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ABSTRACT

EVALUATION AND SELECTION OF GROUND MOTION INTENSITY
MEASURES FOR NONLINEAR SEISMIC DE MAND AND FRAGILITY
ANALYSIS OF MDOF SYSTEMS

K a d, Katay
Doctor of PhilosophyCivil Engineering
Supervisor Prof. Dr.Ahmet Yakut

May 2021 426 pages

In performancebased seismic design methodology, intensity measures are thought
to be key prameters of ground motion records that relate the seismic hazard levels
with thestructuraresponse or damage. Therefore, it is important to identify efficient
intensity measures that are capable of reducing the variability in seismic demand
predictionsThere exist several simpte-advancedcalar and vectaround motion
intensity measures; however, the literature is limited in the number of comparative
studies investigating the efficiency of these parametspgeciallyin the entire
response range dftructures In order tocompensate for such shortcomirey,
comprehensive research study has been undertakidertify the nost efficient
intensity measureghat would correlate wellwith key engineering demand
parameters ofow- to relatively highrise reinforced concrete frames. The study
elaborates on the subject utilizing both singledmulti-degreeof-freedom systems.
Based on the correlatioperformances of a long list of simple scalar intensity
parametersa manageable list ahdices ha beenshortlistedon which alternative

ground motion record subsets were formed. The more complex-aegiteeof-



freedom systems were later analyzed under these altermatived subsets to
investigate the efficiency of an expanded list of intensity measuresiecgunore
advanced scalar and vector indices as wedisides, the sufficiay of these
parameters with respect to moment magnitude smdceto-site distancewere
evaluated through statistical analysBased on the interpretations of this second
stageevaluation which utilizes a regression equatiased statisticalpproachthe
best candidatelsave been identified for the reinforced cate systems examined.

In the last part of the study, the effecsbbrtlisted intensity measures the ground
motion selection stage ofragility analyseshas been examined. Eventually,
recommendations on the number of bins and records in each bin have been made to
obtain reliable fragility curves that would lead to sufficiently accurate loss

estimationf seismic wlnerability studies.

Keywords:Intensity MeasuresSeismic DemandAnalysis,Efficiency, Sufficiency,
Fragility Analysis
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¢ OK SERBESTLKK DERECELK SKSTEMLERKN DOJR
SKSMKK VE KIRILGANLI K ANALKZK KE¢KN YER
¥L¢! LERKNKN DBXRKLBMESK VE SEC¢KMK

K a d, Katay
DoktoraKnkaat M¢ghendi sl i]Ji
Tez Yoneticisi: Prof. DrAhmet Yakut

May é s,42b8agfd

Performansa dayaleé sismik tasarém y°nte
seviyesiley ap é | ar émé&eyd daaamatn ié K k& enl 6remld yer hareketi
parametreleridir. Bu nedenl e, sismi k tal

etkin ki ddet °bklirlenrhesi bnem ara etmektedirliteratirde lasitten

gel i kmi kK gkalab vervekténoikd d et e€e°vic-uts ¢olmmaséna r aj
parametrelerif z el | i k1 e vy a p seliyeleradekett kmndayvyrianéud nc
karkel akt érmal e -aBéekemks$iaklein] isagiedeéer mel e

ni speten y¢ksek katl & b e tsliktaleprparemetrelen - ev el

il e y¢ksek korel asyon g°steren et kin K |

kapsamlé bir -aléxkma ¢stlenil mi ktir. ¢ al
sistemlerden yararl anar ak detayl andeéerr
paranet r el eri nden ol ukan wuzun bir | istenin
y°netilebilir bir kiddet ©°1I|-¢s¢ |istesi t
yer hareketi kayéet altk¢gmeleri ol ukturul
daha karmakek -ok serbestl,vk dahacagleil i g1
skal ar ve vekto©or °l - ¢l erinden ol ukturul
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incelenmiktir. Ayréca, bu parametrelerin mol

dayat €r lyiel i k1 er i i statisti ki anal izl er arac
denkl|l emi ne dayal e i statistiki yakl akém K 1
dejerl endirmenin yorumlaréna g°re incelenen
adayl ar beéediéekimam@minksion. késménda, késa | iste
kerel ganl dék ean alairzlkertiin kayéetl arénén se-i mi
incel enmi ktir. Sonu- ol arak, sismik kéreéelga
tahminlerinindahé&sidplamemascak ge¢venilir kéer é!
edil ebil mesi i - isn ow\iyeselgelerde sedilthesitgerekenv i y e

kayet sayélaréena y°nelik tavsiyelerde bul un

Anahtar Kelimeler:k i d @leiteri, Sismik Talep Analizi, Etkinlik, Yeterlilik,

Kér el gralizil &k
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CHAPTER 1

INTRODUCTION

The primaryresponsibilityof a structural engineer is to design and create structures
that satisfy adequate safety and serviceability requirements generally dictated by the
design codes. The fundamental philosogkfiningthis adequacyevelis to ensure

the life safety of humankind especially afteudden hazardous events such as
earthquakesand secondarily, to minimize the damagehe structural and nen
structural components due to the loads imposed on these elefreeatscomplish
these imprative objectiveshe structural enginegweresimply proportioning the
structural elements for strength, and then checking for drift théltilization ofa

wide range of analytical tools, ranging from Bnestatic analyses to advanced
nonlinear inastic analysesjuring the course dfis/her professiorHowever, recent
years haveexhibitedthe paradigm shifi as genuinely expressed by Prof. Mete
SoOzen from forcebased approactowards displacemeiiitaseddesign approach,
where displacemetiiased aproachdictatesproportioning on the basis of drift, and
then checking for strengtfGulkan, 2020). In both approacheshe acceptability
criteria for a satisfactory design depenc
either at the structural elemetdvel or at the global levelRegarding these
objectives, &st 40 year®f structural engineering communihave witnessed the
development of performance based engineering, whiclohgmated fromvital
challengesand critical observationsf earthquakesngineering field Performance
based engineering, (more specifically, performamased earthquake engineering
PBEE has enabled to define alternate performance levels for various loading
conditions and hasfocusedon the analyticalidentification of thesefiperformance

| e v éPliestiey, 2000)



Having a closer look at the design approach of this engineering trand; i
performancebased seismic design methodology, a decision ngeerallymakes

choices between alternate performance levels. To actheyeltie decision maker

must consider the appropriate level of seismic hazard to whidtringtureshould

be designed as well as the acceptable risk that would gtriggturalperformance

expectations. Implicit in this process is an evaluation of arstisbenefitsFigure

lldepicts the Pacific Earthguake Engineeri n
there are four stages: hazard analysis, structural analysis, damage analysis, and loss

analysig(Porter, 2003)

+— PEER PBEE AMALYSIS METHODOLOGY ———»
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Figurel.l. PEERmethodology (Porter, 2003)

In the hazard analysis, one evaluates the seismic hazard at the facility site, producing
sample groundnotion time histories whose intensity measure (IM) is appate to
varying hazard levels. In the structueadalysis phase, a nonlinear thhistory
structural analysis is performed to calculate the response of the facility to a ground

motion (GM) of given IM in terms of drifts, accelerations, or other engimger



demand parameters (EDP). In the damagalysis phase, these EDPs are used with
component fragility functions to determine measures of damage (DM) to the facility
components. Finally, given DM, one evaluates repair efforts to determine repair
costs, oprability, and repair duration, and the potential for casualties. These
measures of performance are referred to as decision variables (DV), since they can
be used to inform stakeholder decisions about future performance. Each relationship,
from location ad design to IM, IM to EDP, EDP to DM, and DM to DV, involves

uncertainty and is treated probabilistically.

An important step in this process is the identification of certain properties of a
recordedground motionthat are most strongly related to the resmor damage
caused in the structure. A value that quantifies the effect of a record on a structure is
often called an intensity measure (IM).

1.1 Overview

The strong ground motion records; either naturally recorded, artificially generated or
simulated, exhilb distinctive amplitude, frequency content and duration
characteristics and contain valuable information that could Iélized to
differentiate individual records from others. These information, defining the
uniqueness ofachrecord, can be demonstrdte simplenumericalforms or can be
revealed with some further computations yieldingrore advanced IMsAt this
point, alist of major IMs from the literature will be briefly presentadreinto
exemplify such variations that would also assi$brming a basis fotheelaboration

of the research subjedEven thoughshort descriptionswill be providedin this
section interested reademare referredessentiallyto original references listed and
aternatively to general references such &samer (199¢ and companion
manuscriptsY @maz (2007)Handar (2009) Ye et al. (2013) an8eismosoft (2016)

manual



Peak Ground Acceleration (PGA)the largest absolute acceleration value obtained
from the accelerogram of any strong ground motibns one of the simplet
amplituwde-based prameters irthe time domain, having a direct relationship with
inertial forces developed within the structures during seismic events. PGA is suited
to characterize thé M amplitude at short frequencies. Howevelacks information

regarding the duratioand frequency content of the strong ground motion.

Peak Ground Velocity (PGM}¥ the largest absolute velocity obtained from the
velocity time history of a record, and is more suitable to characterize the GM

amplitude at intermediate frequencies.

Peak Graind Displacement (PGD¥ a displacemertased amplitude parameter
obtained from the displacement history of a record, and is generally related to low

frequency components of the GM record.

PGV/PGAis simply the ratio of PGV to PGAnd regarded as a sifjoant IM which

reveals information about the frequency content (i.e., seismological characteristics)

of the GM(Zhu et al., 1988; Tsoetal992Sucuoj l u and Nurtuj, 1995
et al., 1998

RootMeanSquare of Acceleration (&) is a single parameter combining the effects
of frequency contenand amplitude of the GM record, thus eliminating the
dominancy of large and higirequency accelet@ns. However, it is influenced by
the duration definition used in the calculati@urrespondingly,ite term inside the
square root is termed aaverage acceleration intensitpr meansquared

acceleration

P be o T (1.2)

There also exist velocity and displacement counterpées,s namelyRootMean
Square of Velocity (M) andRootMeanSquare of Displacementr{d) as well.
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Arias Intensity (Al)an IM proposed by Arias (1970), is based on the energy content
of the GM and reflects all three characteristics (i.e., amplitude, frequency content
and duration)(It is generally abbreviated as in the literature, but to differentiate

it from RiddeltG a r c iceeleratiorkelated index, Al will be used throughout the
text).

