. The Building Seismic Safety Couh¢BSSC) was established order to
serve as a national forum for discussimgrovements to ATCessmic requirements
(Holmes200Q 102. The National Earthquake Hazards Reduction ProgNiEHRP)
was then createid 1978under the authority of the BS$@long with the aid of the
Federal Emergency Management Agency (FEMApPrde to test and improve the
provisions of ATC 306. Under this program, the BSSC has publishedN&idRP
Provisionsevery 3 years since 1985 with updates on potential seismic requirements based
on current researcurrent building codes and specificationsts as théASCE7-05:

Minimum Design Loads for Buildings ar@@ther Structurepublished by the American

Society of Civil Engineering (ASCE) aridternational Building Cod@BC) published

by the International Building Code Council have incorporated thengegovisions
outlined by antte NEARCrécommerdations t

In addition to seismic provisions frothe IBC and ASCEthe Amerca Concrete
Institute (ACI) hasalsodevelopediesignspedfications for concreteSpecifically, the

ACI-318 Commit e e 6 s p Bullding Codet Requirements for Structural Concrete

and Commentargrovidesi mi ni mum r equi rements for design

structural concrete elemers 0 ( A200B 9) Bhidu8ingseismic provisions fathe

strengh and detailing riguirements ofeinforced concrete structures.



2.2 Design Philosophy

The ultimate objective in earthquake design and engineering is to protect human
l'ife: fALIife safety in the event of a severe
designoflm i | di n g 9061984 & TADuIil8ing collapse not only endangers lives
within the structure but also individuals on the ground and in neighboring buildings.

Therefore, seismic provisions muisst and foremosstrive to prevent theomplee
collapse ba buildingand in turn, loss of human life.

Additionally, code requirements and seismic philosophy must also consider the
economic and functionality aspects of a buil
Frequent minor earthquakes for example shaoldcause damage to a structime
frequent repairs would lead significantcosts.Frequent smaller earthquakes should also
not interfere with major building functions and operations as this could lead to delays in
production and ultimately extra costs.

Thereforethe philosoplg of seismic provisions identifighree major limit states
for the design of new buildings: serviceability limit state, damage @ditrit state, and
the survivaility limit state. First, the serviceabilityihit state demandbatearthquakes
should not cause damage that disrupts the fu
no damage needing repalragild occur to the structure or to nonstru u r a | component !
(Paulayand Priestley1992, 9). For a reinforced concrete stture, design for this limit
state would require that no major yielding of steel reinforcement or crushing of concrete
would occur during a seismic event. Serviceability requirements vary for different
structurs. Hospitals, energiacilities, fire deparnents, and law enforcement buildings,

which all need to remain functional during even a major seismic event, would have more



stringent serviceability limits than commercial or residential buildings, wdniemot
critical to emergency response and the arelfof the public

The damage control limit state specifies that, while moderate earthquakes will
cause damage to a structure, the structure can be restored to its drésmurgicestate
wi t h rGeopna sheking di intensity likely to induce resge corresponding to the
damage control limit state should have a low probability of occurrence during the
expectd | i fe of t haeandBriestldyl®32®g o ( Paul ay

Finally, for large and severe earthquakes, a building must be able to prevent the
loss of human life byvoiding collapse. This survivabilitimit state acknowledges that
there will be irreparable damage to a structure but inelastic strength will prevent total
collapse.

Ultimately, each limit state from serviceability survivabilityinvolves stricter
requirements for design. The governing limit state depends on the earthquake level and
frequency along with the function of the building being designed. For a major
earthquake, essential facilities would be designed to be fully functionialg an event
while for other building serviceability would only govern for small seismic events. In
most seismic designs, survivability is the governing case, as engineers want to prevent
any loss of life. Howevemwhile the survival state is the mastportant, all three must be
considered whedesigning a structure and all aféected by the predicted ground
motions in a region aneconomic concerns of the cliemthich includeghe general
public.

As mentioned above, a building can sustain irrdgardamage yet still avoid full

collapse. This is accomplished through the consideration of ductility and inelastic



behaviorof construction material®uctilityi s a materi al 6s abil ity to
deformations or strains before failing under aloéhe ductility of a material at any
moment in timas quantified as the ratio between the displacement at any instamig

the displacement at yigldy (aulayand Priestley1992, 9).

| <

H:

>1 Equation 1

L

In many cases, engineers are interested in the ultimate ductility of a material or the ratio
of the displacement atothadispglacemant atyiellldrr engt h/ f ai
example, ateel bar in tension will deform significantly before it snagse ®pposite of
this is brittle failure, such as when a concrete cylinder under load crushes without
warning. The first advantage of a ductile material is that ductile failure gives significant
warning of an impeding collapse while a brittle failure offemsvarning.

Ductility can also be described with respedntastic behavionnelastic
behaviorinvolvesa ductilematerial being stressed passed its yield stremgtshown in
the previous equationghich produes inelastic deformation, which permatig
changes the shape of the material. Whdemanent deformation damades occurthe
materialdemonstrateadditional load capacitlyy not failing immediatelyln some cases
of cyclic loading, the material can even gain load capacity through straierting A
simpleexample of this éhavior would involve pulling on the handle of a plastic
shopping bag. If little is placed in the bag, the handle can support the load elastically with
the handle retaining its original shagiéer unloadingHowever, ifa large purchase is
placed in the bag, the handle begins to stretch. In most cases, the stretched handle can
support the additional load, but when the load is removed, noticeable deformation of the

handle is observed by the shopper. This would charaeteetastidoehavior. If further
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load was then placed on the handle, asshapper trying to carry too magpods in one
bag, the marial would experience very largieformationand seem to flow under the
added load, anthe handle would rupture. This ieferred to as plastic behavior.

A ductile structure is able to sustain large deformations ddwsseismic loading
and also absorb the energy from seismic vibratioough the inelastic behavior of its
componentsDuctile components within a structusee designed to form plastic hinges or
locationsexperiencing plastification of the cross sectidfitimately, it is at these hinges
that the seismic energy causing lateral movement is dissipated as energy is absorbed
throughinelasticdeformationsAlthoughthesedeformatiors causelamage to structural
and nonstructural elemenjsheductile behavioprevents a building from experiencing
full collapse. Thereforedc t 1 | ity i s the Asingle most | mpo
designer of buildings locadein regionsofsigi f i cant s e iasdriestiet y o ( Paul
1992 12).

Capacity asignof structures seeks to use the advantages of ductile behavior in
order for buildings to resist seismic loading. Certain structural elements are designed as
ductile inorder toexhibitinelastic behavior and prevent collapseler extreme loading
Additionally, these ductile elements are desmjand detailedo fail prior to other brittle
components of the structure. Foreinforced concretmember in flexure, thiganslates
to tensile failure othe ductile stdeeinforcemenbefore the concrete, which is brittle,
fails in compressiorf-or the seismic design of larger structures, an engineer determines
the plastic failure mechanism of a structure and carefully@ssipich components will
remain elast and which ductile componenisll serve tadissipate energy through

inelastic behaviowith the formation of plastic hinget the textSeismic Design for
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Reinforced Concrete and Masonry Structdhesauthors Pawaand Priestly describe

that capacity design fienables the designer t
desensitize it to the characteristics of¢ha r t h g u a kaeddPriestieyEOn2l 4.y

Ultimately, a ductile structure enables a building to/isiera seismic event with some

damage rather than spending higthesign and constructiaosts to ensure the entire

structure performs elastically.

2.3 Seismology and Seismic Factors

Before an engineer is able to design structures for seismic resjdiarmeshe
must first understand the seismic phenomenon being accountedtfergivendesign.
As mentioned previously, earthquakes can be caused by a range dfaredurearmade
causes. fie most common source of earthquakes involves the movemewctaiit
pl ates composi ng t he Eathesghades coltde, sepdrate,aAd t hei r
slide pasteachotherhi ch cause faulting or cracking in
common types of faults are normal faults, reverse faults, thuiss,fand strikeslip
faults which are showm Figure 1 Southern California is well known in the United
States for the San Andreas Fault which is formed by the Pacific Plate and the North
American Platelgling past each other (Marsh@k07, 54), and theefore the frequency

of earthquakes in this region is higher.
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Figure 1: Types of Faults (Marshak2007, 208

Displacement alontaults is not continuous or smooth like one wouldwshb#e
stretching a piece of rubber or steedtler, the friction between fault surfacesists
movement and causes the build up of energy. When frictional forces can no longer resist
movement, the fault surfaces slgausing energy to be released is the form of an
earthquakeA fault does not onlyave to occur at plate boundaries but can also cause
earthquakes in the interior of a plak®r examplethe largestecordecearthquakén the
continental USJid not occuralong Californi®@ s mor e f amous ban Andr eas
within the North American Pta atNew Madid, lllinois in 1811 (Paulaynd Priestley

1992 50). The amount of slip at a faudan vary from roughlyt inches to 33 feet (Paulay
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and Priestley1992 49). This magnitude of dislocaticaand the length of slip occurring
along a fault ultimeely determine the magnitude of an earthquaken A° magni t ude 5+
earthquake may result from fault movement over a length of a few kilometers, while a
magnitude 8 event will have fault movement over a length as agidB0km (250
miles)o (,Bauley 1992
The displacement caused at fault lines is not the primary concern of structural
design: AOf much greater significance is the
accelerations resulting from the energy released during fault slip, and it ispbés teat
is of primary interest to thetructr al e n g i nana Rriéstlel 92 48| Vdhgn an
earthquake occurs, seismic waves are caused by the release of energy at the hypocenter,
or the source of the eart hoqgavesthenprbpadatew t he e a
from the hypocenter and the epicenter, which is the projection of the hypocenter onto the
ground surface. Shown Figure 2 the four main types of seismic waves all cause
different ground motion. Primary (P) waves are compression whasesadiate vertically
from the hypocenter to the grousdrface. Secondary (S) waves aeeticalshear wave
that cause lateral movement at the surfaceve (L) waves and Rayleigh (R) waves
travel along the eart hos vibrationfaaddRevavess t h L wav e
causing motion similato an ocean wavet is the promulgation of these fowaves that

causes the most damage from earthquakes through ground accelerations.
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Figure 2: Types of Seismic Waves (Marshak 200227)

One of the major factors that led to the development of extensive code provisions
for seismic design was the ability of resdeers ¢ better study and dsify earthquake

ground motionsEarly method®f classification focused mainly on the subijeet
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intensity levels of an earthquake and the extent of damage. The Modified Mercalli
Intensity Scaledeveloped in 1902, is still used a neasure of earthquakintensity and
consists of twelvéevels of increasing intensity. A level two eventisdescitb as Af el t b
persons at rest, on upper floors, and favora
descri bed as having fidamage nearly total. La
and level distorted. Objectsh r o wn i n t amaPriesilel9®2 710 ahe | ay
advantage of the Mercalli Scale is that, while subjective, seismic events can still be
classifiedin areaghat do not possessodernseismic technology

Today most earthquakes are classified with respect to their magnitude and ground
acceeration.The Richter scaleeveloped in 1935 (Marsh&007, 219 is the
conventional measure of earthquake magnitude. The magnitude is determined with
respect to the maximum amplitude of ground motion calculated during an event with a
s ei s mogr aadulationfoFmagnitude, a seismologist accommodates for the
distance between the epicenter and the seismograph, so magnitude does not depend on
this distance, and a calculation based on data from any seismograph anywhere in the
world will yield the same e s u | t s 2007, B19.ITseRmbker scale is a
logarithmic scale thatlates the amount of energy released feoneventE, in erggo
its corresponding Richter magnitud#, as showrnn the equation below (Paulayd
Priestleyl1992 52):

IJI F= o+ 4 Equation 2

An earthquake magnitude on the Richter scale can range fssrthkn fivevhere little
earthquake damage is sustaijnedeightor gr eat er whi ch are cl assi:

e ar t h qg(lRadayang Rriestleyl992 53). The logarithmic scale also shows that for
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an increase of 2 on the Richter scale, the energy of the earthquake has increased 1000
times.Yet, while the Mercalli and Richter scales provide earthquake intensity and
magnitude, onef the most useful pieces of seismic data that can be collectsdismic
designis the peak ground acceleratibaecause it can be used to calculate the dynamic
response of a building during a seismic evéherefore, it is one of the major seismic

factors used in design.

2.4 Earthquake Design Factors
The most importareadvancement in seismic desigas the ability of scientists

and engineers to record the ground motion acceleration through the use of
accelerographs: @AWhen Idiogs theyeedordithe strugupmle r f | oor
response to the earthquake and provide means for assessing the accuracy of analytical
modelsinpredictn g sei smi ¢ raedPpestleyDe2d4s). THe paak groynd

accelerations obtained can then be used tardete velocities, displacements, and

induced seismic forcasithin a building structureFor most cases, engineers are

concerned with the lateral ground acceleration as this parameter is likely to cause the

most significant damage.

The 1978 ATC report olihed that the effective peak acceleration)(@nd the
effective peak velocity related acceleration)(#ould be used for the determination of
seismic forcesEquations have been developed thatestimatethe peak ground
acceleratiorbased on earthquakmagnitude or seismic intensity using the Richter and
Mercalli scales respectivelidowever, the most convenient method of determining peak
ground acceleration is throlgising seismic charts or maps. Figu@egils how these

values are determined fromasponse spectraith the accelerations determined as the
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trend slopes from the spectral velocity vs. period plot. Figutepictsthe seismic map

developed by the United States Geological Survey fot#T8 ATC Report.
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Currentdesign standardsuch as th&@SCE 705: Minimum Design Loads for

Buildings and Other Staturespublishedby the American Society of Civil Engineers

(ASCE), usaupdated seismic majs similar format to the original ATC repod,sample

of whichis shown in Figure 5These maps show contours for thappedmaximum
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considered earthquake (MCGEpectral response acceleration at short perioglsaf®i
themappedVICE spectral response acceleratarl secondS;) (ASCE 7, 200% Both
charts also are standardized to consider accelerations for 5% critical damping and site
class category Blhe (MCE) accelerations artaenusedby the engineeto calculate the
design ground motion acceleratifum a particular project

The mapped ground motion acceleration is adjustegttblisithe design ground
motion acceleration in order to account for théuahce of the building period and the
influence of the soil and site conditions. The building period influences the lateral sway
of the building during a seismic event as building with a higher period will experience a
larger amount of lateral sway. Meanileh the site conditions of the soil will influence the
response of the ground (and therefore the building) during the seismic event. Both of

theseparameters are discussed in further detail below.
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Figure 5: ASCE 7-05 Contour Map (ASCE7-05)
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The condi ti on aondsoils significantincdearthoyakes desgn asesolid rock
will behave differently than clagr sand during a seismic event. This difference is
illustrated inFigure 6which compares the seisnacceleratiomesponsever time for

rock and a lake beduring a 1965 earthquake in Mexico City. The top three acceleration
time histories illustrate the high ground accelerations experienced by the lake bed while

the bottom three histories for the rock display mueteloaccelerations.
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Fig. 3.8 Comgarieen of lake bed {1-30 and rook {d-06) pooelerographs, Moon Ciky,
1685

Figure 6: Rock and Lake Bed Ground Accelerations(Paulay and Priestley1992 56)
Buildings on ridges can also experience greater ground acceleration as compared
to buildings in valleys as the ridge or clifirt intensify the inertial response.
Furthermore, direction of fault fracturewarda given site can also increase acceleration.
Since fracture propagates fromiam i t i al point, a |l ocation fAdow
propagation is likely to experience enlad peak accelerations due to reinforcement
interaction between the traveling shock waves and new waves released downstream as
the fault pr angdRrigsHeyl®@9857). ( Paul ay
TheATC initially outlined 3 soil profiles in its 1978 report along wélsite

coefficient for each @lss to be used to defigeismic forcesASCE/-05 now idertifies
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six site classes (A through F) and assigns site coefficigraad~F based on site class
and the value of SThe site coefficient is themsed to calculate ¢éhfinal ground motion
acceleration for desigithe MCE spectral response acceleratiomn short periods ($s)

and at onesecond(Sy;) are calculated as:

‘”JJ {1 = ‘”ﬂ:I + Equation 3
'”JJ = '” Jo Equation 4

The design earthquake spectral response acceleration for short pesi)as (s

at onesecond (§:) arethen determined as two thirds gfissand S respectively.