OK 80 “o 0 14
O_oOc“Q ®o o (1.4)

Nau and Hall (1982) presented a similar index archetypal dsr acceleration,
velocity and displacement traces of a GM yieldinglém and Hall indcesand their

root forms & , 0 , andQ , respectively.

0 »o QOO O 0o (1.5)
0 DO QOO U [0} (1.6)
0 Qo Qoo Q (e} (1.7)

Araya and Saragoni (1984) modifidte intensity indexroposed by Arias (1970),
with a term0 , that isthe number of zerarossings per unit time on the acceleration

based tracep improve the reflectionf frequency characteristics GiMs.

. 00

50 kO  — (1.8)



Characteristic Intensity @), alternatively termed as Patkng intensity,was
proposed as an indicator of structural damage due to destructiveness of the
earthquakes and is the combination of nmatansquareof-accelerationams, and
duration definitionta (Park et al., 1985; Ang, 1990).

0 “Hh8osd (1.9)

Specific Energy Density (SER)an IM representing the overall energy of the GM

record and based on squanaocity over the entire duration.

YOO 00 Qb (1.10)

Cunulative Absolute Velocity (CAVan intensity indexproposed by Electrical
Power Research Institute (EPR199), is the absolute rea under the GM
accelerogram and reflects alt¢le characteristics (i.e., amplitude, frequency content

and duration) as well.

8660 05006 (1.12)

Spectral Acceleration (81)) is generally considered as thedastic spectral
accelerdion at the fundamental period of the structuesd its velocity and
displacement counterparts @pectral Velocity ($T1)) andSpectral Displacement
(Su(T2)), respectively. These spectral IMs dwadamentally based on the response
spectrum concepthere the maximum responses (in terms of displacement, velocity
and acceleration) of elastic singlegreeof-freedom (SDOF) systems with different
periods and with specific damping ratios constituteethsticrespons spectra of the
specific GM record, coespondingly. This group of IMs aeventuallystructure
specific thus, indirectly reflects considerableinformation about the GM

characteristics which are filtered by t8BOF response (Kramer, 1996)

Acceleation Spectrum Intensity (ASR, parameter pposed by Von Thun et al.

(1988) for characterization of GMs for concrete dams with fundamental periods less



than 0.5 sec, considers the area under the elastic acceleration response spectrum for

the period rangdefined below

8
OYO WY, mbayQ'y (1.12)
8

A modified version ofAS| Modified Acceleration Spectrum Intens{#&SI*), has

been recentlyecommendedy Yakut and Yél maz (tBa@08) af
the expanded period range of @5 sec for consideration of the area under the

elastic acceleration response spectrum correlates better with the seismic demands of

momentresisting frames.

8
0 "Y'O Y, mrbhyQ'y (1.13
8

Velocity Spectrum Intensity (VSéh intensity indexproposed by Von Thun et al.
(1988) for characterization of GMs for rockfill and earthfill dams with fundamental
periods between 0.6 and 2.0 sec, considersatba under the elastic velocity

response spectrum for the period range defined below.

8
®YO Y, mbeyQry (1.14)
8

Housner Intensity (H|)an IM proposed by Housner (185 considers pseudo
velocity spectrunwith a period range considering the fundamental periods of most
of the structures, and was considered to be a relation between the earthquake

intensity and the forces imposed on the structures.

8
00 0"Ye TErevYQ'y (1.15)
8

Sustaned Maximum Acceleratiof6MA) an IM defined by Nuttli (1979), is taken
as the 3 highest absolute acceleration value of accelerogram, whereas its velocity
counterpart,Sustained Maximum Velocity (SMVs defined similarly using the

velocity time history.



Effective Design Acderation (EDA) is an intensity parameter corresponding to the
peak acceleration value obtained after application ofdass filter (with cubff

frequency of 9 Hz) on the accelerogram (Benjamin and Associates, 1988).

Ags parameter an indexproposed by &ma and Yang (1987), is closely related with
Al of the GM recorcand determined as the limit acceleration level where the total

Al is computed as 95% of the original dlue.

Predominant PeriodTp) is simply the period of SDOF system yielding the highes
spectral acceleration in an elastic acceleration response spectrum for a damping ratio
of 5%. Altenatively, it can be defined dke period corresponding to the highest
value of the Fourier Amplitude Spectrum. It is considered as an indicator crudely

related to the frequency content of the GM record.

MeanPeriod (Tm) is an IM after Rathje et al. (1998), characterizing the frequency
content of a GM record by utilizing the Fourier amplitudes between frequencies of
0.25 and 20 Hz.

Significant Duration (tor ts-95 interchangably) as defined by Trifunac and Brady
(1975),is akey duratiorrelated parameter aimed at characterizing the duration of
the strong motion portion of an accelerogram from engineering point of kiesw.
defined as the time interval whe the portion of total Al (i.e., thresholds between
5% and 95% of total Al) is accumulatélthere are other duration definitions (such
as bracketed duration, uniform duration and effective duratiBojnmer and
MartinezPereira, 1999)hat could be utiied as an IM (or at least part of a
compound IM) as well; however, this study negletteralternativedefinitionsfor

the sake of simplicityand focuses on this widefyreferred formbased on the

conclusions oaforementioned study

Effective Peak Accetation (EPA),an index introduced by Applied Technology
Council @978), is generally used in the definition of smoothed design spectra
presented in building codes. Along with its velocity countergzaifective Peak

Velocity (EPV)they are considered toe normalization factors for the standard



spectraEPAIs defined as the iihmetic average of 59damped spectral acceleration
values within the period range 6015 sec divided by standard amplification factor
2.5, wherea£PV is defined as the 5%ampedspectral velocity value at 1 sec
divided by 2.5 Kurama and Farrow2Q03)elaboratedurther on the definitionof
EPVand recommended that the average of spectral velocity values within the period
range 0.81.2 sec to be considerekhe consideration of sgific period ranges in the
calculation ofEPAandEPVeventually prevents the domination of local high values

in the response spectra, making them better alternatives with respect to PGA
especiallyf Yél maz, 2007)

v Y TN i
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Yang et al. (2009jecommended improved versions of EBAd EPV,IEPA and
IEPV, respectivly, with consideration of pulse effects in ffaatt ground motions
and proposed the use of average values obtained within a pandéround Fa
and Tpv where these two anchor points refer to the periods at whichrajpect

acceleration and spectral velocity reach maxima, respectively.
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Fajfar Index (F), acompoundindexintroduced by Fajfar et al. (1990), is used as an
indicator of GM capacity to damage structures which have fundamental periods in

the intermediate range and is a combination of PGV and significant duration.
O 0 o8 (1.20)

Demonstrating the poor correlation performance of miscellaneous IMs with input

and dissipated energRiddell and Garcig2001) similarly proposed 3 alternative



compound indiceda, lv, andld, to normdize GMs to estimate energy dissipation
corresponding t@acceleration, velocity anddisplacemensensitive regions ahe
hysteretic energy spectrunrespectively. They recommended utilization of

significant duration definition in the duratioelated peameter.

0 & 0 (1.21)
0 0 0 (122
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The literature is not limited tthe IMs listed aboveindeed on the contrarythere

exist various other parameters (particularly, the unmentioned indices that can be
found in Kramer (1996)) thanightassist interested schadantrying tocharacterie

the ground motions. However, theevitable necessity tolimit the list to a
manageable and traceable size, even for research purposes, has prevented those to be
considered within the scope of the study. Nonetheless, a flistiadirelatively more

essential IMgroposed in the last two decadeill be presented in the remaining

part of this suksection, as the incorporation of these indices will eventetdlyorate

the research study

Cordova et al. (2000) stated that spactquantities based on linear response
spectrum are inadequate to account for period softening of the struespeading

in inelastic range due to damages caused by the strong motions. As the period of the
structure lengthens due to reductiothielateral stiffnes®f the systemthe structure

may attractargerseismicforces which is dependent on the spectral characteristic of
the GM. This phenomenon was tried to be incorporated into a neypdveoneter

seismic IM through the additional tefin  where this term modifies the effect of

the spectral value corresponding to the structure examined.

Y kY Y'Y where Y @ —— (1.24)
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The two parameters, ¢ and are recommended as 2.0 and 0.5, respectively, by
Cordova et al. (2000) which were calibrated for a limited frame and GM record set.
However, their proposal still remains as a single value, will be representad as S

from now on, and is relatively practical to calculate.

Y C"Y 8

Y Y

Y okTY Y (1.25

Baker and Cornell (2004) transformed this single parameter into a newniitim

two individual parameters, and brought theaapt of vector IM into picture.

VY
Y where Y p —_ (1.26)

>5¢

They performed #@horough investigation fothe choice of'Y (for a more reliable
calculation of the second parametéry ) and concluded that this period can be
either the period corresponding to the second mode of vibration of the system
responding eldgally or can attairvalues largethan™Y for increasinglevels of

ductility of the systems responding in the inelasticge

Baker and Cornell (2005) subsequemntigdifiedtheir proposal by switchingy

with - parameter, an indeeflecting the spectradhape characteristic, whetige
epsilon is instructed to be calculatasl the difference between the mean obtained
from a ground motion prediction equation (GMPE) and the spectral acceleration of
the GM recordSimilar to'Y j , this- value has been shown to be an important
predictor of structural response.

VY,

(1.27)

Luco and Cornell (2007) introduced various scélar complexiMs, 00 , 'O0 ,

00 o and™O0 j , that are specific to a structure by utilizing the concepts of
modal analysis and modal combination rule squaotof-sumof-squares (SRSS).
By a stepby-step development procedure, the writers finally attai@ed, which
combines the effects of nonlinearity and doatribution from the second mode.

11
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As a similar approach testimatethe inelastic response of structural systems under
GMs through asimple index Bianchini (2008) proposed <alar IM, Yy , where

this measure is computed as the average of spectral acceleration values over a
specific period range intended to cover the elongated period and periods
corresponding to higher modes of vibration of MDOF syst&fose propemnotation

for this parameter iSY; , as the index is calculated as the geometric mean of the

spectrabrdinates,

Yy Y RY Y Y (1.39)

Kadx et a lintroduce?l ® &pecirurbased IM considering both period
elongationof the structural systerand approximate structural capacity reflected
through yield spectral acceleration. This IM was recommended to be used-for pre
selection of ground mimn records that would lead to various levels of nonlinear

response.

12
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Lin et al. (2011) proposed a general form for their repectralbasedIM, Y,
considering the spectral contributions essentially ffafMi’y through™Y Y ;
additionally, from the second vibration mode of MDOF system throvigty , and

from the inelastic response through Y .
Y KkYY Y Y Y'Y (1.38)

Sincethe reliable determination of the parameterﬁ i and "Y k 6"Y is not
straightforward, they simplified this formulation intwo different expressions, one
formula for structures generally respamglinelastically, and one index for structures

under significant effects of the second mode.
For inelastic case;
Y kY'Y YOUY (1.39
For higher mode effects s&;
Y KY Y YUY (1.40)

As a major alternative to8Y "Y RY ; @ which wasintroduced by Baker and

Cornell (2005)Bojorquez and lervolino2010,2011) proposed two spectral shape

based IMs,the prime onein vector formas §Y "Y i) Oand the secondary
alternativesimplifying the formedM as"O to a scalar form. They also considered
the geometric mean of spectral o@ties over a specified period range to defing

but normalized it withY "Y . The logic behind the use of average spectral values is
the fact thata single spectral value at the fundamental period is not a good
representative fathe spectal shape of a GM record where the spectral ordinates at

other periods might be influential on either nonlinear or higher mode behavior.

13
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De Biasio et al. (2014) has introduced a scalar IM termesla@s/eaverage spectral
acceleration 0 "YQ accountingor nonlinear structural behavior. They considered
the amount of drop in the fundamental frequency of the system through the

parametery, reflecting the elongation of the period of the system.

5 Y6y . —Tovwhere & p Y o (149

Theophilou et al. (2017) has recently recommendedoee complexvector IM,
8Y "Y RY "YRY Qincorporatig a normalized spectral displacembased area
index as thesecond parameter as opposed to the vectodM1'Y i G'which was
proposed by Baker ar@ornell (2005).

vy

N VY (1.44)

Y YRY N VY F\)( ~ OYQWTY YHE W p8ri (1.45)

Without questioningheindividual starting point®r goals of relatively outmodeas

well as recenly-proposediMs exemplified in this sectiorat this stageoverall
portraying of these parameters has revealed that the litecatm@isesa great deal

of IM definitions varying from basic scalar forms neore complex vector forms,

each trying to the characterize the GM records and generally attempting to relate

these characteristics to response of the structural systdmested tgeismic events.

The aforementioned intensity measures amghy otherscan be categorized in
several schemes, alustratedin Figure 1.2, and this categorization generally
suppors the researchers from the earthquake engineering field to establish their

discussions and arguments on I&tsundcomprehensiblelasses or groups.

14



Intensity Measures ‘

Simple Acceleration-related Structure-specific Scalar
Advanced Velocity-related Mon-structure-specific Vector

Combined Displacement-related

Figurel.2. Categorization ofntensitymeasures

The first grouping refers to the simplicity of the intensity index; whether it is formed
from a single term andraightforward todeterminepresentsuch as PGA or PGV,

or requiregeasonabldo-extensivecomputations to achieve the nuneatiindex, as

in the case of Abr'O0  , or a combination of two or more individual parameters,
such asH. The secondlassification approach is mainly considering the relevancy

of the index with certain aspects of the ground motion record, whether the subject
IM is basically accelerationvelocity- or displacementelated parameterlhe long

list of IMs presented aboves displayed that some parameters rely on the response
spectrum concept and require spectral values specific to structures examined. This
requirement brings the differentiation of IMs in two groups; struespeific (can

be exemplified asYT type indice} andnon-structurespecific(can be demonstrated

as PGA, PGYand Al), which constitutes the third categorization approdbie.

reader will notice from the novel indices that the contemporary research focus has
been given to structwgpecific parameterd.he final groupingin contrastlooksfor

the case whether the subject intensity parameter is a single index (as in the cases of
ASI, VSI and”Y “Y or it is in a vectorial form with two or more individual
parameters (that pa be illustrated as®@Y "Y RY ; @BY "Y iy O and

8Y Y RY "YRY O.
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Disregarding the recently proposadvancedMs, which are structurgpecific and
mostly acceleratiorrelated, the aforenméioned scalar IMs can be sorted according
to the second grouping approach as presentdélote 1.1. Particulardiscussions

throughout the text will occasionally refer to this categorization.

Tablel.1 Acceleration, velocity and displacemesrelatedscalar IMs

Acceleration Velocity Displacement
related related related
0 "00 0 0w 0 "00
®w ,0,0 o ,0,0 Q ,0,Q
0@ ,00w YOO
Y Y Y
0 "Y®YO » W00
0'0BO L BOOD « 00 0V ®
‘0,0 ‘00 O

1.2 Problem Statement

The fundamental requirementritamericallydefine a hazard level for a site on which

the structure is built and to associate this hazard definition with various performance
metrics via monitorable responses of the structure has directed the reseanchers
professionalsof the earthquake engineering field poick and utilize an easily
guantifiable intensity measure, andgstdect anémploy GM records thaufficiently

fit the defined hazardromthel M per specti ve. The wuse
records especially in nonlinear time history analyssgnificantly improves the
reliability of the technical evaluations and decisions made upon the analysis results

due to the redumn in thedispersion opeakmonitored responsése., EDP9. The

of

choice of the fAbest cframalistof @omegetitorswhichensi t vy
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is the first crucial step heregcessitated the establishmentompetencycriteria
and has brougtéfficiency, sufficiency, practicality, scaling robustnessihazard
computabilityconcepts into the picturd.ijco, 2002;Buratti, 2012, Kazantzi and
Vamvatsi kos, 2015; Kohrangi er al ., 2016

Efficiency is simply definedas the capability to reduce the variability in the EPDs
obtained from the analyses, thus allowing to reduce the number of GM rezbels

utilized or the number of analysé& be performed for a targatcuracy level.

Sufficiencyis defined as the abilitpf a parameter to render EDP independently
without requiring additional information such as seismological features; earthquake

magnitude (for instance, Mw), sourtesite distance (for instancedR or epsilon
(€).

Practicality, which is rarely mentioed,is generally referred taseasiness in the

calculation of the subject parameter

Scaling robustnes®fers to the feature of an IMhen scaling of GM records does

not introduce bias to the EDPs as comparathsraled GMs.

Hazard computabilitys thesuitability of an IM forthe direct use ofurrentGMPES
in extensive hazard computations or at least allowinght®practical generation of
new GMPEs

Eventhoughit was expressed previously by Housner and Jennings (1977) that the
complex earthquakeEQ) phenomenon cannot be fully described by a single
intensity index to inherently reflect complicated EQ characteristics, gatiamged

as fHeffiadeqeat@tno twhaes past f or . Howdévegrthed cand
contemporary approach has forced thespit of more stricevaluation criteria for

candidate IMsrequiringall five aforementionedspectsor screeningFormerly, the

first criterion was implicitly being investigated through correlation statistiush

will be described in Chapter 2. Based the calculation of correlatiegnwith

17



monitoredEDPsoccurring under various seismic evetit® IMs having the highest
coefficients were deemed to be test essential predictors of structural damage.
With the frequent utilization of probabilistic amaches utilizing theoretically
advanced mathematical methods, the evaluation of the efficiency has transformed
into the calculation of the dispersion of EDRs\d the parameters leading to smaller
dispersions have beenarkedasrelatively efficient. As @ ongoing process of this
mathematical approach, evaluation of both sufficiency (generally with respect to
earthquake magnitude aisgurceto-site distance) and scaling robustness criter

was handled generally through the residuals from the former dabniga
Determination of practicality, yet remained as an expert opinion rather than a
mathematical definition, whereas determination of hazard computability remained
as a specialistods conctouesgordingrdurdsnetion on t he a\
predction equations or constructabiliof the new ones.

Although with the emerge of performanibased engineering conceptthe
probabilistic approaches have enforced the last three criteria to be inquired as well,
Aef f i ci Btutesthedcore cvitarionnn the characterization of ground motions
and in the reliable usesdamage or engineering demand predictors. Starting from
mid 1980s, the research studies have focasdtis norm to identify and incorporate
suitable parameters in the selection andisgadbf GM records (Ay, 202). The
following section will briefly present key studies focusfram this perspective.

1.3 Literature Survey

The literature harbors a long list of studies majorly fouyson revealing the

relationship of structural responses aedulting damages with intensity measures,

and correspondingly, attempting to identify thest influentialparameteto reflect

the ground motion characteristiasspecially in terms of their damage potential

Among thoserelatively datedstudies of Uangnd Bertero (1988), Cabanas et al.

(1997), Sucuojlu (1997), El enas (2000) , El e
(2001), Wu et al. (2004), Akkar and Ozen (2005), Riddell (2007) have been referred
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by Y&l ma z afd2ceubal pbservations of these sasdhave been marked

therein Owing to the fact that these studies were limitetth@employed number of

ground motion recordsstructural systemsr intensity measurgs Y él maz (200
carried out a more comprehensigerrelation study as opposed to previu

endeavors with a largeset of both ground motion recordise., 80 recordsand

structural model$16 low- to relativelyhigh risemomentresisting RC framewith

a fundamental period range of 0:1.07 £0, and evaluated 14calarIMs (PGA,

PGV, EPAAI HI, Ic, CAV, ASI, VS|, I, S). Along with its companion manuscript

Yakut and Yeéel maz (2008) , this notable r
observationsbout the correlation performanetthe fundamental IMsonsidering

maximum top displacement and maximum irgeary driftratcYa kut and YéIl m
(2008) additionally introducedn improved version oAS| ASI*, yielding higher
correlationsespecially for mierise frames. This study is regarded a®merstone

subsequent tthe collection of relevarformer studies fundamentally westigating

the efficiency of scalar IMs that are relatively easy to compbesmsidering the

period after the publishment of this study, several studies focusing and elaborating

on the subject have started to emeigeese studies will be briefly summaetin

the remaining part of this sectienthout going further into the detailed discussions

and conclusions

Hancélar (2009) similarly attempted to i
structural response parametéhsough nonlinear time history analysis of multi
degreeof-freedomsystems. The study utilized 1@w- to highrise planar frames

with a fundanental period range @.552.15 £cand a much larger record database

with 734 accelerogram$he studyprincipally considered 8 scalar IMs (PGA, PGV,

PGD, Al, CAV, S, S, &) and 4 different response parameters (maximum-inter

story drift ratio, maximumfloor displacement, maximum floor acceleration,
maximum plastic end rotation of beams) to derive conclusions on the correlation

performance of selected IMs.