{4
1,

—'”JJ ] Equation 5

—-||11 Equation 6

ATC 3-06 also outlined a series of seismic performance categories and seismic
hazard exposure groups. Seismic hazard exposure groups ranged from afavel I
Aessential facil it i eesarwhh gcuha kaer er enceocveesrsya,roy |feo
Abuil dings with asbarbei hdinmhgs o0oh wbtuopahbhhe
movements are restricted, 0 to a (ATEBESI I  whi c
1984 29-30). Based on this group assignment and a seismicity index deterfrone
ground accelerations, a seismic performance category would be assitineech
category having a set of loading requireméAfEC 3-06 1984 29-30). Today,ASCE 7-
05 replaceghe seismichazad groups withoccupancycategories with essential facilities

assigned the highest value of IV. Importance factors are then assigned to each category.
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Seismic design categories are determined from tables that relate occugagoywc®s,
and $1 (ASCE 7 20035.

In addition to the site and soil conditions, another characteristic of the building
structure used in seismic design is its fundamental period of vibratiohh(@).
fundamental period is the timetatkes for a structe to sway laterally one full cycle and
can be compared to the time it takes an inverted pendulum to return to its starting point
after one cycle. The period depends on both the shape and stiffness of the structure.
Imagining the building as an invertedntitever beam, vibration would cause the
cantilever to sway back at forth at some period based on the height and stiffness of the
cantilever.Tall narrow buildings will have bbongerperiod and exp&nce larger sway
than shorterstockier buildingsThe period therefores important in characterizirtie
damped harmonic response of the structure, which also affects the calculation of inertial
seismic forces. In desigthe building perioctan either be calculated directly for a
specific structureising a nodal analysi®r approximated usingmpirical equations from
the building code provision&SCE 705 instructs that the fundamental period can be

approximated as:

J||+ = |=<|' Equation 7

The h factor corresponds to the total height of the building, while thedX values

depend on the type of structural system being used to resist lateral loads. These values
can be determed from Table 122 of ASCE #05 shown belown Figure 7(ASCE

2005 129. For buildings under 12 storieASCE #05 also allows for the period to be

estimated as 0.1N, with N equal to the number of stories.
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TABLE 12.8-2 VALUES OF APPROXIMATE PERIOD
PARAMETERS C; AND x

Structure Type Ct X

Moment-resisting frame systems in which the
frames resist 100% of the required seismic force
and are not enclosed or adjoined by components
that are more rigid and will prevent the frames
from deflecting where subjected to seismic forces:

Steel moment-resisting frames 0.028 0.8
(0.0724)¢

Concrete moment-resisting frames 0.016 0.9
(0.0466)¢

Eccentrically braced steel frames 0.03 0.75
(0.0731)¢

All other structural systems 0.02 0.75
(0.0488)¢

“Metric equivalents are shown in parentheses.

Figure 7: Coefficients for Approximate Fundamental Period (ASCE705)

Onefinal seismic factor focuses not on th&ismic ground acceleratiasite
conditions or the building periothut rather on the ductility of thaesignedstrudure. t is
advantageous to have a ducsteucture in order for inelastic behavioraocur through
deformation and to absonhertial energy caused by seismic motidhis dissipation of
energy aids in dampening the lateral response of the building and ultimately prevents
collapse Ductility also allowsfor seismic design forces to be reduced since a structure is
not required to respond to ground motion with complete elastic beh@i®strengtior
responsenadification fador R capture the predicted ductility of structure and
incorporatestiin the determination of seismic forc&&luesfor R were outlined for
various types of lateral load resisting structural systems in the ATC report and were based
on observation of past seismic performance:
systems, consideration was given to the general observed performance of each of the
system types during past earthquakes, the general toughness (ability to absorb energy
without serious degradation) of the system, and the general amount of damping present i

the system whenundergog i nel ast i c-061684 B36).,ASCGEGO5( ATC3
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continues the use of the response modification factor by outliiedues for structural
systemsn Table 12.21.

The determination of the R factor has bbasedoartly on past seismic
performancef structural systems and partly on analytical study. Paulay and Priestly

illustrate in their boolSeismic Design of Reinforced Concrete and Masonry Buildings

thatthe stength modification factor can lvelated to the ductility ahnatural period of a
structure Alternatively, the R factor can b®ughlyapproximatedasa function of the
d u c t ia$ shawn onige plot between the seismic force anedisplacemenin Figure

8 (Paulayand Priestley1992 77).
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Figure 8: Relationship betweenR Factor and Ductility (Paulay and Priestley1992 77)
ancorresponds to the maxi mum di spidtlecement ac!|
displacement at yieldingrigure &is characteristic of longeriod structureand
considers equal displacement between an elastic and ductile resfimersdore, the
response factor R i s dir Eeatwhilg thepbotirafgueed t o t he

8b is charactestic of short period structures and considers an equalint of energy
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between the elastic and ductile respofrsgure & shows the ultimate force for the
ductile structure as much lower thidnat forthe elastic response yet the ultimate
displacement is higher. The R factor is therefore not directly egulaétductility ratio

but instead related through the following equation:

=| = H Equation 8

Ultimately, once seismic factors are defined for both the design earthquake and
the structure, a designer is able to calculate the seismic forces needed for dasigning

detailinga specified struaral system to survive earthquake ground motion.

2.5 Earthquake Loading (The Dynamic Response of Structures)

The response @ buildingduring an earthquake can be classified asry
dynamic eventGround a&celerations at the base of the structure edlus building to
sway back and forth likenainvertedpendulum.The movement of the ground and the
inertia of the structure cause shear forcesto dewltpes t r uct uTheshsar ba s e
forces andlisplacements caused by this inertial movement indause axial and
rotational forces to developithin the structural elements of the building. If a structure is
designed to be ductilsomeenergy caused by seismic action will be absorbed by
inelastic behavior in structural componenisorder to desigstructurego perform in
this manner during a seismic event, engineasst be able to predict tiseismicforces

associated with a bforipleloninarygdésggn dynami ¢ respons

2.5.1 Dynamic Response of Structures

Theoretical | vy jcreaponseican bd madejed ssingpericiplea from

structural dynamics and mechanical vibratidfisst the building can be modeled as a
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multiple degree of freedom system as showhigure 9with each story approximated as
an equivalent mass and columnsiestn storie a¢ing as equivalent springs (Ra20604
31). This creates a springass system that can be solved using the Ne@tonA | e mb e r t

principle.
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FIGURE 1.28 Idealization of a multistory
bailding as & multi-dzgres of freedom system.

Figure 9: MDOF System for a Multi-Story Building (Rao2004 31)
The NewtorD 6 Iémbert principlauses the equations of tian to define thestate of
equilibrium between the applied forces and inertia foatesy instace in timeg(Rao
2004 11).Ne wt o n 6 dawsande applied in the form:

3=0e Equation 9

F=De+ e+

Equation 10

For a multiple degree of freedom system, this equation would be written using vectors

and matrices:
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P= 0 o+ Fo+ Equation 11

The variablesy &3 & w correspond to the lateral acceleration, lateral velocity, and lateral
displacement respectivelyhe factor nrefers to the mass of the burid stories while
the value of lcorresponds to the latéra st i f f ness of the buil dingbd
The factor ccorresponds$o damping effea found within thestructure. Damping
can be defined as the fAmechani s rertddyntowhi ch vi
heat or <2004 36dHictigniR a common form of dampingither between
two vibrating partfCoulomb or Dry Friction Damping)r between an elemeand a
surrounding fluidViscous Damping). However, the form @émping that is most
significant in building structures is material hasgtic damping.
Hysteretic Damping occumshen materials deform @xperience inelastic
behavior Thisdeformationabsorbs vibration energy and therefore resists the lateral
movement of the structur.a stressstrain diagram was plotted for a matenath
hysteretic damping and subjected to cyclloalding, a hysteresis plot like that shown in
Figurelowoul d be devel oped: AThe area of this | c

volume ofthebodp er cycl e due200p37’dampi ngo ( Rao
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Figure 10: Hysteresis Plot lllustrating Cyclic Loading (Rao 2004 37)

Therefore, the ductility of the structure discussed before plays a significant role in
the damping of the building during a seismic evRatferring back to the equatioorfthe
multiple degree of freedom system, the ductility of the sinecwould be factored into
thevalue for the damping coefficient, ¢, which would reduce the force contribution from
the inertial and spring forcésto F. The more ductility present witlreate a larger
damping force to resist inertial loadirfggure 1lillustrates hysteresis loops for various
concrete and masonry elements. Fidli@ represents ideal ductile behawdrile
figures11b throughlle display more realistic results (Pautayl Priestleyl992 75).

The hysteresis loop shown in figutéf corresponds to an inelastic shear falwithin a
structural element and highlights a major concern for seismic design of reinforced
concrete components1 many cases reinforcecconcrete rember carfail prematurely
in shear before thigexural reinforcement develops tp&stic hings required for
significant levels ohysteretic dampingThereforefransverse reinforcement sifuctural
elements must be propedtailedto resist shearduring lateral loadingespecially at
plastic hinge locations near member emdgyrder for inelastic behavior to occamd

avoid premature failure
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Figure 11: Typical Hysteresis Plots for RGElements (Paulayand Priestley1992 75)

At the time of thel978ATC report on tentative seismic design provisidng
methods wer@rincipally available for developing the seismic response of a structure and
calculating the seismic inertial forces amuilding the equivalent lateral foecmethod
and modal analysis. Modal analysis consists of approximating the building as-a multi
degree of freedom system and using structural dynamic theory to determine response.
This method can be time consuming for larger buildings. The equivalent fatreral
methodtraditionally found in building cods (ATC1984 375, idealizesforces acting on
a structureat each story levelsingproportions of the base foundation shear. This allows
for the use of a static force analysis approachcamdherefore bmore easily applied by

engineers in the design process.
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2.5.2 Equivalent Lateral Force Method

The equivalent lateral force meth@LFM) centers around the calculation of the
base shear force caused by the buildingertial response to seisnaction & the
foundationlevel As t he ground moves in one directio
floors resists the motigmvhich in turn causedateraldisplacemerst at each story level
and a horizontal reaction or shear force at the base supports of therstrAs the floor
level displaces, the connecting columns and ultimately the supports below theystory
overcome the floords inertial resistance to
member forcesThe ELFM idealizeshis inertial resistance @achstory levelby
applying an equivalenateralseismic forceas shown in Figure 1 move each floor
laterally from the top dowmather than moving the ground laterally from the bottdhe
ELFM ultimately captures the first modal shape of thedig without havingo
conduct a modal analysis aaliowsa static analysis approach tousedfor the

determination of internal forces, shearoments, and displacemefus design.

e g

Figure 12: Lateral Forces at Each Story Usig ELFM
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The provisions 0ASCE 705 calculate thdase shear foraes the multiplication
of the building weight with a seismic coefficient as shown:

T= F9r Equation 12

The building weightvV meanwhile is used to esuns for the inertia of the
building. It refers to the weight of the structure that would be anticipated during a seismic
event. This would include the dead weight of the structure, the weight of all floor
partitions, and the weight of all tanks and panent equipment in the building
(MacGregoret al2005 1000 . Additionally, a minimum of
live load mustalso be applied to account for possible occupaintise time of the event.
Furthermore, in applicable areas of the ¢oyr20 percent of the desigmow load must
be included in the weight.

The seismic coefficient, Cs, accounts for the soil and site conditions, the design
ground acceleration, and the fundamental period and ductility of the builidesgks to
characteriz how the weight of the building will respond to a seismic eventABEE #

05 specification describes the factor as follows:

Fv= ﬂ:ﬁd Equation 13

E

The formula shows that the seismic factor is a function of the design seismic spectral

response accelerationg$p for short periodsvhich takes into account the site conditions;

25

theraponse modi fication factor andthe h i nvol ves

importance factor. It can be noted that as the structure becomes more ductile (with a

higher R value)Cs decreases and the requidedign faces are lesMeanwhile, as a
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structue is deemediore important (with a higher | valu€}s increases and the required
design forces are larger
ASCE 705 alsospecifies maximum and minimum values for the seismic

coefficient which include the contribution of the fundameptalod in the semic

response:
Fv= % ' >JI| J||4 Equation 14
J
J
Fv= 1J|| (1|J ' >JI| > J||=I Equation 15
I %

This equation makes use of the dastgrthquake spectral response acceleration for 1
second (93) instead of (§s). Furthermore, in addition to the fundamental period of the
structure T, the long period transition per{d@d) is also usedThis value is determined
using the seismic figuseof Chapter 22 IASCE #05. Ultimately, a higher period value
will decrease thgalue of the seismic coefficient as a higher period implies greater
flexibility in the structur ATC3-06 1984 363. FurthermoreASCE #05 requires that
the seismic coeffient shauld not be less than 0.01 (ASTE005 129.

Once the base shear has been calculated for the entire building, the effect of this
shear must be distributed among the various stories of the building fiorth of lateral
story forcesThe lateral sismic force at each story is calculatecigsoportion of the
base shear witrespect tahe weightand height of the floor as defina@dthe following
equation(ASCE7 2005 130:

FJe = FoeoT Equation 16

Equation 17
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The term G4 is used to determine the proportion of the current story weighata
height () to the sum of storweights and heights. The expon&ns determined with
respect o t he st r ucta2008 h36). Bpasedon thislequyahos ahdthe fact
that the ELFM is capturing the first modal response of the struthadp story of the
building will most likely have the largest seisnvading becausthis story will
experience the most lateral movement during an event. As a check, thestargfalces
should sum to the value of the base sheal,Résestoryforces @an now be used to
calculate forces and deflections within the lateral load resisting system.

In addition to the laterdbrces acting on a structure, the deflection and stability of
the structure must also be calculated for a seismic event. SplgiikSCE 705
outlinespermissible values fdhe design story drift and tlsability factor. The design
story drift (e is determined as the di

and bottom of a specific story slsown in Figure 13

by - r‘._.I
x R
bz ——w| Story Level 2
F. = strength-level design earthquake force
& = elastic displacement computed under
Ia strength-level design earthquake forces
& =  Cddea/le = amplified displacement
Ay = (Bp-8a) Cyllg € Ay (Table 12.12-1)
By —m
_‘E Fi — I — | Story Level 1
4 Beg = Fi = strength-lavel design earthquake force
81 = elastic displacement computed under
strength-level design earthquake forces
8 = Cy8q/t = amplified displacement
L A = B S A (Tablei2i2-1)
A = Story Drift
ALi =  Story Drift Ratio
& = Total Displacement
¥ Frera Frers
FIGURE 12.8-2 STORY DRIFT DETERMINATION

Figure 13: Story Drift Determination (ASCE7 -05)

ffere
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The dlowable deflection is determined as:

fe = ﬂl:' Equation 18

The factor (@) is an amplification factor based on the flexilyignd ductility of the

structure; its determined along with the modifitan factor R from Table 12:2 in

ASCE 705. A more ductile structure will therefore be allowed a larger design deflection.
The def ))eoreésponds to theilateral deflection calculated by an elastic analysis,
while the factor (I) refers to the portance factor of the building. A more important
structure will therefore have a lower allowable deflection.