Buratti (2012) is one of the pioneer studeesluatingthe efficiencyof a long list of
scalar andrector IMs,andtheir sufficiencywith respect to M and Rs as well. The

19



study employed a very large set of accelerograms witd i&€ords to follow a
regression analysisasedmethodologyto obtain dispersion statistics of maximum
displacement demandtvarious SDOF systenfwith a period range of 0:2.0 0
and maximum intestory drift ratio demandsfo3 planar RC framegwith a
fundamental period range of 00834 ®¢. The fundamental conclusion of this

advanced study is to use highly efficiént by Bojorquez and lervolino (2011) for

both SDOF and MDOF systems that might be improved with the use of its vectorial

form as well.

Cantagallo et al. (2012) utilizedRC threedimensional MDOF systems and two
different GM sets (with 61 and 8®cords corresponding to two distinct hazard
levels) to investigate the efficiency of a limited number of IMs (PGA, PGV, Hl, ASI
andthreedifferent S-based parameters) in estimating the maximum-sttawy drift
ratio demands. They recommended the ofs&:-based parameters as a general

approach.

Ye et al. (20B) similarly employed darge seismic index set with 38impleto-
compound scalalMs to evaluate the correlation performance of the indices with
response parameters obtained fraonlinear time tstory analysesingle and multi
degreeof-freedom systemsubjected to dimited set of 60 GM recordsThey
explicitly presented the periadlise variation of correlation results for numerous IMs
grouped as acceleratigrvelocity- and displacementlatedindices, and finally
proposed the use of PGV, as opposed to PGA, in perforatesesl seismic analysis

due to its sufficient simplicity, but raised concerns regarding the use of S

Van Cao and Ronagh (20&4 2014b alternatively investigated the corretat
performance of 23 IMs monitored under 204 rigaiit (with pulsetype motions)
and 1040 fafault GM records. They considerdte maximum interstory drift ratio
and a damage index calculated for a thsey planar frame with a fundamental
period of0.11 ®c Their limited interpretatian from both stuis have led to the

recommendtion ofVSI as the best descriptor which is followedHilyand S.

20



Kostinakis et al. (2015Iso considere@D models (with a fundamental period range
of 0.701.00 £¢ in the evaluation 019 widely used IMs. They utilized 64 pairs of
GM records and monitored structural responses as weheagverall structural
damage indexThey concluded th&,, followed by VSI, PGV and Hlare the most
efficient IMs for the structureesmployed when the structural response parameters

are considered.

Ozmen and Inel (201d8pllowed an SDOF systenbased evaluation approach to
examine the correlation of 19 commaealar IMs with seismic displacement
demandsThey employed 466 GM records 028 seismic events and 1056 SDOF
models (with a period range of 0-1420 £0 representing lowto midrise RC
buildings.They marked VSI and PGV as the best IMs for correlation with seismic
demands of the examined building sto€&lollowing this study, @men (2017)
elaborated on the analyses and attempted to develop hybrid intensity parandters

monitored the improvements in correlation performance.

Palanci and Senel (201@}ely evaluatedinedifferentscalaiMs (PGA, PGV, s,

la, CAV, ASI, VSI) utilizing both SDOF (with a period range of &10 €0 and
MDOF (with a fundamental period range of 0636 ®¢ models which were
subjected to 168 accelerograms. They lmraprehensivelgxamined the effect of
lateral strength ratids.e., the ratiomf strength capacity at yialth to seismic weight,
VW), postyield stiffness ratios, hysteretic modetnd soil types omonlinear
displacement demands of the structural systdingy have concluded that VSI is
the most suitable parameter for buildngith a dominant vibration period between
0.5-2.0 ®c Additionally, they emphasized the pronounced effect of lateral strength
ratiog whereas VSl is less sensitive to pp&id stiffness ratio, hystetie behavior,

and soil type with respect to other $Nhey examined.

Bhasker and Menon (2020) recentiilized thethreestory plan irregular SPEAR
building to assess the correlation of 21 simpdeadvanced scalar IMs with
maximum interstory drift ratio under a faiault GM set including 50 pairs of
accderogramsThey have concludddr their specific structurthat the IM proposed
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by Bianchini (2008) with consideration of-2T1 period range is the most efficient
IM, and geometric averaging approach for combining the values from individual
components tobtain a single scalar descriptor is the best combination method with

respect to other alternatives examined.

The abovanentionedeferences constitute the list of studies mainly focusing on the
comparative evaluation of scalar IMs generally. addition to such holistic
examinations, there also exist specific studies with the aim of proposing new IMs
and comparatively evaluating the performance of their proposition with respect to
the limited number ofcommonly usedracticallMs. Riddell and Garcia (2001
Cordova et al. (2000), Baker and Cornell (2004), Baker and Cornell (2005), Luco
and Cornell (2007), Bianchini (2008), Lin et al. (2011), Bojérquez and lervolino
(2010,2011), De Biasio et al. (2014, Theophilou et al. (2017), Yakchalian et al.
(2019) cold be emphasized among many other studies available in the literature,
which have introduced new IM candidates, as already described in Sgction
Neglecting Riddell and Garcia (2001), these studesyever,were limitedto the
presentation ogfficiency and sufficiencymetrics as compaed to the results of
spectrurdbased &in order to display the superiority of their IM proposal o8er

Here, he logic behind the selection of & the reference point coudé explained

in a way that spectruibased § which is a structurepecific IM, had been once
regarded as the most efficient parameter with respect to simple scalar IMs such as
PGA, PGV or similar, but has been showater in the literature thataSin its
original formi s not Asufficiently efficiento when
structural systems are being sought or when the higher modes of structures are
apparent as in the case of higbe buildings. Apart from this phenomendhe
utilization of different structural systems and distinct GM record datasets in the
abovementione studies complicates the mission of any interested scholar on
identifying the fAmost e fthatiwouidéestitablo r fAbest ¢
his/her own seismic asssment studie€onsequently, the lack of a holistic study

evaluating the comparative performance of both simple scalar parameters formerly
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considered and more advanced scalar and vector IMs repenplgsed has created

a motivation for this researclhusly.

1.4  Scopeand Organization

The main ofective of this dissertation is tprimarily evaluate the efficiency of
simpleto-advanced scalar as well as receipilgposed vector IMs to reveal their
correlations withmajor seismic demandsn multi-degreeof-freedom systems
reinforced concrete planar frames in particuarentually, thiggoal extends to the
identification of the most efficient intensity parameter¢apat will be sufficiently
practical as welland checking of their sufficiencies with respectearthquake
magnitude andourceto-site distanceThe approach of this study to identify the
most efficient IM(s) is twefold: a singledegreeof-freedom system based evaluation
stagehas beeffollowed first to identify candidate IMs from a long list afdxc scalar
IMs, later utilized to form alternative ground motion record subsets that will be
employed inthe multi-degreeof-freedom systerbased evaluation stage. In the
second stage, the evaluation of efficiency and sufficiency of an expanded lis of IM
including more advanced scalar and vector forivas beenelaborated via a

regression equatiebased (i.e., Clad Analysis oriented) approach.

The second objective of this studyto examine the effect of a shortened list of IMs
on the derivation ofanalytical fragility curves which are very crucial for seismic
vulnerability assessments. The selectioranfefficient, but also practicdM to
define the GM record subset andrrespondinglyderive the fragility curve as a
function of the selectetM or any other suitable alternativeas been investigated
together with the required numberretcords to form the GMatased for accurate

determination of the resulting curves.

This study differentiates from recent studies by employing hazard definition
indepencent ground motion recosdn the evaluation stagés reveal the resulting

dispersion characteristics in the entire response range of the structures analyzed. This
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approach ixonsideredo be much more suitable for earthquake engineers dealing
with acceleratedregional loss assessment studiegithout the need for regien

specificdata.

This thesisincludes sevenchaptersgenerally describing different stages of the

evaluationsand a suite of appendices supplementing these chapters

1 Chapter 1 introducethe researchsubjectand problempresents definitions
andgeneralklassifications of major intensity measures, and provides a brief
collection of literature studiemsvaluating the problem

1 Chapter 2 presents the main seismological features of the grootnahm
database utilized throughout the thesis study and evak@tesof the major
IMs according to the intedependency among them.

1 Chapter 3 presents the structural models utilirethis thesis study and
briefly explains the modelling details and Hrelysis types performed on the
mathematical models.

1 Chapterd describeghe methodology and steps to evaluate the efficiency of
essentialMs from the SDOF system perspective and summarizeskéye
findings that willsupportMDOF systerdbasedevaluation tages.

1 Chapter5 explains in detaithe MDOF systenbased approach for the
evaluation of the efficiency and sufficiency afi expanded list dMs. It,
firstly, refers tothe ground motion selection problem and directs to the
supplementary Appendix sectiowhich explains the sampling methods
utilized to form suitaby sized ground motion recordulsets that will be
employed for NTH analysek presentkey findings obtaiadfrom ESDOF
modetbased analysesd correspondinglgoints out propeGGM subsetsor
the utilization in MDOFbased NTH analyseés an intermediate stethe
correlation of selected engineering demand parameters of MDOF systems
with shortlisted IMs is evaluated and comparatively displayed to reduce the
subset alternatives to fewer casekhe chapter continues with the

presentation of the prediction equatiomsed evaluation methodology
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incorporating certain statistical metrics to validate the prediction equations.
The chapter discusses the performances of individual IMs umé&wrer
numkber of alternative GM subsets via these statistical metrics and concludes
with the representation of best candidate IM(s) qualified from the expanded
list.

Chapter6 is devoted tahe evaluation of theffect of candidate IMs as well

as widelyused IMs suctas PGA and PGV othe derivation of fragility
curves. IM to be considered for the formation of GM subset, Ibéselected

on which the fragility curve function will be establishadd the number of
bins and records to be utilized fibre derivation ofaccurate fragility curves

are the topics evaluated and discussed within this chapter.

Chapter 7 summarizesthe steps andey conclusions fromindividual
evaluation stage and concludes he thesis with future work

recommendations
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CHAPTER 2

GROUND MOTION DATABASE

2.1 Introduction

Comprehensive evaluation of intensity measures &omtensity-based perspective
necessitates a large database of strong ground motion records with various
seismological characteristics. Databases such as Pacific Earthquake Engineering
Reseach Centerdés (PEER) Ground Motion Dat a
for Strong Motion Obser vaiMotiomVirtGayBatae ms 6 s
Center (VDC), KNET and KiK-net of Japan, Turkish Accelerometric Database and
Analysis System (TADAS) (forerly known as Daphne) have been continuously
updated and expanded by the responsible institutions with several ground motion
data, and accelerograms have been made available for researchers and engineering
practitioners worldwide. This study preferred thee of ground motion records
avail abl e i-WesPDatahasessnd tiNsGhAapter will present the main
seismological features of this database and some distinct characteristics from the

intensity perspective.

2.2  The Main Ground Motion Database

The main ataset for this study has been formed employing the accelerograms from
the former NGAWest Database, whickas also known as PEER Ground Motion
Database (PGMD). PGMD was an improved successor of the Design Ground Motion
Library software and the online dabase was established to facilitate the
development of improved attenuation relations as part of the Next Generation
Attenuation Models (NGA) project (Power et &008; Chiou et al., 2008).
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2.2.1 Major SeismologicalFeatures of the Main Set

NGA-West Databaseontains 851 threecomponent strongiotion records from

173 shallow crustal earthquakes that typically occur in the western plaetddited

States and in Turkey as well. The set, accordingly, includes several earthquakes with
different fault mechanisspas summarized ifable2.1.

Table2.1 Faultmechanisnfeatures of thenain set

Fault Mechanism  # of record sequence:

Not defined 85
Strike-Slip 1004
Normal 91
Reverse 1587
Reversd Oblique 695
Normal- Oblique 89

Total 36551

The Moment Magnitude (M) range of the seismic everitsthe database is between
4.27 and 7.90, where this seismological data is missingrforsignificant number

of record sequenceés the set, asould be observed frothe flatfile of the PGMD.
Similarly, JoynetBoore Distance (j datais missing fora considerable amouwoff
recordings, whereas the Epicentral Distance (EpiD) data is complete for all of the
record sequences. Thenges of i and EpiD for the recordings are4d2.56 km

and 0.44557.63 km, respectivelfiguresFigure2.1 andFigure2.2 display EpiD

Mw and Rb- Mw marginal plots with ditributions pointing out the dominance of
moment magnitudes ~5.90, ~6.20, ~6.80d ~7.60Figure2.3, on the other hand,
shows the relation between EpiD andfBr areduced number @vents where both

seismologral data are available.
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2.2.2 Intensity Measure-based Features of the Main Set

66883 horizont al r e c orWest dedabase haseblbeen f r om t |
processedia SeismoSignal software to compute thedamentalMs and to derive
the 5% damped elastic acceleration, velgatd displacement spectra foperiod

rangeof 0.0210.0 secondsThe list of the IMgalculated at this stage is as follows:

PGA, PGV, PGD, BV/PGA

ams, Vims, Grms

Al, SED, CAV

Ic” (with consideration of total duration of the GM record)
ASI, ASI", VSI, HI

SMA, SMV

EDA, EPA, EPV

A95

= =4 4 A4 A4 A4 A -2
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T Tp
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1 t

In addition to the list abovehe following compoundlMs are calculated from the

computed values:

1 Ic (with consideration of significant duration of the GM record)

1 lalv la(with consideration of significant duration of the GM record)
T I

To visualize the general characteristicsf the maindatasetfrom the intensity
measure perspectivhistogram plots hae been preparefdr the abovdisted IMs
Figure2.4 shows two sample casdisplaying the statistical distributiofisr PGA
and PGV. The histogram plots for the remaining cases are preserigdria Al

thru Figure A4, which can be found in Appendix
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Figure2.4. Histogram plots for PGA and PGV
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The charts generally reveal that thember of recordsith low seismic intensies
outnumber the records of moderabehigh levels, thus causing skewed distributions.
In fact, this is a general problem of the ground motion databasédwvidewith the
scarcity oflargemagnitude seismic ents.Along with the histogram charts showing
the distributiors of the available data, scatter diagrarase been prepared to display
the relation amon@ selected group of IMsiamelyPGA, PGV,PGV/PGA, ASI,
ASI*, VSI, HI, and t. Figure2.5 andFigure2.6 present the essential cases for PGA
and PGV, respectively. The scatter plots show that there are indicatioms of
relationship between ti#s examined, except for PGV/PGaad t cases; however,
the dispersionincreases with increasing levels of seismic interastydefined with
PGA or PGV in these sample figureBhe graphical observatiorgerein bring
forward the possibility of correlation amotige parametersxamined, with will be
investigated in the next section.

2.3 Correlation Statistics

Any interdependence or association between two or more variable quantities can be

expressed as correlatioand the degree of thiglationshipbetween the variables

can be quantified bgorrelation metrics. Among varioadternativesrom the field

of Statistics widely-used yet simplee x ampl es ar e Hwmentsonds pro
correl ati on rmanmkdrderScpreelatiorm@med and Popovich, 2002;

Garson, 2013).

Pear s on énomenicaorelatian,tas proposed by Karl Pearson, measures the

strength ofinearinterdependence between twontinuousvariables X and YThe

numerical output for Pearsorsorrelation coefficient al so known as Pear sort
ryisa val ue bet wdéusive and &hovesbath the &trength and direction

of the relationship (Chen and Popovich, 2002prrespondingly, thealirection,

expressed with the sign of the numerical vaka® be positive, nyllor negative,

indicating whether the variables increaselecrease together.
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Figure2.6. Scatter plots for selected INMgainstPGV (main set)

Pear s on 06 s, altboughithe masttcomonanly used alternative, parametric
measure and has certain assumptidhefundamentabhssumption of Pearson is the
pre-acceptance od linear relationship between the variables. Therefere,ar son 6 s
correlation can not capture the true relationship when there is nonlinear dependence
between the variable$he second important issue is the normality assumption which

assumes that the continuous random variabkebivariate normakFor casesf non
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normally distributed data, theesults have been reported to be quite sensitive
(Kowalski, 1972). The third cuaia | assumption of Pearsonbo
constant variance assumption which is also known as homoscedalstistgtistics,

homogeneity of variance is established when all the variables have the same finite
variance.On the other hand, lwen therandom variablesire heteroscedastic, the

variance along the sequence of data variables will not be constant, the estimates of
standard erns will be biased, and thug, is highly possible thathe Pearson

coefficient will be affected Figure 2.7 exemplifies the scatter of the data for
homoscedastic and heteroscedastic cases.

T T T T |
0 20 40 60 80 100 0 20 40 60 80 100

() (b)

Figure2.7. Scattemplotsexemplifying (a) homoscedasticity and (b)
heteroscedasticity (taken from Wikimedia Commons)

The abovementioned assumptions alsmnstitutethe dr awbacks of Pea
correlation.One addional drawback of thicorrelationindex is that the metric is
highly sensitive to the strong outliers in the data, and therefore, should be used with

care in the presence of outliers.

Il n contrast t emorReatecorrelationd the afiernatig@rceldtion

i ndex, S p e-ardencarrelatior alas&@ known rpisa®pear man
parametric measure and does not assume any distribution for the data in advance
(Sriramula et al.,2007) It is suitable foboth continuous data and discrete ordina

variables and assesses the degree of relationship between rankings of two variables
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using a monotonic functiorBesides, it is much less sensitive to the nature of the
data with respect Figwe2®andFigera?® shew sampter el at i on.
cases with resulting correlation coefficients where two of the aforementioned

dr awbacks of Pearson6s correlation are pres

Spearman correlation=1
Pearson correlation=0.88

—LOf e b

=15 '.
Figure2.8. Correlations for a sample case when the relationship is nonlinear (taken

from Wikimedia Commons)
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Figure2.9. Correlations for a sample case when there are outliers in the data (taken

from Wikimedia Commons)

The figures reveal t hat Spearmands correla
counterpart, but has gained less interest in the field of earthquake engineering. The

general approach in similar reseachi i ent ed studies was to ut
productmoment correlation, but applying anthansformation to the data before

conducting the correlation analyses. Such modification is attributed to the fact that
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the IMs (and EDPs as well) are logrmally distributed, and shall be transformed

before the performance of regression analyses related to the research question
(Kramer, 1996;Romao et al.,, 20)1 After the proper application of data
transformati on, P e aiens genevally intpmves @.¢.,athei o n c
strength of the dependencerine as es) , whereas Spear manos
remains unchanged, and could be utilized as a validation measure for the widely

used Pearsondés metric.

2.4 Inter -correlational Evaluation

As expressedarlierin this chapterthere isa possibility of interépendence among

the IMs computeat this stageThe clarification and quantification of such inter
correlationsare crucial for the advancement of the stusipce this attempt will
facilitate the grouping of IMs so that choosing too many intensity paesasnigom

each group for furthezxaminationsnight be preventedConsequentlycalculation

of Pearson and Spearman coefficients among the long list of intensity parameters
have been performed, aidble2.2 andTable2.3 display the strength of relationship
among these measures in terms of Pearson and Spearman metrics, respectively. The
cells inbothtables are highlighted with dark green cabowingperfect correlation,

with light green color for correlation values above 0.90 indicating strong correlation
with yellow color for correlation values between 0.50 and 0.90 indicating moderate
correlation, with red color for correlation values less than zero implying negative
correlation, and remaining cells are left as white color pointing owveak or

insignificant correlation.
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When the acceleratiarelated parameters are examined, PGés, &l, Ic’, ASI,
ASI*, SMA, EDA, Ags, Ic, lashowa strong correlation among themselves, whereas
these parameters show moderate correlation with veloaitgt displacementrelated
intensity measures. However, the degree of correlation between accelexation
displacementelated indices is lower with respect to accelerati@rsus velocity
related pammeters, as expected. As a general observation, accelestited,
velocity-related and displacemenelated IMs correlate better among their own

classes.