The stabiliy of the structureis e pr esent ed bywhchoonsiddosi | i ty f
possible Peeffects on the shears and moments in thecaire.P-ee ef f ect s occur f
the horizontal displacement of vertical loads in the structure. This eccentricity must be
accounted for in the shears and moments of the structure and therefore requires-a second
order analysis. However, these effects cargheried if the stability factor outlined in
ASCE 705is less than 0.10 (ASCR2005132. The factor d for a given

definedby the following formula:

P= Equation 19

The factorlP))cor r esponds to the vertical | oading al
the story drift at the level. (Y is the shear value acting between the story and the story
belowit,while(hy) i s the story height inotbeigreatdines. The

than:

Pole = ﬁ . Equation 20
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If the valueo f is gfeatertha® . 1 0 b u t d dsgasemenhaadforags within the
structureare to be multiplied bg factor ofll—'O_(ASCE72005 132.However, if d is

greater than the maxi mum, et hadstmuattbeer Bdes

(ASCE7 2005 132.

2.5.3 Dynamic Modal Analysis

While the Equivalent Lateral Force Method is the method most often used in the
seignic design process due to its easy applicationptbeisions ofASCE 705 also
allow for the use of a dynamic modal analysis to determine seismic fdfoegling a
structure as a multiple degree of freedom system, the natural modes of vibration can be
determined and then superimposed to predictyfmamic response il t s advantage
the fact that generally only a few of the lowest modes of vibration have significance
when calculating moments, shears and deflections at different levels of the lguiddi
(Pauhyand Priestley1992 80). The modes of vibrationan be used to determine modal
displacenents and forces, which combine to desctitgestructural response diet
building. ASCE 705 goesfurther to specify that sufficiemhodes must be considedin
order for 90 percent of the rsntthedynamicr eds mod a
response (ASCEZ005 132.

Modal displacements determined from the analysis are then used to calculate the
base shear value and the lateral design fdaresad mode of vibrationThe modal
di spl acement ai)amthédweight of a buigding flooo (Yare uceakto

calculate theeffective weight of the buildinépr each mode of vibration

&

Bar Y .
T = Btr ' Equation 21

e
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The base shear valter a particular modes determined using the effective weight and a
modal acceleration coefficienzQPaulayand Priestley1992 81):

T= Frr- Equation 22

Much in the same way that it is used in the ELFM, the base shear is then used to
determine the lateral force at each story of the structure for each mode of vibration. The
lateralforces are calculated agroportion of the base shear. Theportion is
determined byhe effectve weight andnodal displacemerntty,, at each storyThis is

illustrated with the expression (Paulagd Priestleyl992 81):

7oYo. .
0. = T W—EEE; Equation 23
A -4

Since this lateral force only refersdae specifianode of vbration, itmug be combined
with the forces fronother modes in order to characterize a full dynamic response of the
structure ASCE #05 specifies two acceptable procedures fgresimposing forces from
multiple modes of vibration: the squareotsumof-squares (SRSS) method and the
complete quadratic combinatioBQC) method. Th&RSS method simpinpvolves
calculatingtheresultantforces at each story as a sum of the squared forces from each

mode of vibration:

o = B§f§5;=| o Equation 24

Alternatively, the complete quadratic combination includes the use of arodal

coefficient { ), rather tharsimply squaring the lateral force for each mode:

Equation 25
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The crosamo d a | c ogdaffunatian ef the dugation and frequency of the
earthquake content, modal frequency of the building, and damping within the structure
(Paday and Priestley1992 82).

Before the wide spread use of computers and finite element software, the modal
analysis procedure would have required much more calculation parthef the
engineer thathe ELFM. Therefore, the l&r approactbecame the pdominant
technique for calculating seismic forcésen today with the availability of finite
element software, a modal analysis is still time consuming since an engineer must
develop an accurate finite element model in order to simply calculate the shagals.
However, modal analysis does allow the engineer a second method for calculating forces

if a comparison with theesults from the ELFMs needed

2.5.4 Dynamic Inelastic Time-History Analysis

The dynamic response of a structure can also be dastrthrough the use of a
dynamig inelastic time-history analysis This is asophisticated approadbr determining
forces and displacements which involves solving a multiple degree of freedom system at
various time increments over a specifioe histoy (Paulayand Priestley1992 80).
ASCE #05does not specifically outline this procedure for design since it is sophisticated
and can beathertime consumindor engineers working on preliminary designs
However,dynamic analysis can alternativddg use as a research todue to its
Aconsi der abl e theaaticipaged responsd enparténysiructgres after
detailed forces and displacemeatedefined by less precisean y t i ¢ al met hodso

and Priestley1992 80). Thereforedynamic aalysiscanbe a powerful tool fonot only
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validating the performance of a specific finalized building design butfaisesearchng
theoveralleffectivenessnd performance of currebtilding code provisions.

Of the many techniques available for deteing the seismic response of the
building, the Equivalent Lateral Force Method has proven to be the best procedure for
practicing engineers to use for preliminary design. However, with the aid of advanced
computer capabilities and new software prograidgeamic analysis is now being used to
obtain a validation of designs developed using the ELFM and also to assess the code
provisions being used for design. Overall, performdrased engineering practices and
assessments are being researched for seigsigrdin order focodeprovisions to better

account for dynamic structural responses of buildings.

2.6 Performance-Based Earthquake Engineering
The goal of performanekased design involves designing structures and

components in order to meet a spedifievel of performance rather than designing in
order to fulfill a prescriptive list of specifications. While most practicing engineers still
look to typical code provisions during design, performamesed methods such as
dynamic analysis can be used aspplement to preliminary desigiWith an increase in

the availability and use of computer simulation and analysis software, dyaaatysis

is alsoseeing geater use as a research tool, especially iggpect to seismic design and
performanceCompute software allows for the nonlinear dynamic response of a specific
structure to be modeled and analyzed rather than deal withstneneiousnanual
calculatiors anditerations With respect to seismic desighetuse of computer aided
analysis isadvantageusbecause earthquakasd building structural responsan now

be simulated with no threat to human lifégsed on recorded ground motion histories.
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Previously, structural responseuld only be obseed during actual seismic events:
A Adv anc e measttveo decddestinreathquake risk assessment and performance
based engineering are making it possible to rigorously evaluate the collapse safety of
buildings under earthquak gr ound mot i o)nS3uchadvéheehéents, 2007
i nclude a 0 pwakdoardatelsaismit pedormieg t@groend shaking
intensityp a fAprobabilistic approach to-assess bu
history analysi s, 0 an dsinmulateaildngperormanced el s and
from the onset of damage updoo | | ap s e,2003. SEAOC
The Applied Technology CoundiATC) along with the Pacific Engineering
Earthquake Research (PEER) Ceatethe University of California Berkelay currently
working on developing a methodologyassess current building codeyisions through
the use of performandeased seismic analysis. The A'B3 project entitled
ARecommended Met hodol ogy for Quantification
Response Parameterso sets out to accomplish
The ATG63 projet provides a systematic method to assess collapse safety for
the purpose of assessing the adequacy of structural design standards and building
codes(ATGC6 3 2007) éAmong the distidigui shing as:c
approach are (a) the introduction of buildemghetypes to assess the collapse
safety of general classes of building seismic systems, (b) integration of nonlinear
analysis and reliability concepts to quantify appropriate capacity margins,
measured relative to the maximum considered earthquake tgtén}i
guantifying uncertainty parameters in building code provisions for seismic
resisting systems, and (d) specification of a set of ground motions and scaling
procedures to represent extreme (rare) ground motions (SEAOC 2007).
The major steps involved applying thedraft ATC-63 methodology are outled in the
flowchart of Figure 14First, a determination is made on the structural system and the

structural component behavior, such astitkiceinforced concrete momergsisting

frames or steel sectidoraced frames. This is followed by the establishment of design
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provisions and code requirements that will be used in the model design. Design
provisions include typical specifications foundABCE 705, andIBC 2006,as well as

ACI 318 for concrete, ohe AISCSpecificationfor steel sectionslypical building

frames or archetype models are then developed for study based on common engineering
practice ancstablishedlesignprovisions. Next, nonlinear analysis issed to model the
collapse performance tiie models during simulated seismic events. Finally,

performane results are then assessed agaiostptal® benchmarks for a model and

insight is gained into the overall performance of current design provisions

Characterize Structural
Component Behavior

Develop System

4 Establish Design Provisions

¥

Develop Archetype Models

!

Assess Collapse
Performance Metric of
Archetype Models

Critique
Performance?

System
Approved

Figure 14: Schematic Flowchart of Draft ATC-63 Methodology(SEAOC 2007)

Applying thedraft ATC-63 methodology and the performartased earthquake
engineering methods developed by IREE 2006 study presented at tffeldternational

Conference on Earthquake EnginegritCEE) entitledThe Effectiveness of Seismic

Building Code Provisions On Reducing The Collapse Risk of Reinforced Concrete

Moment Frame Buildingby Dr. Abbie B.Liel, Dr. Curt B.Haselton, andr. Gregory G.

Deierleinalong with a 2007 paper presentedne Structural Engineers Association of



4C

California (SEAOC) convention entitlelssessing Building System Collapse

Performance and Associated Requirements for SeiBesgnby Deierlein, Liel,

Haselton, and Kircher havecused on the seismic performaméeeinforced coorete
momentresisting frames. The ultimate intent of the research is to determine the adequacy
of the code requirements for reinforced concrete provisions.
The 2006 ICEEstudy involved the design and modelingaiir reinforced
concretemomentresisting frames: a reinforced concrete frame based on 1967 design
provisions, apecialmoment frame, an intermediate moment frame, and an ordinary
moment frame. Thiatterthreeframes were all desigulbased on 2003 code provisions.
The dimensios and design scheme for all fourtbé frames are shown in Figure. The
three bay frame was fAjudged to be the mini mu

effects such as overturning forces in columns and a mix of interior and exterior columns

and joint® ( S EZ2Q'LC

beam
column

¥ beam- o .
L leaning
column joint (P-A)
foundati : column
undation
=, e T,

Figure 15: Reinforced Concrete Design Frame Scheme
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Each frame design wasodeledn order for its performance to be analyzed using
nonlinear dynamic analysis. The models were created and analyzed usingwheesoft
Open System for Earthquake Engineering Simulation or OpenSees, which was developed

at the University of CaliforniecOpeng@ es i s descri bed as fda soft w:



41

simulating the seismic response of structur a
2009) and allows researchers to build onto the software in order for it to be adapted to
their current studies. For modeling purposaated to structural framg®penSees
provides beantolumn elements and continuum elements to be used in analysis of a
structurealong with joint elements composed of five inelastic spriige software
offers nonlinear static and dynamic methods, equations solvers, and constraint methods
for use during a nonlinear analységlditionally, the models also includegsf | nzet e s
beamcolumn joints that employ five concentrated inelastic springs to model joint panel
distortion and bond slip at each face of the joint elastic semiigid foundation
springso ()Liel et al, 2006

The bearrcolumn elements used in the OpenSeesatiiad the frame studgre
shown in Figure 16The elements include lump plasticity parameters where the plastic

hinges and ductile behavior are envisioned to be at each end of the member.

MO
M

Beam with Hinges

Figure 16: Inelastic Hinges within modd beam-column element (SEAOC 2007)

Additionally, the beantolumns in the model take into accotim deterioration of
strength and stiffness over time. This is accomplished using hysteretic rdedelsped

by Ibarra, Medina, and Krawinklein the 2005 widy entitledHysteretic Models that

incorporate strength and stiffness deterioratibarra, Medina, and Krawinkler studied

bilinear, peakoriented, and pinching moddtsr structural elementnd modified these

models to include deterioration effe¢tbarraet al,2005) The models developed for the
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study used load and deformation data for steel, plywood, and reinforced concrete
specimens and graphed the hysteresis plots for each type of comogenet.17
illustrates the hysteresis plot foreinforced concrete column specimen from the Ibarra
study.

The Ibarra study then used the results of the cyclic behavior to identify the
governing parameters for strength and stiffness deterioration. The study isolated the
nonlinear monotonic backbone curve arder to define the increasing deformation
response (Ibarra et al. 2005hown inFigure 18 the curvas defined byfive main
parameters: the yield and ultimateength the initial stiffness Ke, the strain hardening

stiffness Ks, the cappimdeformation U ¢

R/C CALIBRATION (MOELHE & SEZEN, Column 1)
Pinching Model, Fy = 12900 kips, 5, = 1.03 in
0tg=0.10, 0 =0.24, 5/5,=2.3, 7, c1a=50, K7,=0.5, A=0

1.2

l]‘s

&
k-8

Normalized Load, F/F,
=

-0.4
— Backhone Curve
-0.8 —— Model
----- Experimental
1.2
-6 -4 2 ¢ 2 4 6 8

Nermalized Displacement, 5/5,

Figure 17: Hysteresis Pld including Deterioration for RC -Column (Ibarra et al. 2005)
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For the 2006 and 2007 PEER studies, the OpenSees model used seven parameters for the
nonlinear model:rte moment capacitgt yieldMy, the rotational capacitst yieldd ythe
pre-capping slope Ks whichegu s MdahepMlyalst i ¢ r ot atthenal capac
ul ti mate r ot a tandohe postappiregplape K¢Ligt et a 200§. This is
shown in Figures 18 and 19

These parameters weanieed to define the beaoolumn elements within the
OpenSes model in order for the model to capture pihegressive deterioration dfictile
structural componentf this case reinforced concrete componemnter time and
ultimately to determine wherollapse occurs in the system. This mode of thought can
also ke applied to the inelastic sprsyp the joint elements which are capturing the
stiffness and strength deterioration of the component over time. With the use of these
elementsthe model can more accuratelycapture e bui | di ngds <col |l apse
the earthquake simulation.