The PGV/PGA ratio displagenerallyweak forms of both negative and positive
correlation with aceleration and velocityrelated parameters, whereisshows
moderate correlation with the pulse periggthe duration related parametand ¢,

lv, la, and strong correlation with the mean periad T

The pulse period g the mean periodrdgenerally sbw weak forms of both positive
and negative correlations with the remaining IM set. In contrast, the durateded
parameterrimostly showsa negative correlation with the IMs other thapahd Tm,
yet the coefficient values remain below 0.5 leviélus, it can beemphasized that
significant duration or specific GM perigélated parameters do not hawge
significant correlation with other GM intensity indices.

The numericalesultsdisplaying the intecorrelational characteristics between the
IMs are digned with theoutcomeof previous studiegElenas, R0O0; Riddell, 2007;
Yakut Imaa 2008 Eowever, the values reported here are generally higher
than the results of companion studiesich is attributed to the presence of a large
number of GM reords with low intensity levels in the main ground motion database

employed.

Finally, considering Pearson and Spearman correlation coefficients calculated for
each IM - IMj case, it can be expressed that the results are generally compatible
supporting te Intransformation approach before the calculation of Pearson

coefficients.
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CHAPTER 3

STRUCTURAL MODEL DATABASE

3.1 Introduction

This chapter presents the structural medsilized throughout the research study to
primarily evaluate the correlation performance té€raative intensity measures
(IMs) with selected engineering demand paramegteBPs)essentiafor building
structures The following sections give general information about the building
models employed, explains their mathematical modelling detaibsummarizes

their structural characteristics.

3.2  Description of Structural Systems Utilized

This study inherits a collection of seven reinforced concrete frames from a former
study, Kada (2006), where the structural model set was intended to covertehort
relatively longperiod rangen terms of the fundamental mode characterigtiis

set containslow- to midrise twodimensional (2D) momentresisting frames
(MRFs)possessing differemumber of storieand bays, whiclyieldstheir building

iddéds as foll ows:

1 F2S2Bis a twastorytwo-bay MRF from a Californiabased buildinghat
complies with the requirements of Uniform Building Cad#82 (CBO,
1982),

1 F2S2B2 is anothetwo-storytwo-bay MRF obtained from an existing

buildinglocated in the city of Bursa in Turkey,
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1 F3S2B is a threstorytwo-bay MRF from an existing structure located in
BursaTurkey,

1 F5S2B is a fivestorytwo-bay MRF from an existingbuilding located in
BursaTurkey,

1 F5S4AB is a fivestory-four-bay MRF from a Californiabased building
complying with the requirements of Uniform Building Cetie82,

1 F5S7B is a fivestory-sevenbay MRF obtained froman existing structure
located in Bursd urkey,

1 F8S3B is an eighstory-threebay MRF obtained from a Uniform Building
Code1982 compatible building located in California.

The general geometrical properties of the frames employed are displaygdrna
3.1, andthe total weightheight properges of the systems are summarized able
3.1, accordingly. Te reader is referred to tfemermanuscript, Kada(2006), for

further information regarding the structural pesties of the frames utilized.

Table3.1 Total weight andheight of theselectedr a mes ( Kada«k , 2006)

Erame Total Weight Total Height
(kN) (m)
F252B 2700.25 7.92
F252B2 1350.13 6.00
F3S2B 2221.76 9.00
F552B 2552.33 15.00
F554B 9879.85 19.81
F5S7B 7545.07 14.20
F8S3B 17815.65 31.70
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3.3  Mathematical Modelling of Frames

Two-dimensional multi-degreeof-freedom (MDOF) representationsof the
employedMRFs were originallycreated irthe well-known OpenSeedcKenna et
al., 2000 software frameworKThe fundamental reason for utilizing this ofsurce
analysis platform was to facilitate the performance of several simuladgised

analyses with a reliable modelling and analysis code suite.

In the mathematical models of the structural systems,odwéchrrying structural
elementqi.e., beams and columngj the selected frameseredefined with force
basednonlinearBeamColumelements allowing for distributed plasticiya fiber
sections with nonlinear constitutive modelncreteOluniaxial mateal type was
chosen for the unconfined ammbnfined concretezones of the sections with
parameters corresponding to individual frame cases. The reinforcing bars, on the

other hand, were defined wiBteelOluniaxial material type.

Selected uniaxial mateitypes, as illustrated igure3.2, seem to be the simplest
alternatives among various constitutive definitions available in OpenSees; however,
these material definitions generally lead to sufficiently reliailemerical results in
simulations from the perspective of engineering practice. Eventually, they have been
preferred within the scope of this study with a modification; consideration of steel
rebar rupture vidMinMax uniaxial material modifier definition, ch influences

sectional, elemental amgllobal capacities, correspondingly.

The structural elements of the frames were not assigned any distributed mass, but the
seismic masses due to dead and 25% of live loads were lumped to the mass center of
each story and applied accordingly. Rigid diaphragm action and seoothet

effects were not considered in the models. Concerning the viscous damping of the
structural system under seismic excitations, the damping phenomenon was
represented using Rayleigh Dampiagsuming a 5% damping ratio and stiffness
proportional damping. Mass proportional damping, however, was neglected due to

its insignificant effectespecially in the nonlinear response range.
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3.4  Description of Analyses Performedn the Structural Systems

Throughout the study, three different analysis types have be@rmed on the

mathematical modelsvhich arebriefly described in the previous section:

® Eigenvalue analysis

(i) Nonlinear static analysis
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(i) Nonlinear time history analysis

Eigenvalue analysis was used to determine the dynamic characteristics of the frames
and was performed after an initial static analysis under gravity ldadssidering

the modal propertigswhich are summarized ihable 3.2, it canbe expressed that

the selected MRRrames cover shottb-relatively longperiod range in terms of the
fundamental period of the systems, and the structures generally vibrate

predominantly in their first modes.

Table3.2 Dynamic haracteristics ofelectedfr ames ( Kadak, 2006)

Modal

Total Fundamental | Participation Modal Mass
FRAME Mass Period Factor Factor

(t) T1(9) (9 (9
F252B 275.3 0.59 1.339 0.814
F252B2 137.6 0.30 1.339 0.815
F3S2B 226.5 0.45 1.416 0.768
F552B 260.2 0.75 1.293 0.794
F554B 1007.1 0.95 1.362 0.776
F557B 769.1 0.66 1.285 0.804
F8S3B 1816.1 1.20 1.430 0.705

The second analysis type, nonlinear static analysis, was used to reveal the global

lateral behavior of the MRF frames. Generalfyplied in the form of pushover

analysisby the engineering professiotiis simplifiednonlinear analysis technique

consides variant or invariant lateral load pattgrand roughly yieldan estimate of

thelateral strength capacity of the structural syskemy ond t he el astic ran
2005; K a d among alfeth&tigenvariant lateral load patterns such as

Uni form, Triangular, Elastic First Mode; it
that Elastic First Mode based invariant load patterpréical and sufficientto

derive the capacity curves of the framégized herein Even hough there exist

relevant studies critizing the drawbacks of pushover analyses with invariant load
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patterns anfr proposingrelatively improved but more complex metidologies
(Chopra and Goel, 200&ntoniou and Pinho, 2004a; Antoniou and Pinho, 2004b;
HernandezVontes et al., 2004; Goel and Chopra, 20@&panikolaou et al., 2005;
Papanikolaou et al., 20Q8heseapproachesre notfollowed within the scope of
thisstudy topreserve he practi cal ity f reospectipefand es si 0|
Elastic First Mode based lateral load pattern e@ssideredn the nonlinear static
analyses of the frameghich were performed after the initial static analysis under
gravity loads This approach is thought to Iseitableconsidering the firsinode
dominant characteristics of the frame §atbjected to increasing lateral load profile
with a displacement controlled nonlinear static analysis opti@frames have been
pushedaterally until the frameslose theirlateral strength more than 15% of their
ultimate strengthand capacity curves (i.e., top displacement vs. base shear force
data) have been-@btained due to the modelling modification made on the original
frames ofK a d a k  (THe GeButing. capacity curves will be presented in the
following sectionwith their bi-linearizedequivalens (please refer td-igure 3.5-
Figure3.7); howeverthe heightwise interstory drift profiles at specific global drift
levels are presented nexthigure3.3.As st ated in Kadak (2006
at various global drift levelare coherent with the geneeapectationshat lowrise
frames exhibit almost a uniform drift distribution, whereas-nsd systems yield
maximum intefstory drift ratio at the second story level. Besides, relatively-high
rise systems yield maximum intstory drift ratio at middlestories. These trends in

the drift profiles turned out to be preserved for high global drift levels as well.