OpenSees simulates the seismic performance of a specific building frame by
usingcurrent records of earthquake ground motionsiaciemental dynamic analysis.
First, the software uses ground motion acceleration spectra collexnted4 major
western earthquakes in order to simulate a seismic event. Next, ten plausible collapse
mechanism scenarios (five vertical and five lateral) are identified for the reinforced
concrete moment fransaich as the formation of a sstory mecharsm and recognized
by OpenSeeduring the collapse analysiEhese ten scenarios of potential failure are

outlined in Figure 20
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(a) Sidesway collapse scenarios

Element Deterioration Mode

Scenario A B C D E F |Description
FS1 Beam and column flexural hinging, forming sidesway mechanism
Fs2 Column hinging, forming soft-story mechanism
FS3 Beam or column flexural-shear failure, forming sidesway mechanism
FS4 Joint-shear failure, likely with beam and/or column hinging
FS5 Reinforcing bar pull-out or splice failure, leading to sidesway mechanism

(b) Vertical collapse scenarios

Element Deterioration Mode
Scenario] A B c D E F |Description
Fv1 Column shear failure, leading to column axial collapse
Fvz - Column flexure-shear failure, leading to column axial collapse
FW3 Punching shear failure, leading to slab collapse
Fva Failure of floor diaphragm, leading to column instability
Fvs i Crushing of column, leading to column axial collapse; possibly from overturning effects

Figure 20: Possible Collapse Scwrios for RC-Frame (Liel et al, 2006)

OpenSeeswith the aid of MATLAB for computation and pogirocessing, uses
the collapse scenarios and earthquake ground motion records to conduct an incremental

dynamic analysisAn incremental dynamic analysis involves determining the dynamic

response of a model at stages duthesimulaton For t he seismic si mul

technique to systematically process the effects of increasing earthquake ground motion
intensity on structur al respon7sBhysicgly,t o t he
OpenSeesimulates the buildimys r esponse to each of the 44
OpenSees record, namely the response to the ground motion spectra or time history. For
each earthquake signature, the softvweegins by applying a smattagnitude of the

ground acceleratiosignatureto theframe and thelynamic response is determined;

specifically the maximum lateral deflection difference between any two stories er inter

story driftis calculatedIf any one of the ten collapse mechanisms is observed, the

building is said to have collapddf no collapse mechanism is observdw software
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then scales the earthquake signature applies a higher increment of grai
acceleration to recalculatiee interstory driftand investigateollapse This iterative
process, illustrated in Figurd By inter-story drift, continues for each set of #aguake
data untila collapse mechasm is detected in the structure (i.e. significant stery
drift between iterations for lateral collapsk)is at this point that the simulation
considers the buildg to have collapseand moves onto the next earthquake spectra

record

Figure 21 lllustration of inter -story drift and determination of a softstory mechanism

After the completion of the nonlinear dynamic analysis amthgaake simulation
for a frame, the governing structural modes of failure can be illustrated schematically
through the use of MATLAB. & the 2006 ICEESMF study(Liel et al 2006),40% of
the collapses were shown to be caused byottmeation of a sofstay mechanism at the
third dory as illustrated in Figure 22&low. Overall, 69% of the failure modes weust-

story mechanisms.
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Figure 22 Modes of Failure for SMF Study

However, in addition to the governing failureode of thestructure, thenajor
data output for the earthquake simulation and dynamic analysis is the ground acceleration
at which collapse occurs and how it compares with the acceleration values used in the
structural desigrfigure 23shows a plot of the ground@aeration and the
corresponding intestory drift ratio (Drift of Upper Story/Drift of Lower Story). The
parameter of interest is the median collapse level acceleraimr $e gound
acceleration at which 504 themodeliteraions of the frame colfzsed The collapse
acceleratiorSct is compared with the maximum considered earthquake (MCE) spectral
ground accelerationys used in the design process based on code provisions. This is
accomplished through the collapse margin ratio (CMR) wisigfiven ly Sct/ Sut. The
ratio in Figure 23llustrates that théuilding frame will collapse at a much higher level

of groundacceleration than the value used in design.
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Figure 23 lllustrative Incremental Dynamic Analysis Results
(Peak Ground Acceleration vs. Interstory Drift)

If plotted as a timéhistory, each of the ground motion acceleration records used
in the study has a different spectral shd&we certain rare ground motions, the time
history is characterized by a very higeak acceleration occurring in the inisaconds
and then quickly dropping in intensityn contrasimore frequeny occurring time
histories hag lower peak accelerations which decreasee gradually over time. The
quick drop in rare ground motiontine nsi ty can wultimately aid in
responseSince the median collapse level acceleration may correspond to a rare ground
intensity value during an earthquake, the va
be accounted for in thmodeling:
When scaling ground motions to represent extreme (rare) shaking intensities for a
certain period range (typically near the fundamental vibration mode), it is
i mportant t o conResfifdeecrt ot hoirs fissop eccatlrlaeld sihth p
nonlinea IDA simulations, this effect can be included by either (a) choosing

ground motions that have positive U value
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the ground motion hazard, or (b) adjusting the collapse fragility to account for the
spedral shape effet (Deierleinet al,2007).
Thereforethe CMR value must be adjusted in order to account for variability in the
spectral shape of the ground motion acceleratioash®wn in Figur@4, the CMR is
multiplied by a spectral shape fact&SF) that strivestaccount for the drop off in
intensity for rare ground motions. This calculation determineadhested collapse
margin ratiofACMR). It can also be noted in Figu?d that the CMR and ACMR
correspond to a collapse probability of fifty percent, or tloeigd aceleration value at
which half of the framenodel iterations demonstrated collapse

1
0.9 4

Figure 24: Adjusted Collapse Margin Ratio

Once the ACMRs determined for a given desighe collapse results for the
reinforced conciie moment frames could then be compared to acceptable benchmarks
developed for thdraft ATC-63 methodology. Specifically, acceptable minimum values
of ACMR are determined for each type of frame based on modeling uncertainty and
collapse uncertainty. Theusly by the PEER researchers fouhdt the 2003 code

conforming moment frame had twice the cp#ia capacity of the 1967 momeasisting



5C

frame (Liel et al2009§. Meanwhile, the SMF, IMand OMF had collapse probabilities
at theMCE spectral acceleratiasf 17%, 20% and12% respectively. The SMF was later
redesigned using 2005 ACI provisions and matched against acceptable ACMR
benchmarksThis study found that all but two of the SMF design sets passedmnwith a
experimental ACMR greater thaime minimum albwable ACMR, which based on this
analysis means that the criteria for SMFs may be deficient. Furthermodeatt®TC-
63 methodology was used to illustrate the importance of the static overstrength factor and
the minimum base shear requirement in desitpe. researchers found that there was a
large difference in collapse performance between frames designed for the ASCE 2002
mi ni mum base shear and the | ower ASCE 2005 n
ATC 63 project finding, the ASCE 7 committee hasergly issued an addendum to
reinstitute the minimum base shear y[yequireme
2007).
Overall, thestudy being conducted by PEER researchers as part dfatfi&TC-
63 methodology has illustrated the usenohlinear aalysis and earthquake sitation
for evaluatingcurrent seismic design provisions for structures, specifiéallyeinforced
concrete momentesisting frames. While still dependent on practical engineering
judgment to determine the effect of uncertameéthin the model, the methodology and
procedures aid in promoting Aconsistency 1in
alternative systems and the effec¢2007veness of
It is the hope of the researchers that theltesfi this study can be used further in

developing safer and more effective seismic building codes.
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2.7 Lateral Load Resisting System

The selection of the lateral load resisting system (LLRS) for aibgiktructure
is a key decision in seismic desigiot every structural component in a building is
designed to resist seismic loads. Rather, some building elements are designed only for
gravity or vertical loads. The LLRS includes the components selected by the designer to
resist the lateral forces acting the building. The setion of this system depends on
many factorsthe preference of the designer, desgacifications, the construction
materials coss, and the height of th&tructure ASCE 705 outlines the selection of
available lateral load resting systems based on the overall height limitations for each
type of system along with the applicable seismic design category in Tablgé. The
most common forms of LLRS are structural shear walls, structural diaphragms, aed fram
systems.

Structuralshear walls andidphragmsareoftenusedin masonry, concrete, and
wood constructionHorizontal floor diaphragms as shownHRigure 25belowtransmit
lateral loads to the structural shear walls. @osed either of a concrete floor slab along
with steeljoists; or a wood floor supported by wood joisteg diaphragm astisafi wi d e ,
flat beamin the plane ofthedlor or r oof syst2005959).QnéMac Gr egor
concern in design is that holes in thenficof stairwells, vertical chases for utilitiesd
elevator shafts, must not reduce the areaiartdrn, the loading capacity of the
diaptragm significantly. fiestructural shear all, as shown in Figure 25 beloegllects

lateral forces acting in the direction of its length in order to brace shefréhe building.
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{a) Squat shear wall {b) Slender shear wall

Figure 25: Typical Horizontal Diaphr agms and Shear Walls (MacGrego2005 959
The wall will resist not onlyateraltranslationin its planebut also resist overturning
moment about its strong axis. Oftacdted on thexterior of the building, itability to
resist lateral loads comes from the shear resistance within its element (i.e. masonry, brick,
or wood).Again, one concern in desigs the amount of holes placedithin a shear wall
in the form ofopenings for windows and doors because these ultimately redace
amount of area in which the required shear resistance can de¥edepes of transverse
shear walls within a building along with horizontal diaphragms at each floor is classified
asa bearig wdl system. This fam of LLRS is often seen in apartment buildings and
hotelssince solid shear walls can serve to divag@rtments or suite of rooms
(MacGregor2005 952.

The other commotype ofLLRS is aframe system comped of either a braced
or momentresisting frameFraming systems are composed of horizontal girder elements,
vertical columns and joint connections that can transmit lateral loads in addition to

gravity loadsThese systems are often ctvasted usingstructuralsteel or concrete
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membersBraced frames make use of diagonakbsaas shown in Figure 26d truss
action to transmit lateral loads to the ground through axial forces in its membisrs. T
configuration is advantageotw steel constructioas only pinned connections are
required, which reduces weldiagd connection costsh& braceslsoperform well in

preventingsignificantsway.
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Figure 26: Steel Braced Frame
Finally, a momentesisting or unbraced frame showrFigure 27is usedmost
often in buildings betwen 8 to 10 stories (MacGregdd05 951). Lateral loadsire
transmittedhrough axial force, shears, and bending moments within its girders, columns,

and joints.The frame can be placed either on the perimetaistiictural system
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(perimeter frame) or throughout the system (space frame) since no braces, which limit

open floor space, are used.
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Figure 27: Unbraced Moment-Resisting Frame
Lateral deflection orway is much greater in a momenesisting frame deito its lack of
braces, yethe flexural action that produces this deflectiam allow for ductility in
seismic designrlhis systemis often seein reinforcedconcrete construction as the
connectiondetweerreinforcedconcree girders and columns atcastin place as
monolithic joints with sufficient reinforcing stet resist momenSteel moment frames
require special rigid connections to be designed at joint locations, which could increase

fabrication and erectiocosts.
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3.0 Design of Reinforced Concrete Moment Frames

The focus of this study isn the design and performancereihforcedconcrete
momentresisting frames during a seismic evexd.stated previously, reinforced
concrete frames resist lateral loads through axial forces, shearaparehts in their
girders, columns and rigid joints. Its stgtim and ductility arisérom the combination of
concrete andeinforcing steel thatesist compressive and tensile forces respectively.
Ductility is concentrated in areas of inelastic behaviibiniw the frame, often taking the
form of plastic hinges in girders or beams. These hinges absorb seismicamgkrgy
provide damping inhe dynamiaesponse of the building.

One of the key factors in the design of these frames is the aidiitgomponen
to develop inelastic behavior without causing collapse, usually in the fopanefshear

failures. Paulay and Priestly discuss in the &sismic Design of Reinforced Concrete

and Masonry Structurdkat failure can occur in two majmrms:a softstory

mechanism and confinemigfailure (Paulay and Priestlép92 3-8). A softstory

mechanism is formed when a building skates with respect to the osi@ry only as

shown in Figure 28If the large shear and moments cannot be resisted at this hevel, t

building can potstially collapse aboutthe t or y: it h (atdhe firdt stogyh r esul t s
from a functional desire to open the lowest level to the maximum extent possible for

retail shoppingn par ki ng ar r aml@eesiled23)0 ( Paul ay
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Figure 28 Soft-Story Mechanism (MacGregoret al 2005 998

Alternatively, confinement failure involves structural composegither under
confined @ over confined. First, Figure 4Bustrates a reinforced concrete column that
was abutted on either side by a partial masonry wall. During a seismic event, the column
was intended to contribute to the inelastic behavior of the LLRS by deforming with the
rest of the frame. However, the strength of the masonry wall unintentionatkydbitae
column from moving: AThe column (was) stiffe
the same | evel, which may not totheshorterdj acent

c ol umn 0 and Prizsatldyl89¢ 4). This caused a shear failure in twumn.
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Figure 29: Confinement Failure of Column (Paulayand Priestley1992 5)
Situations of under confinement can occur woemponents of the striwgal
frame have insufficient reinforcemetiat prevent shar or buckling failwe. Figure 30
illustrates a column that has buckled under seismic pessve loads due to insufficient
transvese reinforcement. Figu@l displays a reinforcedoncrete joint that has failed

dueto a lack of confining shear reinforcement.

Figure 30: Confinement Failure of a Column (Paulayand Priestley1992 4)
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Figure 31: Joint Failure (Paulay and Priestley1992, §.

Overall, a reinforced concrete frame must be properly confined so that inelastolbeh
and ductility can be achieved during a seismic evardgn effort achieve this level of
confinementthe American Concrete Ingite Committee 318 (AC318) hagleveloped

seismic provision$or the design and detailing oféinforcement concrete fras

3.1 Categories of Reinforced Concrete Moment Frames

Theoriginal 1978ATC 3-06 report identified two forms of reinforced concrete
moment fames an ordinary moment frame and a special moment frame. Today, in
addition to theeoriginal twocategoriestequirementfiave also been definéor a third
intermediate moment fran{@F) category Use of a specific concrete frame is
dependat on the seismic design category of the buildingd the building height.

Meanwhile, selection of the concrete fraaffects building design parameters ranging
from design forces to detailing requiremeniable 12.21 of ASCE7Z05 outlines which
seismic design categories and building height allow the use of specific buildings frames.

For example, and intermediate moment feamas no limitation on height for design
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categories B and C, but is not permitted to be used for categories D, E, and F. Meanwhile,

the publication byAClI Committee 318 entitleBuilding Requirements for Structural

Concrete and Commentary 2006tlines thedetailing requirements for concrete joints

and members. Historically, these design requirements have been based on past
observation and experience, yath the aid of computer software and dynamic analysis
techniques, research is beitwnducted to bettainderstan@nd define the response of
IMF structuresCurrently, much of this research has been on buildings in high seismic
areas, yet, the goal of this project is to investigate requirements feioareaderate

seismic activity.

3.2 Intermediate Moment Frames

As mentioned aboveglection of the concrete moment frame category ischas
the buildingds seismic toegudgnentroftieddsignm@ r vy, t ot a
engineer.Each category has varying levels of detailing recuéets and dierent
parameter valuassed in the determination of design forces and displaceniemisier
to better understand intermediate moment frames, the other two catefon@sent
framesmust also be defined.

First, adinary moment frame@©MF) aredesighated for areas with historically
low seismic ground acceleratiofhe lower ground acceleration thesducs the lateral
seismic loading on the structuiiée ductility of the structure is also affected with a
relativelylow value of the rgponse modificaon factor Requal to 3which corresponds
to alimited amountf ductility in the structure. Since less seismic energy is absorbed
through inelastic behavior, the OMF must resist higher seismic forces elastically.

Therefore, the lower R factor is ultinelyf used to increasseismicdesign forces. Since
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additional ductilityis not required in the OMF, A€318 does not identifgpecial seismic
requirements for its desigand detailing

Meanwhile, the special moment fraf®WF) is designeds the oppositetthe
OMF with large ductility for areas of high seismicity.terms of lateral design forces,
the design ground motion Sa is much higher for a specialenbframe. However, the
structure is designed for ductile behavior to dampen the response otiterstrwhich
means that the magnitudéthe desigrateral forcecan be reduced. This reduction is
accomplished through the designation of a higher R \a&l8eln order for sbstantial
ductile behavior, AGB18outlines seismic detailing requirements beams, columns,
and joints in the SMF.

Finally, intermediate moment fram@#Fs) were added to seismic provisions in
order to account fasreas of moderate seismic activity. Since some of the seismic energy
is absorbed through inelastic behavior, thkie of the R factor is determined tofhwe,
which isbetween the OMFral SMF. This allows for some reduction the magnitude of
thedesignseismic forcesn comparison to those for an OMAs a result, AGI318
outlines detailing specifications for biaa and columns in the frame in order to produce
the appropriatéuctile behavior.

Table 1compares the various design parameters and requirements for each of the

concrete moment frames



Table 1: Comparison of Concrete MomentFrame Parameters

Comparison of Frame Requirements for Seismic Design

61

Strength System Deflection ACI ACI ACI ACI 31808
Modification | Overstrength| Amplificatio Seismic Seismic Seismic Ref.
Factor R Fact or nFactor, G Req. Req. Req.
ASCE7-05 ASCE7-05 ASCE705 | for Beams For for Joints
Columns
SMF 8 3 5.5 Yes Yes Yes Chapters 1
18822
Sections
21.521.8
IMF 5 3 4.5 Yes Yes No Chapters 1
18822
Section 21.3
OMF 3 3 2.5 Yes No No Chapters 1
18,21.2, &
22

The table illustrates how the specificais for the IMF have been developed, through

observation and past experience to fall within the SMF and OMF values. Again, it is the

hope of this project to study the performance of thesmpeters in order for resulting

data to contribute to future upéa in the criteria. However, before the IMF parameters

can be studied, a description must be given on the design of IMF components.

3.3 Flexural Design of Members
Reinforced concretean be considered as one of the earliest composite materials.

It achie\es s effectivenesby harnessing the strengthboth concrete and steel.

Concrete works well in compression and is economical to produce, while steel works

well in tension. The design of a flexural member, such asahe shown in Figure 38

therefoe based on thiaternalmoment coup between these two materials. The loading

on the beam causes positive bending where tensile stress is developed on the bottom of

the beam and copressive stress is developed witthe top of the beam. Ultimately, the

tensile stresses cause the concrete to crack as shown and hence the steel reinforcement is

required to carry the tensile force.
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The cross sectioof thebeam is shown in Figure 8long with thestrain and

stress diagram(Figures32b and32c). The figures illustratéhat a concrete compression

zonewi t h

a

concrete

c odemelops ia the tap @ortwrt of tkerbegam h

to carry the compresa stresseswhile the area of steel reinforcement (As) with a

yielding strength of fy is assumed to carry the entire tension.fBeadistically, the

compressive stress distributionthe topzone is nonlinear from the top of theam to

the neutral axd

bl ocko

However, C. S.

n

t

he

1930s t hat

Whitney

coul

d be

used

in the concretéWang et aR007, 47) This is shown irFigure 32¢ The flexural capacity

is then determined by considering C=T and calculating the moment about the top of the

member:
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Equation 26

Equation 27

Equation 28

Equation 29
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Flexural members support load through the ushedeinternal moments and
shearswhich will be discussed later. Therefore, tlesign of a flexural member isst
centerednthe stipulation that the moment cajppof the member mugdie greater than
the factored moment caubby loading or:

gl A o Equation 30
If axial load is present in the membas in the casef beamswithin alateral force

ressting frame, the member can still be designed as a flexural member if:

||—<> < =|ﬁr/ Equation 31

(ACI-318 08 21.2)

Otherwise, the members must be designed as-{oermns which will be discussed in
the next section.

While the example giveocorresponds to a simple beam design, the design of
beans within reinforced concrete momengsisting frames usually invols¢he
consideration of a continuobgam as shown in Figure .3Bhis continuous beam is
consideredne monolithic element due tioe rigid joints at colonn and beam
intersections. The formation of thesgid joints is facilitatedoy the continuous
placement of concrete during construction (Wang 20al;, 287). Therefore, the
member must not only be desegifor positive moment within the spanstlaliso

negative moment at joimbnnections as shown kigure 33

153.3 137.4 1386 137.4 163.3

y 141.8 E 138.4 N\ 138.2 N\ 128.4 \P 14149 w

Figure 33: Moment Distribution within a Continuous Beam

The design steps for determining the required flexural reinforcement are outlined

in Table 2 The design process begins by identifying the required positt/eegative
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moment capadis at each support andratdspanthrough determination of the member
loads. The required steel area is then determined using theagatoachpreviously
described and appropriate reinforcing bars are selected to meet demaltyl. the
reinforcement arrangement is then checked to ensurththegquirements faninimum

rebar area and spaciage also met

Table 2: Design of Flexural Reinforcement

Flexural Reinforcement in Beams
Step | Description Equation
1 Determine the Required Positive and Negative Flexural Frame Analysis or &1 Moment
Capacity at the supports and at midspan. Coefficients (ACI 2008B.3)
2 Compute the Area of Steel . _ Ug
o = ﬂ“@T@
3 Compute tle depth of the compression block . 0@
“~ D85 R
4 Recalculate As reqod . [V
0=
7Q Q >
5 Calculate As minimum 360 '@ 20060
Q 9
6 Select appropriate number and size of reinforcing bars Table 3.9.1 Wang et al. 2007
7 Check spacing of reinforcing bars and minimum required b¢ Table 3.9.2 Wang et al. 2007
width

The design of flexurahembers also includes the determinatiboutoff lengths
for longitudinal reinforcement based on the @epment lengths of the reinforcing bars.
Development length involves providing the steel reinforcing bars with enough
embedment within the concrete at cutoffs in order for the bar to develop its tensile yield
stress. If not enough embedment is providee ktond between a bar and the reinforced
concrete could fail and cause the bar to slip. Therefore, bar cutoffs are designed first to
ensure that significant moment capacity is available at a section and second to ensure that
rebar has sufficient length tievelop properly. A sample montazapacity diagram is

shown in Figure 34
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At the beam ends, sufficient development length is provided by creating stéoddis

of sufficient length as shown in Figure.35

T

el T

Critical section

where full tensile
capaity of bar ls
available

e

-

ad, | Mﬂ_‘ # 3 through # &
2L Sd, | #8,%10,% 11
B
B, | # 14,4 18

b, ——
“Lm“____J

Figure 35: Standard Hooks (Wang et al2007, 241
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The ACI introduces two categories and simplified expressions for development length in
section 12.2.2 for bar cuiffs and sectin 12.5 for standard hooks in tension.
While ACI-318specifies the provisions described above for basic deSigmpter
21 of the documerdutlines additional requirements for theismicdesign of beam
reinforcement. The major requirement for longitudiregurement is found is section
21.3.4and reads as follows:
The positive moment strength at the face of the joint shall be not less than one
third the negative moment strength provided at that face of the joint. Neither the
negative nor the positive stigth at any section along the length of the member
shall be less than o+idth the maximum moment strength provided at theefaf
either joint (ACF318 2008, 32p
Ultimately, this means that there mustdoéficientlongitudinal reinforcement
throughot the entire length of the beam with the capacity to resist one fifth of the
maximum moment loading. dditionally, enough moment cagty must be providetb
ensure that the positive moment strength is always one third of the negative moment

strength.

3.4 Flexural Design of Beam-Columns

When designing for gravity loading, a vertical column is typically used to transfer
axial load to the foundations. However, with the addition of lateral sway caused by wind
and seismic forces, columnst only experiencaxial force butare also subject to
bending effectsBeamcolumns are members found within a frame that experience both
bending and axial load. This means that it must be designed for bending moments, shear

forces, and axial forces. For this study, iassumed that the column is bending about one
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major axis as shown in Figure.38owever, in actual design, many beaolumns must

be designed for bending about both axes or biaxial bending.
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Figure 36: Column Cross Section vith Strain and Forces(Wang et al2007, 447)

The capacity of a beagolumnis represented by an axial forcednd a bendin
moment M. Theseparameters are determined through forces developathwie cross
section. Figure 38lustrates how a tensile forée created within the steel rebar on one
end while a compression force is developed in the other end of the column. Meanwhile, a
compression block and resultant compressive force is created within the concrete. The

equations for these values are:

Jll = =6‘, Equation 32
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Equation 33

Equation 34
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Values for nement capacityM,, and load capacityP, can then be calculated

through statics andre relatedo each othet hr ough an

k= F+ mzA
1= + ™ ¢ ) Mo+ (™ W Wy

="/

Forary specific cross section,

whichRandMyact t oget her qg437)Waerdgationship lzetweed hedey

eccentricity

Equation 35

Equation 36

Equation 37

there ar

values can be plotted to develop the cross section Htrgrigraction diagram. Figu¥

below illustrates a sample plot and the three main categories of data found on the

diagram.
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First, when the strain in the tension steel is equétgeld stress and the
concrete strain is equal to 0.003, the column is said to be in the balanced condition and is
designated on the diagram thye balance loaB, the balanced momeM,,, andthe
balanced eccentricitsy,. This refers to the scenario @aimthe concrete is crushing at the
same time the steel is yielding

The next condition involves the eccentricity being less thame the axial load
is greater thangIn this scenario, the eccentricity is low and therefoessectioracts
morelikea axi al | oaded c ol ucontrolled Beutiom thelconsreteii c o mp r e
has an ultimate compressistrainless than oequal to 0.003vhich is the limit for a
concrete crushing failurdleanwhile, he steel reinforcement is designed with a tensile
strain less than its yield stra@md its capacity is therefotiee governing parametar the
beamcolumn Since the eccentricity is lower thag) the tensile force in the tension steel
will be low and may even be a compressive force. Therefore, th@oolui s A compr essi
contr ol | ¢hd domgressiva sirength of the concrete is controlling the défsign.
the column was to falil, the steel would yield plastically in a ductile faptice to the
concrete failing in compressionhis ductile failureis advantageous becausgiites
enough warning to allow a potential evacuation to occur. Therefesggners striveo
design beanrtolumns withcompressiofcontrolledcross sections

The third condition for design of beamelumns involves the sectiontary more
like a beam in bending than a column. For this scendgogccentricity is greater thap e
and therefore the tensile force in the steel reinforcement is langest&el reinforcement
is assumed to have yieldedth a strain greater than 0.086e to this beam action and its

capacity is controlling the design. Since the steel reinforcement has been designed for a
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larger tensile strairthe parameer that is governing failuns the crushing capacity of
concreteThe concrete on the compressiafesof the cross section will ultimately fail
prior to the tensile steel reinforcement. Concretebsittle material that fails suddenly if
loaded over the maximum stress and strain capacities. This failure does not given any
warning before collapse, anfr this reason, engineers strive to avoid the use of a
tension controlled section in design.
Analysis and design of compression controlled and tension controlled sections is
an iterative process where the capacity of chosen cross sections andrdtaekraent
must be checked and revised in order to achieve an adequate Hesgwer,
approximate equations have been developed in order to aid in the design process.
First, for compression controlled sections, Whitney developed the following

equationfor load capacitfWang et al 2007455}

_ E . _8 Equat
N | quation 38
||- K_ !I+ ) J_ﬁ 1+

|
o Lb.K: —I=|=--ﬁ: —I

For tensiorcontrolled sections, the follow approximate equatiamtwa used for design

.

and analysigWang et al 2007459}

k= . B z+ .iee + liae + z O -: + 'iae Equation 39
o Q Q zQ+Q
V6 = Ferg (@ T Q
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Finally, in terms of seismic design provision for the longitudinalfoeaement,
Section 21.3f ACI-318does not specify any additional provisions for the flexural

design of beartolumns.

3.5 Member Design for Shear

While the longitudinal steel reinforcement seeks to provide sufficienmeno
capacity in a beam or bearnlumn member, the desigmmust also be concerned with
providing enough shear resistance within a member. A concrete beam alone can only
supply a certai amount of shear resistance before shear ceaeksroducedrl herefore,
shear reinforcement, typically in the formMé. 3 or No. 4steel stirrups as shown in
Figure 38are used tprovideadded shear strength andaaconfine the core of the

sectionto aid in maintaining strength and capacity.

Single-loop or

A U stirrup
] . /-

f Vertical stirrups

e

Section A-A
1 A““'l_ ection

Figure 38 Typical Shear Stirrup Arrangement (Wang et al. 2007, 131)

Table3 outlines the basic steps in designing the shear reinforcement for beams.
The basic process involves deteming the required shear demand based on the loading
of the beam. Next, the required shear capacity of the shear stirrups Vs is determined at
the critical section. Finally, required stirrup shear capacity is used to de¢ettmei proper

stirrup spacing alanthe beam.
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Table 3: Specifications for Beam Shear Design

Design of Beam Shear Reinforcement

Step Description Equation
1 Calculate the shear value at the critical sectign, V| A distance d from the support
face (Interpolate betweevalue at
support and value at midspan)
2 Calculate the shear capacity of the concrete, V @=2 "Go0
3 Determine if steel stirrups are required W 2
4 Calculate Shear Demand, V ®=Qlg
5 Calculate the required shear demand in the stgel, W=6 o
6 Assume a stirrup bar diameter and chdtaithe required . 0,'Q
stirrup spacing )
7 Determine the maximum allowable spacing 0,'Q 0,'Q

i = — :
075 "Qgy 90w

beam shearFirst, the shear load is obtained from the frame analysis and used to calculate

The design process for column shear is similar to the steps taken to design for

the required shear capacity. The capacity of the concrete is once again calcutasd, b

shown in step 2 of Tablg the capacity now takes into account the axoahpressiorNu

acting onthe column, which enhances the concrete shear capacity.tNexejuired

shear capacity of the steel is used along with the rebar cross demteanto calculate the

neededstirrup spacing. However, ftoeamand column designheé results of these basic

design procedures must be tailored in ordeet additional seismic requirements.

Table 4: Specifications for Column Shear Design

Design of ColumrShear Reinforcement

Step Description Equation
1 Calculatethe shear value at the critical section, V| From Frame Analysis
2 Calculate the shear capacity of the concrete, V| . O¢ =T
@=2(1+ (5522) (@& Q
20000-g
3 Determine if steel stirrups are required G o_a,
2
4 Calculate Shear Demand,V )
® 5
5 Calculate the required shear demand in the stgel W=6 o
6 Assume a stirrup bar diameter and calculate th _0,'Q
required stirrup spacing L= &
7 Determine the maximum allowable spacing 0,'Q 0,Q
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In seismic design and performance, the ghdf a reinforced concrete building
frame to prevent collapse is dependent on its ability to absorb seismic energy through
inelastic behavior at plastic hinges. However, beams and columns have the potential to
experience shear failure at plastic hinge®@teeinelastic behavior is achieved. Therefore,
adequate shear capacity is a major concern for designATI code outlines provisions
to increase shear reinforcement near member supports inoe@blehe formation of
plastic hinges. fiese provisios deal mostly with the required shear capaaity, and the
spacing of shear stirrups aack outlined in Tablé.

The intent of the gendrprovision in ACI Section 21.3.13 to specify the required
shear capacity needed for design of the frame memberddsign shear obtained from a
frame analysis of the structure must not be less than the smaller of the two identified
limits. The first limit, illustrated in yure39 for beams and columns is calculated as the
sum of the nominal moment capacity at eaotl of the member divided by the clear
span. For beam embers, this value also includée addition of shear caused by the
gravity loadsThe second limit uses the shear value obtained from doubling the

earthquake load for load combinations that includeismic induced shear.
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Table 5: ACI Seismic Provisions for Shear Desigin IMF Components

Seismic Shear Provisions for Beaarsl Columns

ACI Section

Specification

General

21.3.3

aV, of beams, columns, and tweay slabs
resistng earthquake effect, E, shall not be less t
the smaller of (a) and (b):

(a) The sum of the shear associated with
development of nominal moment strengths of th
member at each restrained end of the clear spa
and the shear calculated for factored gyaloads;

(b) The maximum shear obtained from design Iq
combinations that include E, with E assumed to
twice that prescribed by the governing code for
earthquakeesistant design.

Beams

21.34.2

At both ends of the (heam) member, hoops sha
provided over lengths equal 2h measured from {
face of the supporting member toward midspan
The first hoop shall be located at not more than
in. from the face of the supporting member.
Spacing of hoops shall not exceed the smallest
(a), (b), (c), ad (d);

(a) d/4

(b) Eight times the diameter of the smallest
longitudinal bar enclosed

(c) 24 times the diameter of the hoop bar

(d) 12 in.