The last analysis typeappliedto the selected framds the nonlinear time history
analysis(NLTHA). This analysis approach is generally appraissdthe most

advanced method in the engineering and research community struggling with
numerical simulations of any structural system. Combined eatefully defined

advanced constitutive models and structural element modelling details, the
numerical analsis results obtainedinder specific strongiotion acceleration

recordar e considerest as ©6étheues subecdetitotinased sy st

specific eventsHowever, it is apparent thitte computational cost for performing

a7



nonlinear time histgr (NTH) analyses on MDOF modeksgenerally very high, and

the results might be very sensitive to the ground motions complicating the
evaluationdecision process for the analyst. Consequently, engineering practice

eventually either favors the use of nomlar static procedure as opposediidd, or

triesto utilize simplified equivalentersionsof the complex MDOF systems to make

an esti mati on ovithsdmeaecuracitradeaddf. Inrthe pepfaynmasce 6

of NTH analyses, 2D MDOF systems have bsebjected to gravityoads first

analyzed wittanonlinear static analysepproachandafterwardstransient analyse

have been performed for individual ground motion recokisgNe wmar k6s t i me
integration methodThroughout the analyses, elementcts, nodal displacements

andstoy dri fts have been recorded, and these o
responsed6 from the simulations <conducted.
parameters defining convergence criteria and result tolerances have been carefully

defined to obtain@urate numerical results and to keep thecmmverging analyses

as fewin the overall simulation set as possible. However, there exist peculiar cases

for relatively weak frames from which reliable resudbuld not be attained. The

results from convergmm NTH analyses have been processed to obtain the
corresponding absolute maximum values intermsofp di spl acement O0TDOG,
story drift rati oBS®MI  DR6, and base shear 0

The planar frames utilized herein are relatively simple models with respectéo mo
complex 3D MDOF modejsconsequently, these structural models could be
preferably further simplified into equivalent singlegreeof-freedom (ESDOF)
systems to accelerate NLTH#ased assessmerit$is study considers results from
these simple models agll during evaluations, andh¢ next section wildescribe

the formation of these simple models from the capacity curves previously derived.
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Figure3.3. Inter-story drift profiles atvariousglobal drift levels

3.5 Equivalent SDOF Systems

Nonlinear static analysis methods, Capacity Spectrum M&&bd-40, 1996)and
Displacement Coefficient Methq@FEMA-356 2000) have beeemployedby the
earthquake engineering community for long while to deteemihe seismic
displacement demand of structures, and resulting elebasetd forces and

deformationsat the estimated target displacements. Both approaches basically rely
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on an idealized form of thepushover curve of the structural system under

considerabn and have also led tine development and utilization of simplified

equivalent systems in the form of SDOF systeathough there are no strict rules

on how to define an idealized version of a capacity curve, there exist several

approachedn the liteat ur e, yet remai ned as recommend:
investigated four alternatives afailableidealization methods (i.e., MULTlinear,

ATC, FEMA, and 75%Y), and recommended the usetloé FEMA approach for

conservative ESDOBasedesults with small gpersion.

In this approachthe capacity curve is finearized and the elastic part of the
idealized curveand the yield point (i.e., yield displacemerg)definedwith an

iterative proedure to satisfyhefollowing two criteria as depicted Rigure3.4:

1 The areas under the original curve and the idealized curve must be
approximately equal,
1 The elastic segment of the idealized curve must intersect the original

pushover curve at a strength level approximatefb @ the resulting yield

base shear.
Force
A,
S K.
Vy
)
A;
060V, _ _ .. A+ A=A
Equal Energy Rule !
A,
A
4y Displacement

Figure3.4. FEMA bi-linearizatonme t hod ( Kadak, 2006)
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The ultimate displacement of the idealized curve normally should be defined as the

estimated/resulting targdisplacement under a specific seismic hazard event, thus

implicitly satisfying the equal energy rule via the egqada rule. However, this

approach is not practical to follow while utilizing the idealized capacity curve for

repetitive evaluations undernaus hazard level Consequently, the ultimate point

is generally considered as the displacement where the lateral strength of the system

reduces by 15% from the maximum base shear. Based on these concepts, the capacity

curves obtained from the nonlinestatic analyses described in the previous section

have been idealizednd the resulting idealizations are displayed-igure 3.5-

Figure3.7, along with the original pushoveurves.

As the next step, these FEM#ased biinearized forcedisplacement relationships

have been converted to the fordisplacement relationships of ESDOF systems

following the method presented in A0 .

The

reader

can

refer

a detailed exfanation of the calculation steps. The dynamic characteristics of the

ESDOF systems obtained from the simplification of the structural models with this

approach are summarizedTiable3.3.

Table3.3 Properties of the ESDOlstems

rame | Tl Sg, Sd, R, M* K> U
(s) (@) (m) (kN) () | (kNm) | (%)
F2s2B| 0.710 | 0.526 | 0.066 | 1155.9 | 224.0 | 17556.7] 0.20
F2s2B2| 0.356 | 1.179 | 0.037 | 1297.3| 112.2 | 34975.6] 0.06
F3s2B| 0544 | 0.708 | 0.052 | 1207.4 | 174.0 | 23215.4] 3.28
F552B | 0.881 | 0.375 | 0.072 | 759.4 | 206.5 | 10500.0[ 0.03
F554B | 1.046 | 0.436 | 0.119 | 3342.6 | 7817 | 28184.0 0.42
F557B | 0.785 | 0.482 | 0.074 | 2926.3 | 618.6 | 39656.7] 0.14
Fes3B | 1.392 | 0.306 | 0.147 | 3844.2 | 1281.1 ] 26109.3] 0.49
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equivalents
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3.6 Assumed Performance Level Limits

The peak rgponses from NTH analyses of MDOF or ESDOF systems are generally
utilized to determine the local (i.e., at the element or section level) or global damage
states where the damage levels of the structures are differentiated via defined limit
states (Ay, 2006 Ma z € | & g Ehisstydy cosidlezshree performance limit
states; Immediate Occupancy (I0), Collapse Prevention é@R)Life Safety (LS)

as reference points to track the distribution of the EDPs in the entire response range.
On the basis obi-linearized capacity curves of the employed frantes,limit for

each performance leviebs been determinedt the global level, i.econsideringop

drift asthebasis, andhas been considered as invariaBlar each framehe limit for
Immediate Occupwy (I0) performance level Babeen defined at the yield
displacement of the systemong, whilethe Collapse Prevention (CPerformance

limit has beemlefined at the (nonlinear static analysased) collapse displacement

of the systemThelimit for Lif e Safety (LSperformance leveias beemssumeds
threequarters of the collapse displacement (i.e.,i@R). The interstory drift ratio

limits for these performance levels have been taken as the averageangedrift

ratios at respective top dsf(i.e., global drift ratios) The displacements and drift
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ratios corresponding to thessumedperformane level limits are summarized in
Table3.4.

Table3.4 Top drit and drift ratio values corresponding to assumed performance

limits of the frames

FRAME | TD-IO(m) | TD-LS(m) | TD-CP(m) | IDR-IO IDR-LS IDR-CP
F2S2B 0.088 0.281 0.375 1.1% 3.5% 4.7%
F2S2B2 0.050 0.147 0.196 0.8% 2.5% 3.3%
F3S2B 0.074 0.190 0.253 0.8% 2.1% 2.8%
F5S2B 0.094 0.246 0.328 0.6% 1.6% 2.2%
F554B 0.162 0.528 0.704 0.8% 2.7% 3.6%
F5S7B 0.095 0.311 0.414 0.7% 2.2% 2.9%
F8S3B 0.211 0.667 0.889 0.7% 2.1% 2.8%
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CHAPTER 4

EVALUATION OF EFFICIENCY OF INTENSITY MEASURES BASED ON
SINGLE-DEGREE-OF-FREEDOM SYSTEMS

4.1 Introduction

This chapter presents the methodology regarding the evalwé@opreliminary list

of intensity measures in termstbefi e f f i ci ency 0 «cr idégeee i on fr
of-freedom (SDOF) systeiimased perspective. The performance of the selected IMs

for various strength, ductilityand yield base shear coeféat levés has been

displayed and key findings are discussed to -pedect a manageable group of

parameters for future stages of the research study.

4.2  Description of Generic Structural Systems andAnalysis Approach

The endeavor to relatertaincharacteristics at GM record to resultingtructural
responseslirectsany researcheto employ a suit of stronmotion records and a
couple of structural systems in theimulatiorrbasedstudy. Starting witha very
large GM record set, it becomes quite cumbersoméanalyst to utilize advanced
3D structural models the instantgoal is to make a general inference over the
subject.Giving preference to simple structural forfng., singledegreeof-freedom
systems indeed)rings in practicality eventually and assis in performing
simulations and drawing conclusioredativdy quickly. This simpleapproach has
been undertaken by various stud{dtiranda, 2001 Chopra and Chintanapakdee,
2004; Akkar andOzen, 2005)and hasbeen shown to yield sufficiently accurate
resultsfor ordinary systempredominantly oscillating in their fundamental mode of
vibration (Kada, 2006 Ozmen and IneR019.
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Thisst udy, with the principal ainolows i dentify
this simple approacinitially and utilizsgenericsingledegreeof-freedom (SDOF)
systemqFigure4.1) to reveal the general relationship betwseme fundamental

intensity irdicesandseismic demandSA4NOR analysis engine of USDP (2008)

software wasused to form various single masspring systemsdemonstrating

different period, strength, ductilitand yield base shear coefficient characteristics:

1 A total of 44 individual periods ranging between 0.02 and 4.00 sec (i.e.,
T=0.02, 0.04, 0.06, 0.08, 0.1.,20 ..., 4.0 s) has been considered to examine
the periodwisevariation of the results

1 Totally, 6 strength reductiofR) factor levels (i.e., R=1, 2, 3, 4, 6, 8)d6
ductility (u) levels (i.e.p=1, 2, 3, 4, 6, 8) has been considered to investigate
the variation of the results with respect to strength and ductility levels.

Additionally, 5 different yield base shear coefficieat ("Oj w levels (i.e.,

h=0.05, 0.10, 0.15, 0.20, 0.25) have been examioedupplement the

evaluations.

e B

— AN —

=l

| W e e Y Y

Figure4.1. A typical representation ohé&8DOF system

For the forcedeformation definitionof generic SDOF systems, two distinct
hystersiscases, namely elastperfectly-plastic (i.e.|J=0%) and bilinear hardening

(i.e., U=5%) hystersis models, have been consider@€igure 4.2). Despite the
availabilty of more advanced models incorporating stiffness/strength degradation

and/or pinching behavio(such as Takeda, Clouglor Modified Clough) the
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hystersisdefinitions were limited to the most basic alternatives in order to keep the
focus on general viation of the results with different period, strength and ductility

casesieglecting further complexities introduced by the advanced models.