21.34.3

Stirrups shall be placed at not more than d/2
throughout the length of the member.

Columns

21.35.2

At both ends of the member, hoops shall be
provided at spacing, ®ver a lengthJmeasured
from the joint face. Spacirg shall not exceed the
smallest of (a), (b), (c), and (d);

(a) Eight times the diameter of the smallest
longitudinal bar enclosed;

(b) 24times the diameter of the hoop bar;

(c) Onehalf of the smallest crossectional
dimension of the frame member;

(d) 12 in.

Length |, shall not be less than the largest of (e)
(), and (9):

(e) Onesixth of the clear span of the member;
(f) Maximum crosssectional dimension of the
member

(g) 18 in.

21.35.3

The first hoop shall be located at not more than
/2 from the joint face.

21.35.4

Outside of the length,lspacing of transverse
reinforcement shall conform to 7.10 and 11.5.5.
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Figure 39: Determination of Shear Value Limit for Beam (ACI 2008 21.33)
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3.6 Joint Design

The final design component for a reinforced concrete moment fsathe beam
to column joints located within the framiints are classified into 2tegories: Type 1
joints which are designesimply to meeACI code requirements for strength and Type 2
jointswhich are designed faarthquake and blast provisions (Wa@l 2007 385).
Section21.3.5.50f ACI-318gives no specific seismic desigrovisions for joints in an
IMF and therefore a designer can assume Type 1 joints.

Apart from axial loads, joints transmit load primarily through shear fofc&u ¢ h
elements are usually subjected to very high shear forces during seismic activity, and if
inadeguately reinforced, result in excessive loss in strength and stiffness of the frame, and
even col | aapdsPeestley 1P Thexrefore, the major concerns for beam
column joint design arthe joint confinement and the amountm@nsverse reinfeement
foundwithin the joint Joint confinement is based on tember and size of the members
ending in the joint connectio®hown in Figure 40the shaded area defines the core of
the joint and corresponds to the width of the column and the depté sidtiowest
member: fAThe cor e icanfinedwhesn bednesrframe moiallfoprl et el y
sides and each beam has a width b at leasttbueths the column width and no more
than 4 in. of column width is exposedoneachesi of t he ba200@038Y Wang e
If full confinement is not provided, then transversmforcements required in order to

confine the joint core.
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Figure 40: Confinement of Beam Column Joint (Wang et al2007, 389

The steps for calculatingeétshear capacity of the joint and the required shear
reinforcement are outlined in Table &rst, hecolumnsheareing transferred through
the jointis based on the nominal moment capacity that can be transferred to the joint by
the beam reinforcementhemoment capacity is calculated as tbhiece within the rebar
steel as shown inigure 41and multiplied by the distance between the reinforcement
The moment load is defined 88% of the moment capacity. Thelumn sheais then
determined by dividinghis momentloadby the tributary height for each side of the

column.



Table 6: Specifications for Joint Shear Design
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Design of Type 1 Joint Transverse Reinforcement

Description Equations
Design for the column shear being .Uy
transnitted through the joint T a
Calculate the joint, ¥ Wo=1 0;6Q
Calculate the Joint Width, b Smallest of: -
oW
W= 0yt >
5 5 d ’Q
= oyt >
= Wiy
Nominal Shear Strength,,V W= "GaQ
Check for adequacy ® > 6
Design for column tie spacing Smallest of:
i = 16,
[ = 48Qq
[ = age
i = 129(606"@i DOY'Y
¥ i_L. Column steel ! A Column

I
e

Shesr crack
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Figure 41: Shear Development withinBeam-Column Joints (Wang et al,2007, 387)

The pint shear is then calculated based on recommendations from ACI

Commi ttee 352 as

t

he value of t he

tensi

UAs(fy) where alpha is a multiplier based on the type of joint conneptions the vhaie

of the shear acting in the colurfWang et al 2007386). Next, the effective joint width

bj is determined as the smallest value obtained fromhtiee tequations listed in Table 6

e

f
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This effective beam width igsed to calculate the joint shear capaaihich is then
compared against the shear load. Finally, if a column is not completely confined, such as
in the case of an external end joint, horizontal column ties must be added with the

minimum spacing defed from the equations in Table 6
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4.0 Computer-Based Modeling and Analysis

The intent of the computdrased modeligpand analysis is to simulatge seismic
performance of amtermediate moment frame. The work of PEER researchers Liel,
Haselton and Deierlein along with the methadyl from the A'C-63 project wasised
and adapted for the IMF modelifgive main tasks were conductied the study. First,
typical design IMF @nensions and cross sections weeeeloped tanatch real world
designsbased on the recommendations of practicing engin8ecandthe
reinforcement detailing veadesigned for the frame based on current ACI code
provisions. The design Excel spreadsheet used in the Liel, Haselton and Detedgi
for an SMF frame was adapted to reflddF design provisiaes . The mosdel 6s r es
was thenanalyzed for simulated seismic events with nonlinear analysitharabllapse
performance data was collected. The frame wakesigned to consider two changes in
the IMF designparametersbuilding height and the additiamf a strongcolumnweak
beam ratio The seimic response of the IMF was-analyzed and the collapse results

compared with the initial findings.

4.1 Experimental Building Frame

The first step in the IMF study was to develop an experimental building frame
that would be usd for design and modeling. In order for the analysis results to be
representative of actual design practice, the IMF dimensions and cross sections were
based onypical design practice used currently in moderate seismic zones. This was
accomplished throdgconversations with practicing engineers.

Thomas C. Schaeffea structural engineer with Structural Design Group based in

Nashville, Tennessee and also a member of the3A8Icommittegprovided the
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dimensions for a-4tory reinforce concrete frame &slin the design of &ypical hospital
patient wing. Shown inigures 42 and 43he building has a total height of 48 feet and
covers an area 150 feet by 56 feet. Five bays of 30 feet run in the longitudinal direction
and 2 bays of 32 feet and 24 featendin the transverse direction. The story height is a

constant 12 feet at each story.

30.00 30.00 30.00— 30.00 30.00—

12 00

12,00

1200

1200

LSS S S S S
Longitudinal Elevation (4-Story Hospital)

Figure 42: Four-Story Design Building Elevation

Figure 43also indicates the typical cross section dimensions of the building
framed s tral elements. First, a fiviech slab is assumedoBcrete compression
st r engt h5Kkséidnd thesugitwaidhsis assumed as 150 pht infill floor beams
are designated d2 to 16 in. wide by 20 t@2 in. deep Frame beams runnirgjong the
column linedin the transverse direction are 20 in. by 22in. The girders running in the
longitudinal direction are 24 in. by 26 in. rectangular sections. Finally, all the columns in

the frame are designated as 24 in. by 24 in. square columns.
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Figure 43: Design Building Plan View

It was determined that the central londital frane (circled in Figure 43would be used
for the design study

Other design parameters were chosen based on conversations with engineer
Dominic Kelly, PE,SE from the firm of Simpson Gumpertz & Heger. Figdthough the
building was based on a typical hospitahg schemethe building vas designed for an
importance factoof 1 (norressentiaktructures) rather than an importance factor of 1.5
(essential feilities). Hospitals are considered essential facilities as they are required to
remain operational even during catastrophic events. Therefore, they must be designed for
higher seisnt forces. An importance factof 1 was chosen because most typical
building structures fall intéhe noressential categoygnd his assumption allows the
collapse results to be applicableattarger building set.

Maximum and minimum steel reinforcement ratios were assumed to be 2.5% and
1% respectivelyA 40 psf live loadand an 80 psf live load were used for patient rooms
and corridorsrespectivelyas specified in the 2006 IBC (IBC 2008he frame was
considered to act only along its longitudinal direction and, therefore columns were

designed for uniaxial bending only. an actual structure, the columns would be designed
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for biaxial bendingLast, abasement wagssumed to be included in designd therefore
the supprt conditions of the frame weessumed to be fixed with restraints in translation
and rotation.

Desighed as twalimensional, the IMFrame was analyzedlsing the analysis
software RISA2D Educational to determine the internal forces, shears, and moments for
the fourstory frame. For the sigtory frame used to explotiee effect of story height, the
software MASTANZ2 was used becausetsfabilty to analyzeframeswith a larger

number of members and joirtteanthe RISA-2D Educational software

4.2 Code Based Design

In order for the Microsoft Excel SMF design spreadsheet to be adapted for IMF
design povisions, the desigand detailingof the fourstory framewas first completed
manually using a combination of hand calculations and Microsoft Excel for repetitive
calculations. The design involved four main areagcking the adequacy of the firech
concrete floor slab, designing the flexural reinforcement for the beams and columns,
designing the shear reinforcement for beams and columns, and checking the adequacy of
the monolithic beartolumn joints.Once a baseline design was developed using the
manué calculations, the SMF design spreadsheet was then adapted in order to match the

provisions of thdMF design.

4.2.1 Manual Calculations
First, the slab desigwas initially assumed to be fivaches deep based on typical

design practice. Thigreliminaryvalue could be based on bgtast experience witblab
strength and required firesistance ratingspecified in building codesiowever, the

strength and detailing of this slab must be verified with the respective dead and live
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loading. Designed as ammuous slalsegmentvith atributarywidth of 1 foot, the slab
thickness proved to be adequate in terms of both shear and molerumtalF
reinforcement in the form dflo. 3 rebamwasspaced every 12 inchasng with
shrinkage and temperature reinforaamhused toeduce cracking in the form &fo. 3
rebarin the transverse directi@paced at 18 inches.

Next, the flexural reinforcement in the girders and columns was determined for
the IMF frame using the procedures described in Section 3.3 and Big @ort.
Additionally, standards from the OpenSees modeling were applied in design in order for
the manual design to match with the design of the OpenSees migdeé 44 illustrates
the flexural reinforcement for the entire frame, while Figure 4Stilaies a single bay.

Flexural reinforcement within the girders was standardizeddoh story level
The top reinforcement was standardized to either 7 No. 9 steel bars on the roof and 6 No.
9 bars on the lower floors. This provides a top steel arex ¢d seven square inches and
a reinforcement ratio of roughly 0.01. The bottom steel was also standardized to either 3
or 4 No. 9 bars with a reinforcement ratio of roughly 0.005 to 0.006. The standard cross
sections for the beams are shown in Figure 46.

Flexural reinforcement within the columns was ensured to be symmetric for both
individual columrs and the entire fram®lost of the column éxural reinforcement was
governed by a compression controlled section and the minimum reimienteatio of
0.01 All but two of the columns were designed withé. 9 bars as shown in Figure.44
The two end columns on theof of the buildingbehavednore like members in bending
and theefore were designed as tensaamtrolled sections. Flexural reinforcemant

thesecolumns was doublet 12No. 9 bars as shown in Figure ddlow.
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Figure 45: Flexural Reinforcement for A Typical Bay

Figures 46 and 47 illustrate the beand column cross sections within the four

story frame.
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Theshearreinforcement for the IMifnembersvas then determined using the
procealure outlined in Section 3.5 of this rep@md the results for the entire frame and a
typical bay are shown in Figures 48 ando&®ow. No. 3 steel stirrups were used
throughout the frame. For each beam and column, the shear stirrup spacing was made
congant throughout the member based on the minimum spesguyyed at the ends of
the structural elementhis assumption was made because the modeling process is only
concerned with the shear capacity at the locatidmere plastic hinges form, which
typicdly are at theendsof the memberin actual practice, the stirrup spacing would be
increased near the center of the member as the required shear capacity decreased. The
shear stirrup spacing was also standardized for beams and columns at each flodr level.
stirrupspacing of 6.5 inches was used for beam memBeaisimns at the third story had
a stirrup spacing of 6 inches, while all other columns had a spacing of 9 inches, which is
the maximum spacing alledfor the IMF design and calculated as 24 tinttesdiameter

of the stirrup bars.
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Figure 49: Shear Reinforcement of a Typical Bay
The final sép in the manual design of the featory IMF was to check the
adeguacy of the monolithic beawolumn joins based on the procedures described in
Section 3.6. The interior joints were assumed to be completely confined as marabers
connected into the joint on all sides and the distance between the column edge and the
beam edge is less than four inches on eachdfittee beamFigure 50 displays the

detailing of an interior joint.
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Figure 50: Interior Joint Detail for Four-Story IMF
Meanwhile, the exterior joint is confined on three sides harkfore requires confining

reinforcement. Therefore, shear reinforcement is continued through all the joints with

stirrups spaced at four inchas shown in Figure Sdelow.
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4.2.2 IMF Microsoft Excel Design Spreadsheet

The IMF design completed through the use of manual calculgirongled a
baseto adapt the Microsoft Excel Design Sheet used in the SMF study conducted by
PEER researchershe purpose of the Microsoft EXd@esign Sheet is to develop the
frame input file for the OpenSees modeli@ne of the major changes to the design sheet
involved the adjustment of shear reinforcement design requirements from SMF
specifications tahelessstringent provisions requirddr the IMF. This included such
parameters as shear loading, inclusion of concrete shear capacity, and the minimum
stirrup spacing requireemts. Additionally, the Visual &sic script used to design for the
strong columaveak beam provision was left in th@fework of the design sheet, yet

was not used for the initial IMF design.
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Figures 52 and 5lustrate the final design of the IMF using the Micrtidéxcel
Design Sheetnd the desigresults compareell with the manual calculationsrom
Figure 52 one sees that the column reinforcement ratios are roughly 0.01 except for the
two end columsof theroof which eachhave a reinforcement ratio of 0.023eanwhile,
beam reinforcement ratios have been standardized at each floor level with values of
0.0125 br top reinforcement and 0.006 for bottom reinforcemRainforcement ratios
for columns and beams are slightly higtiean the manual desigher some members
dueto the use omoment capacitiesalculated with equations introduced by

Panagiotakos and Fels in their 2001ACI Structural durnalarticle

Panagiotakos and Fard®001)conductedver 1000 testwith reinforced
concrete beam, column, and wall specimeararder to predict the deformation and
expected flexural strengths of RC members atlingl and failureThe study looked at
both monotonic and cyclic loadinBmpirical expressiswere developetbr the
expected moment capacity at yield and failure alwitly the ultimate drift or chord
rotation Since the expressions consider the detation and the deformation of the
structural components, the actual moment capacityevable by the componemisybe
higherthan the nominal values useldiring design. Therefore, the Excel Design Sheet
uses the Fardis equation to account for ttpeetedmoment capacitgnd some of the

members are designed foslightly higher moment
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4.3 Nonlinear Modeling of Seismic Performance

With the IMF model designed using tadaptedExcel design sheet, the seismic
performance of the IMF wastudied usinghe OpenSeesoftware and thdraft ATC-63
Methodology TheMethodology identifies four major sten the determination of a
frameods srmansemanductipge istatio pushover analysishe frame
conducting a nonlinear dynamic analysighe frame determining the experimental
seismic performance, and comparing that with an acceptablerbariclalue.

The input file for the analysis wareated with Visual &sic scripts in the adapted
Microsoft Excel Spreadsheéts mentioned previously, tHtepen®es model of the IMF
frame considers parametenst will capture the deterioration of the stiwral
components over time suchtae rotational capacity of beacolumn elementsA

summary of these modphrameters is given in Figure bélow.

1 Modeling Documentation (1 of 1) 1
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The static nonlinar pushover analysis used to determine the amount of
overstrength in the frame and the amount of ductility found within the fraouke|
(Draft ATC-632009 6-2). The processvolves subjecting the model tdateralstatic
pushover force at each stanyaddition to gravity dead loads and a quaotethe gravity
live loads.Lateral forcesare determined based on the proportion of total building mass at
each story. In this way, the procedure is similar to the Equivalent Lateral Force Method
used in calalating the lateral seismic forces for the initial frame analysis. However, the
pushover analysis continues to increase the lateral forces until the frame is literally
Apushed overo by the static force due to | at
For each of théerations, the latal forces are used to calculate the value of base
shear V and t he s treployteddsrshofvrtin Rigure,sdikis e val ues
illustrated that as the sway increases, the amount of shear strength begins to decrease

below some maximum valueny.
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Figure 55: Base Shear vs. Roof Displacement Plot from Pushover Analysis
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The maximum shear My along with the design base shear strength calculated from
ASCEF05(V=CW) <can be used to determine the fr ame
¢ = o/ Equation 40

Meanwhile, the periothased ductility of the frame, which will be used to define
parameters foprocessing the results tife dynamic analysis, talculated ashe ratio
between the ultimatoro f d,r igdmnd tihe ef f e gd(OnafeATg-63el d r oof
2009 6-9). The ultimate roof drift is determined as the drift value at which the base
shear capacity is 80% of the ri@um value as shown in Figure.5bhe effective yald

roof drift shown in Figure 58an be calculated using the following equation

ﬁ.’. - F m?? ITLD=|=‘HH| ) Equation 41

"

| "datiwwre- "om<d = <
1 v 4"l "
" vdalb -y e "0+ gly ot Y-l 4l

The coefficient Gis intended to relate thgroportion ofmass at each story level to the

modal shape of the structure and has been tabulated in ChapteEBIAf356, is

reproduced below in Figure B@low.
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Table 7: Table of Values for Madification Factor CO (FEMA 356 200Q 3-22)

Table 3-2 Values for Modification Factor C !
Shear Buildingsz Other Buildings
Triangular Load Pattern Uniform Load Pattern
Mumber of Stories (1.1, 1.2, 1.3) {2.1) Any Load Pattern
1 1.0 1.0 1.0
2 1.2 1.15 12
3 1.2 1.2 13
3 1.3 1.2 14
10+ 1.3 1.2 15
1. Linesr mterpolaion shall be used to ciloulate intermediare values.
1. Buildings in which, for all stories, interstory drift decraases with increasing height

The nonlinear dynamic analysis is then conducted using OpenSees in order to
determine thenediancollapse level acceleration of the building. Aentioned
previously, the Operegs modetonsiders elems such as elastic joint models,
nonlinear beantolumn elements devegled by Ibarra et aP005, and numerical
algorithms solving equations involved with dynamic analyBigaft ATC-63 2009 9-13).
The simulation program accounts toe flexural capacgytof the column and beam
members and the potential of these elements to develop ductile behavior in the form of
plastic hingesThese plastic hinges usually form at the ends of the member and therefore
the model foases on the structural performance irsthareas

The OpenSees simulation determines collapse in the building through the use of
incremental dynamic analysis. Using a database of ground acceleration signatures from
44 western earthquakehkge simulator applies cyclic loading to the frame witference
to increasing values of ground acceleration. For each increment of acceleration, the
maximum interstory drift is determined. As the acceleration increases for a given
earthquake signature, the story drift becomes larger and |&igese values «ftory drift
are plotted in terms of ground acceleration and earthcgigkature as shown in Figure

56, with each point corresponding to Athe

r

es
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index archetype model subjected to one ground motion recoris gGled to one

i nt ensiDraft ATCe8 2009 &-11).
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Figure 56: Sample Incremental Dynamic Analysis (IDA) plot

When the difference in story drift between iterations becomes sigmiifyclarge
as shown in Figure 58hemodelis consiered to have collapsed and OpeaSrestarts
the analysis with a new earthquake recditte median collapse level acceleratigi S
defined as the ground acceleration at which 50% of the model iteratitlapsedStated
differently, it is the acceleration at which, for any seismic event, the specific building
frame has a 50% chance of survivEfure 57shows the cumulative distribution function
for collapse probability. Thprobability is plotted against the ground acceleration
magnituek, with the median level collapse corresponding to a collapse probability.
Although not shown in Figure 5hé MCE spectral acceleratiog-Sdetermined from
ASCE705and based on the fundamental period of the building can also be plotted on the

CDF plot to compare its collapse probability with that gf.S
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Figure 57: Sample Cumulative Distribution Function (CDF) for Collapse Probability
The collapse level acceleration must now be adapted to a form that can relate the
modding collapse results to not only the design requirements butadsoacceptable
benchmark of seismic performance. Therefogg,iSused to determine the collapse
margin ratio (CMR) which is fithe primary par
safée y of t h OrafsATC-68200u6r18).0rhe(CMRIs determined as the ratio

of the collapse level acceleration and the MCE spectral acceleration used in design:

pld = H Equation 42
Sincecodeprovisions are conservative when designing for specific design accelerations,
the actual collapse level acceleration will be greater than the spectral acceleration. The
CMR will thereforebe a value greater than one. However, it is the magnitude of the

difference between the two accelerations that will determine if the building provides

adequate seismic performance.
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Once the CMR is calculated from the collapse level acceleration and the spectral
acceleration, it cannot be directly compared with an acolepbeenchmark. Instead it
must bemodifiedto obtain the adjusted collapse margin ratio (ACMR). ditadt ATC-
63 report specifies that tispectral shape afestern earthqualacceleratiomecords used
to study the collapse performance can actually bed@ssging to certain types of lateral
force resisting systems:
In essence, the shape of the spectrum of rare ground motions is peaked at the
period of interest, and drops off more rapidly (and has less energy) at periods that
are longer or shorter thanetiperiod of interest. Where ground motion intensities
are defined based on the spectral acceleration at thenfade period of a
structure, and where structures have sufficient ductility to inelastically soften into
longer periods of vibration, this peak spectral shape, and more rapid drop at
other periods, causes these rare records to be less damaging than would be
expected on the shapéthe standard design spectrubrgft ATC-63 2009 7-5).
This potential effect of spectral shape is accountetiyfonultiplying the CMR bya
spectrashape factor (SSF) to obtaime adjusted collapse margin ratio:
=l =| = .|H|=| L |=JJ =| Equation 43
The SSF is determined from Tabld & of thedraft ATC-63 Methodology using the
model period T and the periddla s e d d u c t daltulated/from thd pusbover
analysis. Table-71a is reproduced imable8, and Figure 58lustrates the effect of SSF

on the CMR
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Table 8: Table of Spectral Shape Factor Value¢Draft ATC-63 2009 7-5)

Table 7-1a Spectral shape factor (55F) for archetypes designed for

SDC B, SDC C, or SDC Dmin seismic criteria

T Period-Based Ductility, zr
sec) | 10 | 14 | 15 | 2 | 3 | a
<05 | 100 | 102 | 1.04 | 1.06 | 1.08 | 1.09 | 1.12 | 1.14
0.6 1.00 | 1.02 | 105 | 1.07 | 109 | 1.11 | 113 | 1.16
0.7 1.00 | 103 | 106 | 1.08 | 1.10 | 112 | 1.15 | 1.18
0.8 1.00 | 103 | 106 | 1.08 | 111 | 114 | 1.17 | 1.20
0.9 1.00 | 1.03 | 107 | 1.09 | 113 | 115 | 119 | 1.22
1.0 100 | 1.04 | 108 | 1.10 | 1.14 | 117 | 121 | 1.25
1.1 1.00 | 1.04 | 108 | 1.11 | 115 | 1.18 | 123 | 1.27
1.2 100 | 1.04 | 109 | 112 | 117 | 120 | 1.25 | 1.30
1.3 1.00 | 105 | 1.10 | 113 | 118 | 122 | 1.27 | 1.32
1.4 1.00 | 105 | 1.10 | 114 | 119 | 123 | 1.30 | 1.35
21.5 1.00 | 105 | 1.11 | 115 | 121 | 125 | 1.32 | 1.37
1
0.9 L
Of‘: '-’?l"'
g 0.6 - 2 )
%0_5 SSE
o 0.4 - /
03 © |
0.2 - f ‘
0'; = > CMR |ACMR
0 1 2 3 4 5

Figure 58 Influence of SSF on CMR Deierlein et al 2007, ¥
Now, the ACMR can be compared with an acceptable benchmark value of ACMR
from thedraft ATC-63 report. This acceptable value of ACMR is d@ieed in part by a
consideration of the uncertainty inherent in the analysis. Uncertienityed from four
principle sourceby thedraft ATC-63 Methodology: design requirement uncertainty,
test datrg

PoR; ummocdeer | t  auiyctayd recaetaarécgrd undertainty,
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brrr. Uncertainty is ultimately a subjective and qualitative parameter, ydtdfté\TC-

63 methodology attentp toquantify this parameter with a standardized qualitative scale:
AQuality ratings for design requirements, te
into quantitative values of uncertainty based on the following scale: (A) Superior,
b=0.1Go0@dB)b=0.20; ap@) (Pai POabATC-G32@Y 50
7-11)0. These ratings are based on the robustness and completeness of the parameter
being considered. For exampthe test data uncertainty would be based on the extent to
which themateriafs performance characteristics haverbestablished by past research,
while the model uncertainty would be determined with ezfee to the confidence level
thatthe model accurately simulates the collapse characteristics. The exception is the
record-to-record uncertainty, which is determined from the period based ductility:

nzHH = . + . HJ|| . Equation 44
(ATC-63 Eqgn. 72)

All of these uncertainty values are then used to determine the total collapse

uncer tt@i nty b

HH T AT At e T A Equation 45
(ATC-63 Eqgn. 75)
Table 72a of thedraft ATC-63 Methodology (reproduced irable 9 tabulates potential
values of the total collapse uncertainty based on the modélgtest data quality, and

the quality of design requiremenf@raft ATC-63 2009 7-13).
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Table 9: Total System Collapse Uncertainty Draft ATC-632009 7-13)

Table 7-2a Total System Collapse Uncertainty (807 for Model
Quality (A) Superior and Period-Based Ductility, ur2
3

Quality of Design Reguirements

© Fa

Quality of Test Data

(A) Superior 0.425 0.475 0.550 0.650
(B) Good 0.475 0.500 0.575 0.675
(C) Fair 0.550 0.575 0.650 0.725
(D) Poor 0.650 0.675 0.725 0.825

Table 7-2b Total System Collapse Uncertainty (Sron for Model
Quality (B) Good and Period-Based Ductility, ur2 3

Quality of Design Requirements

Quallty of Test D242 | Gy Supertor | (8) Good | (C) Fair | (D) Poor

(A) Superior 0.475 0.500 0.575 0.675
(B) Good 0.500 0.525 0.600 0.700
(C) Fair 0.575 0.600 0.675 0.750
(D) Poor 0.675 0.700 0.750 0.825

Table 7-2c Total System Collapse Uncertainty (fron for Model
Quality (C) Fair and Period-Based Ductility, ur> 3

Quality of Design Reguirements

lity of Test Dat
QU O TESE D22 | Gy Superior | (8) Good | (C) Fair |

(A) Superior 0.550 0.575 0.650 0.725
(B) Good 0.575 0.600 0.675 0.750
(C) Fair 0.650 0.675 0.725 0.800
(D) Poor 0.725 0.750 0.800 0.875

Table 7-2d Total System Collapse Uncertainty (fron for Model
Quality (D) Poor and Period-Based Ductility, urz 3

Quality of Design Requirements

Quatlt of TSt D212 | Gy Superior | (8) Good | (©) Fair | (D) Poor

(A) Superior 0.650 0.675 0.725 0.825
(B) Good 0.675 0.700 0.750 0.825
(C) Fair 0.725 0.750 0.800 0.875
(D) Poor 0.825 0.825 0.875 0.950
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The total collapse uncertainty can now be used to develop the aueept
benchmark for the AMCR value. Tleaft ATC-63 Methodology specifies that the
average collapse probability should be less than 20% for any class of specific building
structures, in this case astbry IMF Draft ATC-632009,7-15). Therefore, the
aceptable ACMR benchmark ACMR20% or the adjusted collapse margin ratio at which
the building has a 20% collapse probability, can be determined from tabulated values
based on the total system uncertainty from Takarythedraft ATC-63 report. This
table 5 reproduced in Table## below.

Ultimately, a building structure is determined to be adequate when the
experimental ACMR obtained from analysis is greater than the acceptable value of
ACMR20%. In other words, the higher the ACMR value, the larger thepsallvel
acceleration is compared to the MCE spectral acceleration, which in turn reduces the
probability of collapse at the MCE spectral accelerafl¢re lower the ACMR value, the
closer the collapse level acceleration is to the MCE spectral accelethgoefore
increasing the collapse probability.

Using thisdraft ATC-63 Methodology, the performance of the tstory IMF
could nowbeanalyzed to determine the experimental ACMR and then compare this
value to an acceptable value for ACMR20%.

While the ACMR20% is applicable to the collapse performance of a specific
frame, thedraft ATC-63 Methodology specifies that the average value of collapse
probability for a range of building performance groups (i.e. short period or long period
buildings) should niobe less than 10%. Therefore, if one was studying a broader category

of structures, such as an entire suite of IMF configurations, the average value of the
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experimental ACMRs should not be below ACMR10%. This would indicate that the

overall category has@llapse probability less than 10%.

Table 10: ACMR Values for Performance Assessmentfraft ATC-632009 7-14)

Table 7-3 Acceptable Values of Adjusted Collapse Margin Ratio
(ACMR T 0% and ACMRZ20%)

Total System Collapse Probability
S, = o
(ACMR10%) (ACMR20%)
0.275 1.57 1.42 1.33 1.26 1.20
0.300 1.64 1.47 1.36 1.29 1.22
0.325 1.71 1.52 1.40 1.31 1.25
0.350 1.78 1.57 1.44 1.34 1.27
0.375 1.85 1.62 1.48 1.37 1.29
0.400 1.93 1.67 1.51 1.40 1.31
0.425 2.0 1.72 1.55 1.43 1.33
0.450 2.10 1.78 1.59 1.46 1.356
0.475 2.18 1.84 1.64 1.49 1.38
0.500 2.28 1.90 1.68 1.52 1.40
0.525 2.37 1.96 1.72 1.56 1.42
0.550 2.47 2.02 1.77 1.59 1.45
0.575 2.57 2.09 1.81 1.62 1.47
0.600 2.68 2.16 1.86 1.66 1.50
0.625 2.80 2.23 1.91 1.69 1.52
0.650 2.91 2.30 1.96 1.73 1.55
0.675 3.04 2.38 2.01 1.76 1.58
0.700 3.16 2.45 2.07 1.80 1.60
0.725 3.30 2.53 212 1.84 1.63
0.750 3.43 2.61 218 1.88 1.66
0.775 3.58 270 2.23 1.92 1.69
0.800 3.73 2.79 2.29 1.96 1.72
0.825 3.88 2.88 2.35 2.00 1.74
0.850 4.05 2.97 2.41 2.04 1.77
0.875 4.22 3.07 2.48 2.09 1.80
0.900 4.38 3.17 2.54 2.13 1.83




5.0 Four-Story IMF Results

The fourstory IMF analysis not dy served to give initial insightto the
adequacyf the ACI code provisions for intermediate moment frames but also served as
the baeline from which to conductgarametric study. limately, the frame proved to
have acceptable seismic performance based airafiitATC-63 Methodology.

First, the pusheer analysis, which is plottad Figure59,was conducted to
determine the maximum base shear and the péasdd ductility ratio. The maximum
base shear experienced by the frame was determined to be 757.745k which is
significantly highly than the desidgrmase shear of 126k. Meanwhile, the ultimate roof drift

rati o of ywahcalculatedsasn01697or the point at which the base shear is

equal to 0.8Wax The effecti yesewaydetermioed flomiFEMA 356as i o,

0.001218. Therefore, he peri od based ductility, ¢
800 o -
) i 1 i
2
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Figure 59: Four-Story IMF Results for Pushover Analysis
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Next, the nonlinear dynamic analysis was used to determine the adjakégde
margin ratio. Figure 60lustrates tle results of the incremental dynamic analysis where
collapse level acceleration is plotted against the maximtemstory drift raticfor all

iteratiors of the simulationlt can be noted that no intstory drift ratios exceed 0.05.

005 01 015
Maximum Interstory Drift Ratio

Figure 60: IDA Plot for Four -Story IMF

Figure 61is the plot of collapse probability versus the collapse level acceleration. A

median collapse level acceleratiogy 8f 1.135g was determined from the analysis.

1
0.8
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Figure 61: CDF Plot for Four-Story IMF Results
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Meanwhile, the MCE spectral design acceleration for the building period T of
0.79sec was calculated at 0.365g fromABECE 705 provisions Therefore, the collapse
margin ratio CMR was determined as 3.11. Usingpiréod and periodhased ductility, a
spectral shape factor SSF equal to 1.198 was determined from Table #. The adjusted
collapse margin ratio ACMR was then calculated as 3.73.

This experimergl ACMR was then compared with an ACMR20% value
determined fronTables in tharaft ATC-63 Methodology to assess if the IMF model had
an overall collapse probability of 20%. The total system uncertainty was determined as
0.5 usingequation 45 of Section 4.8or the IMF model, the quality of the design
requirement$bDR) was assumed to be superior, the model qud@MOL ) was assumed
to be good, and the test data qualifyD) was assumed to be good. From talfleof
Section 4.3the total system uncertaynivas then used to select an ACMR20% value
equal to 1.52

Theexperimental ACMR and the ACMR20% were then comparedsess the
performance of the foestory IMF. The ACMR of 3.73 was greater then the ACMR20%
value of 1.52. This illustrates the IMF frarhas a high enough capacity for withstanding
ground motion aagerations between the collapse level acceleratmmhthe design
acceleration ants probability of collapse at the design leigless than 20%. Therefore,
thefour-story IMF frame based on the current ACI code provisions provides acceptable
seismic pgormanceas defined by the draft AT63 Methodology These results can
now serve as a baseline for the parametric study.

The nonlinear dynamic analysis also prodlgi®ts of the failure modes for each

of the 44 earthquak&mulations conducted for theuwstory IMF. Figure 6Zhows a
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sampleof the failure modeverall, 32.5% of the iterations failed by a sstftry
mechanism in the first story (bottom right), 27.5% failed with a-stoity on the second
floor, and 15% of the frames fadlevith a softstory on the third floor (Upper right and
bottom left). 15% of the frames experienced a vertical collapse scenario (Upper left
picture), 7.5% of frame showed a combination of lateral and vertical failure, while 2.5%
(oneframe) experienced no collapse. Widtely, these results showed that the lateral

collapse scenarios governed thedas of failure (75%) for the fotstory IMF.

P o
P o

EQ: 121011, Sag_m_(T=[].?Qsec}: 1.08g EQ: 121012, Sag_m_(T=0.?Qsec}: 1.28g

P

EQ: 121021, Sag_m_(T:[]_TQsec}: 1.45g EQ: 121022, Sag_m_('l':[]_?gsec}: 0.85g

Figure 62 Sample Modes of Failure for FourStory IMF
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6.0 Parametric Study

With the performance dhe fourstory IMF serving as a baseline, the parametric
study sought to investigate the impact of changes to 2 design parameters: building height
and the addition of a strong column week beatio (SCWB). Therefore, a sstory IMF
frame was designed amathalyzed based on the current ACI code provisions. Next, both
the fourstory and the sistory frames were redesigned in order to include a SCWB ratio

of 1.2.

6.1 Effect of Height (Six-Story Frame)

In order to study the impact that additional heiglst tia the seismic performance
of the building two additbnal stories were added to the fatory frameand the
Microsoft Excel design sheet was usedéfinethe reinforcement detailing. Based on
recommendations from practicing engineer Dominic Kell$G&H, a maximum
reinforcement ratio limit of 2.5%vas used in the design of the-story frame. This
limitation caused the column width of the IMF framétoincreased from 24in to 28in

A sample of thelesignoutput for the sixstory frame is shown inigure 63



Design Documentation (1 of 2)
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Figure 63: Design Documentation for SixStory Frame
The results of the pushovanalysis are plotted in Figure @4th a maximum
base shear value of 1051.9k experienced by the buillimg.base shear is much higher
than the design base shear value of 131.9 Mpanwhile the periodbased ductility

value was determined as 6.803.



1200 f r ¥ 0.01619

% 1000 D ]
o : i 1

< 800 /i
§

QL 600 f A A R
n a a |

o 400p—f— b b o]
&

M 200} feees ------------------- ------------------- -------------------
0 i i i

0 0.005 0.01 0.015 0.02

Roof Drift Ratio

Figure 64: Pushover Analysis Results for SixStory Frame

Theincrementalblynamic analysiplot shown inFigure 65illustrates that the

11¢

inter-story drift ratios for the sikstory buildingwith maximum values between 0.05 and

0.1. When compared with Figure 60, the drift ratios of Figuraré5much higher thdor

thefour-story building Themedian collapse &l acceleration & was calculateds

1.435g, while the spectral design acceleraBgnwas calculatedsa0.25g. lllustrated in

Figure 66 this produces a CMR value of 5.74 which is higher than the CMR obtained for

the 4story structure.

0 0.05

01 015
Maximum Interstory Drift Ratio

Figure 65: IDA Plot for Six -Story IMF Results
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Figure 66: CDF Plot for the Six-Story Results

The total system uncertainty and the ACMR2@¥nain the same from fostory
IMF model: 0.5 and 15respectively. Therefer the sixstoryIMF performs better than
the fourstory model with a higher value of ACMR. However, this improvemeditiésn
part to the fact that concrete column sizes wereeased in order to maintain
reinforcementatioscomparablevith designpractices used by engineers. Additionally,
the columns of the sigtory frame were required tarry the gravity load of two
additioral stories whichncreasd the reinforcement. With a larger volume of steel and
concrete within the vicinity of each joirthis reinforcement also increasds amount of
hysteretic damping available in the frame.

Lastly, the dynamic analysis results for modes of failure showed that the lateral
collapse scenarios still governed the failure of thestaxy IMF. However, oyl 55.8% of

the frame iterations failed latelawhich is lowerthan the75% olservedfrom thestudy
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of the fourstory frame. However, the sstory frame saw higher levels of mulasy

failure as shown in Figure 67

EQ: 120911, Sa_ _ (T=1.14sec): 0.98g| EQ: 120411, Sa_ (T=1.14sec): 1.83g

Figure 67: Sample Modes of Failure for SixStory Frame
Ultimately, the results of the sstory model illustrate that additional building
height does not adversely affect the seismic performance of the IMF. However, additional
modek of taller buildings would alsoeed to be analyzed in order for this initial result to

be confirmedr to explore the limitations

6.2 Strong-Column Weak-Beam Ratio

The results othe fourstory and sixstory building based on the current code
provisions both proved to be acceptabléarms of the ACMR value. This finding would
argue that no additional strength requirements are needed for the IMF provisions.
However, the fousstory and sixstory results did showhat the governing failure mode
was a lateral collajgs mostly in the fan of a softstory mechanism. Therefore, a SCWB
ratio of 1.2 was added to the design requirements for each of the two.fldraesCWB
ratio specifies that theum of the column moment capaciti@sa specific story must Iz
least 20%greater than the suof the beam momempacitiesThe intent of the

provision is to strengthen the colunmsficiently to ensura failure in the beams to
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govern over a failure in the columns, most specifically in the form of estwff

mechanism.

6.2.1 Four-Story IMF

The fourstory framedesign with the inclusion of the SCWB ratieaw an
increasan the column dimension3 he 24in square columns werequired to be
increased to 2& columns in order to maintain reinforcement ratiobetmw the
maximum limit of 2.86. However, the beam dimensions remained the samdethere
was little change to the beam reinforcement ratio.

The results of the analysis showed an incr@asiee median collapse level
acceleratiorfrom a value of 1.135g to 1.9350g which is an increds®.5%.This is
shown in the top plot of Figure 68he maximum intestorydrift ratio also increased
from under 0.05 to over 0.1 fesome cases as shown in the bottom plot of Figure 68
Therefore, the addition of the SCW8akio did create a sizabledrease in the seismic
performance. The CMR increased to 5.30 and the ACMR was calculated to pe 6.35

which is greater than thEreviousACMR20% value of 1.52.
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Figure 68 CDF (top) and IDA (bottom) Plots for Four-Story SCWB Results

Meanwhile, the modes of failure were studied to see if €/B ratio produced
any change in the percentage of saftry mechanismdJltimately, the number of lateral
sway failures including failures that were a combination of lateral and Jddilcae was
increasd from 75% to 86%. If only softory mechanisms and mu#tiory mechanisms

are included, the percentage drop§180. Last, if only single sofitory mechanisms are
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consideredthe percentage drops to 36%. Therefore, the additibredCWB does

provide an improvement to the performance of the IMF frame.

6.2.2 Six-Story IMF

Redesigning the sigtory IMF to include a 1.2 SCWB ratio also saw an increase
in the size of the structural members within the frame. The width of the soplanens
was increased to 34 inches in order for the column reinforcement ratio to be under 2.5%.
This larger increase in the column size created the need to also increase the size of the
floor girders from a 24in X 26in to a 26in X 28in. This was donead®ioto ensure the
beamcolumn jointsstill contained a confined core. Section 11.10.2 of the ACEB18
Code states that if a joint of the LLRS is confined on all four sides, the joint only needs to
have the minimum transverse reinforcement necessarynsniried shears to the
column. Therefore, in and effort to reduce the amount of reinforcement at the joint for
constructability, the interior joints were kept completely confined.

The results for the redesigned-sitory frame show that the median collepesvel
acceleration increased from 1.435g to a value of 1.8hbgn in Figure 69which is an
increase of 20%. This increase is much lower thar70% increase seen with the four

story IMF.
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Figure 69: CDF Plot for Six-Story SCWB Results

Thecollapse margin ratio however wealculated as 7.03 which is the highesiue
obtained fronthe four models analyzed. The ACMR has a value of 8.74 which is well
above the ACMR20% value of 1.52.

Looking at the failure modes for the redged sixstory IMF, the expected result
is that the nmber of lateral sway failures would beduced by the addition of the
1.2SCWB ratio. If single softorymechanisms are considered aldhe, percentage of
failures drops to 0% for nonéd the framedailed with a sofsstory foming at one floor.
However, ifmulti-story lateral failureare includedn this total thenthe percentage
increases from 55.8%6r the original sixstory desigrio 73%.Thereforethe addition of
aSCWB ratio does provide sanbenefit to the seismic performance of thessocy IMF
but the benefit is sizably lower than the benefit provided in thedtmuy frame

Overnall, the addition of the strorgplumn weakbeam ratio is not required to

ensure that the performance of tMH designs meet the assessment requirements of the
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draft ATC-63 Methodology. While creating a large 70% increase in collapse level
acceleration for the fotstory frame, only a 20% increase is seen in the collapse level
acceleration fothe sixstory frame It is hypothesized that this can be explained by the
fact that the sibstory columns had more reinforcement to account for gravity loads in the
original design while the fotstory had less loading due to its smaller size. In terms of
failure modes, th&CWB ratio does deease the amount of single sefory

mechanisms, but does not significantly decrease the amount of lateral failure occurring in
the building. Furthermore, while the SCWB ratio does offer some benefits to the
performance, it negativelynpacts the design by increasing the size the columns within
the frames. Thiadds concerns with respectdonstrictability, constructiorcosts and

the economic impact of less usable floor arelitimately, theaddition of the strong

column weakbeam rab appears unnecessary for the IMF provisions.



121

7.0 Conclusions

Overall, the study results showed that the seismic performance of intermediate
moment frames designed using current ACI-B8&rovisions is adequate when assessed
using thedraft ATC-63 Methodology for the quantification of seismic building code
parameters. The fotgtory and sixstory frame both performed well during the
earthquake simulations witloikapse probabilities welbelow 20% for their designs.
Therefore, the effect of addimal height is initially found to not have a negative impact
on the performance results. The additional height may even improve the response of the
structure to a degree as the-strry frame exhibited a larger ACMR than the fstory
frame.

The intentof the strongcolumn weakbeam ratio requirement is to try and reduce
the formation of sofstory mechanisms within the frame by making the colélexural
capacity at a story level greater than the b#larural capacity at that storydowever,
theintroductionof a 1.2 SCWB ratio to both frames did not provide any significant
improvements to the collapse performaritdid require the&eolumns and even beam
sizes to be increased in the two IMFs. Therefore, it is concluded that the addition of a
SCWB ratiothe IMF provisions is not necessary or beneficidhtdesignof
intermediate moment frames

One potential concern that was discovered during the dynamic analysis of the four
models was the amount of base shear being subjected to the frame dureignie s
simulation and more specifically the nm@ar pushover analysis. Taldl& below

compares the maximum base shear determined from the pushover analysis and the design
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Table 11: Comparison of Maximum Base Shear and DesigBase Shear
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pr alateds s .

Model | Stories | SCWB Ratio | V max V q
1 4 N 757.75 | 126.49 | 5.99
2 4 Y 1018 126.49 | 8.05
3 6 N 1051.9 | 131.93 | 7.97
4 6 Y 1470.9 | 131.93 | 11.15
Looking at the tabulated results for

significant overstrength, ranging from roughly 6 times to 11 times the design shear value.

This difference illustrates two conclusions that can be drawn about the design and

performance of the frame. First, the large amount of overstrength signifies that the

gravity design requirements along with minimum design values are governing the IMF

design for the foustory and sixstory frame and are therefore aiding the seismic

performance of the frame.

The second conclusion that can be drawn is that the modeled frames could be

failing in shear prior to the collapse mechanisms identified by the OpenSees analyses.

This concern arises from the fact that the OpenSees model foclasnton on the

ends of the members. The model is designed using-belmn elements that take into

account the formation and deterioration of plastic hinges during cyclic behavior. These

plastic hinges are envisioned to occur at the ends of-seammnelements. Adequate

shear reinforcement must be provided at these joint locations in order for plastic hinges to

form prior to shear failure. This is accomplished through ACF20@38 detailing

provisions, and the OpenSees model also looks for adequatecapaeity in these areas.

The

q,

a
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However, OpenSees does not consider the shear capacity outside of the plastic
hinge regions such as at the midspan of the member. The ACI code allows for the spacing
of shear reinforcement to increase at midspan due to a deaneseear loads. The
significant base shear values produced in the pushover analysis may ultimately produce a
beam or column failure prior to plastic hinge formation and pushover. It is hoped that the
results of this study will lead to further study inh@ shear capacity along the framing
members to check for premature collapse.

The results of this study on IMF performance illusttageinherent overstrength
found in thelMF design provisions for flexural capacity and detailing along with shear
reinforcement detailing gilastic hinge locations. They also highlighé need for
additional study of the shear capacity at the center of framing members and the
development of models to investigate the seismic shear performance near member mid
spans. It is th hope that this repocbntributego the knowledge on IMF seismic

performance and aids in working towards the future area of studies mentioned.
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