Force Force

R & PR —— Ul -~ Y

R

(a) Elastieperfectly-plastic case (b) Bi-linear hardening case

Figure4.2. Typical representations () elasticperfectly-plastic andb) bi-linear

hardening hystestssmodels

Each SDOF model (with a damping ratiose$h%) has been employed to conduct

nonlinear time history anGMrgceregsshatiared e r
available in the main dataset, and drift response of the system has been recorded to
extract the peak demand from tin@nsientmotion Engineering demand parameters
(EDPs) such as residual values or enegrgted outputs are not codsred within

the scope of the study due to the fact that peakdrift-basedresponses of SDOF
systems are the mosssential damage indicatassimple equivalents of ordinary

systems

4.3 Evaluation and Discussiormf Results

Extracting peak responses fronearly 10 million SDOFased analyses, the
numerical computations continued with the calculation of Pearson and Spearman

correlation coefficient for eagberiod and for specifiR, p andh caseto reveal the
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degree of relationship between thispacemeh demands an@ selected list of
intensity parameter§ helonglist containsPGA, PGV, PGD, PGV/PGA s, Vims,

dms Al, Ic', SED, CAV, ASI, VSI, HI, SMA, SMV, EDA, 86, Tp, Tm, t, Ic,laIF, Iy,

la, ASI", EPA, EPV, § S, &, and were previouslgonputedas a part oChapter

2. Discarding the Spearmarbased approach,hé Pearson coefficients were
calculated upon hransformed values of both demands and intensity indices, where
the reason for such transformation is already discussed in Chapterc@.Simh
coefficients arenherently related to the dispersion in the dataables, they have
beenutilized tovisualize the variation in the degree of dispersion with respéiaéto
aforementioned aspects; and consequently, both assisted in screedidgtediMs

accordingtadhefief f i ci encyo criterion for further st

The periodwise variation of the numerical resuli®.,r -T relationshipshave been
graphicallypresented fosubject IMs with differentiated strength reduction factor
(R) and ductility (1) levels as well as yield base shear coefficibpti¢vels.Figure
4.3 andFigure4.4 illustrate te casefor PGA, whereas graphics for remaining IM
altematives are presented in AppendixigureA.5-Figure A.35for R- andu-based
charts, andrigure A36-Figure A66 for h-based charjs Theevaluations baseon
these figures will beelaboratedn 3 subsections (strengtheduction factor leve)
ductility level, and yield base shear coefficient lebalsedevaluation¥to identify
the correlabn levet corresponding toeach IM alternative as strong >0.9),

moderate (0.5x<0.9), weak(0<r <0.5) and negative correlation<0).
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Figure4.3. Variation of corelation coefficient values with periodgfrelation of
IM PGA with EDP SDOF top drift for different R andncases (a) Elastic
PerfectlyPlastic, (b) Bilinear Hardenin@€5%), (c) ElastiePerfectlyPlastic, (d)
Bilinear Hardeningd=5%))
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Figure4.4. Variation of correlation@efficient values with period ¢erelation of
IM PGA with EDPSDOF top drift for differenth cases (a) ElastiPerfectly
Plastic and (b) Bilinear Hardening£5%o)

43.1 Evaluations Based on Strength Reduction FactofR) Levels

The examinationoon PGA-specific Pearsenand Spearmabased charts have
revealed that PGA is correlating very well with the deformation demands when the
elastic(i.e., R=1 caseyery short period strdigral systems are consider&y.stems

with higher R have shown moderate correlatiespecially for elastiperfectly
plastic (EPP) systems, whereas systesnewing bi-linear hardening hysretic
behavior have showmghercorrelations with respect to ERPstemsHowever, this
perfaomance, represented with values corresponding to Pearson or Spearman
correlation coefficiets, rapidly diminishes withncreasing perioslof the SDOF
system (especially after T=0150sec). The correlation valugenerallysaurated to

a value of 0.60 after T=2 seegardless of R level

PGV-specific charts have shown that the correlation performance is rgfative
moderate for shortperiod systems, yet improves for SDOF systems with
intermediate periods approaching 0.95 andlly accumulateso a value of 0.90.

Elastic (R=1) cases eventually show lower correlations with regard to R>1 cases,
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however the variation in correlation results with respect to R is much less when
considered to the cases of PGA. EPP arddhbar haréning cases did yield similar

performances.

Elastic (R=1) cases of PGhasedgraphicshave yielded aweakto-moderate
correlationlevelwith a value 00.5-0.7 for shortto-mediumperiod (T=0.020.5 sec)
systems, whereas R>1 cases have yietdealues 0f0.7-0.9 for this period range.
Starting with intermediate period range, the values started to increase and surpassed
0.9 level around T=1.0 sec, pointing to strong correlations for long period systems.
The two hystergiscases gave similarendsfor periads above T=1.0 sec, in contrast,

for shortto-intermediate period rangabe Rwise variation of results is much more
pronounced for EPPases, yielding to slightly stronger correlations for EPP cases at

short periods.

PGV/PGA ratiebased charts have showhat there i@ weak correlation between

this index and SDO#Based drift demangsespecially for shotto-intermediate
systems. Negative correlation values have been observed especially for R=1 cases.
The correlation performance of this index improvedsémne extent after T=1.0,
reaching a value of 0.6. The two hystseases generally yielded similar respanse

but differentiated in short period range, EPP case causing much variatiomise R

outcomes.

When amsbased figure set is examined, a motetastrong correlation
performance was observed for different R levels of speriod systems. After
intermediate periods (T>0.5 se@pid decay of the valuesaresignificant, whereas
the values generally saturate around 0.65 after T=2.0 sec. EePseamed to
introduce variability to the results as opposethé&bi-linear hardening case. Except
for R=1 cases, the periaglise variationtrend has beefound to be similar to PGA

based cases, where PGA is generally superian¢doa very short pend systems.

Thevimsbased figure sdtas yieldednoderate coelation for shorto-intermediate
period systems where this correlation performance has improved for sgstemd

T=1.0 sec. The correlation performance stayed constant slightly above magor
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period systems. R levels caused observable variations in the results for short period
systems (i.e., the case of R=1 is significantly different than other R cases), whereas

hysterasisdefinition didnot seemnfluential.

The observations frordms-basedcharts are similar to the cases of RG&sed set
pointing out to poor performance £0.50.85) at shorto-intermediate period
(T=0.020.5 sec) range along with significant variatidos differentR levels and
alternate hystesgsdefinitions.The corelations increase after T=1.0 sec surpassing

0.9 leve] andgradually approach 0.95.

When charts particular to Al are examined, it has been observed ilia¢abi
hardening case gave values slightly larger tharfi @9 approximately 0.95 ageak
for systems with short and medium peripdspecially for low R levels, wheire
values decay approximately to 0.8 for long period systBasults for EPP systems
with higher Rand T<1.0 setended tde smaller with respect to the outputs of bi

linear hardemg modeldi.e.,r values aras low as 0.8@or very rigid systems

Periodwise variation of ¢ -based resultdave beenobserved to be similar to Al
specific outputs except for long period region, where the saturation level for
coefficients is around.®5. The effect of increasing R on decreagingalues is

significant for shorto-medium period structuregith EPP hysteretic behavior.

When SEDspecific results are evaluated for different periods and R levels,
significant variations have been obserfed short and mediurperiod systems
regardless of hystesis models.As the fundamental periods of the structures
approach to T=1.0 sec, the correlation performances improved to 0.9 levels, and

stayed constant around 0.95 for longer periods.

CAV has yieleedd a moderate correlation performance (witlh aange of 0.75.9)
for systems witlperiods T<1.0 sec, and after this period level, the correlations stayed
constant slightly below 0.90 level. The observations are generally valid for all R

levels (except fotheR=1 case) and for both hysteresis cases.
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The correlation of ASI with deformation demands turned out to bdyhgtiable

with respect to R levels, fundamental peri@ixl hysteresis cases. Even the superior
performance (withr levels of 0.90) of sbrt-period systems with low R diminishes
with increasingT, and approaches to 0.6 level after T=2.0 sec. The negative effect
of increasingr level for shorto-long period systems (T=®€L.0 sec) was observed

to be much more influential for EPP systems.

V SI has showia strong correlationr(>0.90) especially for systems R>1, yielding a
peak value of 0.95 approximately around T=1.0 sec, and gradually decreased to 0.90
band. Both hysteresis cases showed similar variation tivliR=1 case yielding

lower coeficients for T<1.0 sec.

SMA-based correlation coefficients exhibited high variation0(7-0.95 for EPP
model and =0.80-0.95 for bilinear hardening model) for period range T=AL.(R
sec where the correlations seemed to decrease with increasing R. AlftBrsec,
the coefficients converged to a level of Od&signatingnoderate correlation &ing

periods.

SMV, similar to VSI, generallghoweda relatively strong correlation for systems
R>1 where coefficients remained constant around 0.90 level afte® Bet. The
elastic systems with T<1.0 sec seemed to give lower correlation coeffi€gimesar
hardening model generally seems to show similar variation as compahedEeP

model except for the cases with high R levels and gieibd systems.

Perod-wise variation of values based oBDA and Ass has shown that the general
trends for theselM s are parallel with SMA for all R levels and for both hysteresis

cases.

Predominant periodlg)- and mean period @)-based indices exhibited very weak
correltions where the results are highly variable (i.e., dependent on R, level)
especially for systems T<1.0 s&wen negative correlations have been observed for
R=1 cases for T<0.5 sec period regibhe hysteresis model definiti@so seemed

to havea signficant effect onthe correlation performance of shgseriod (T<0.5
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sec) systemd-or structures with periods T>2.0 seg, i$ relatively superior to d,
as the correlation coefficients converge to 0.6 angl, @e3pectively, for long period

systems.

Whenthe charts based on significant duratighate examinedt has been observed
that the durationrelated index of GM records generally extsbihegative
correlations for systems with T<1.0 sec invariant of R le{@sept R=6, 8and
hysteresis model#fter T=1.0 sec, on the other hand, lewalues (converging
around 0.25 level) pointed out significantly weak correlations for long period
systems. The variation in EPP systbased resultss comparable as opposed to
bilinear hardening cases.

When the esult set corresponding tois evaluated, it has beesalized that values
noticeablyvaried between 0.80.90 range for shotb-intermediate periods with the
deteriorating effect of R level significantly pronounced for EPP systems. The
relatively stong correlation performance gradually diminishes after T=1.0 sec and

consolidates around 0.8 level.

It has been observed fdrRi ddel | and Ga+ oeloaitp and accel er at
displacemenbasedcompoundindices Ia Iv, l4, that the correlation performarsce

turned out to be very similéo theindividual cases of as, Vrmsand dms, respectively.

The duration parameter in the compound indices did not seem to affect the overall

correlation performances.

Fajfar Index, #, exhibiteda periodwise variation snilar to k, but yielding higher
values especially for shofto-medium period systems. Theendsare almostthe
samefor both hysteresis cases dodall R levek except R=1, and where R=1 level

noticeably differentiated from others.

The acceleratiorspectrurdbased intensity parameter proposed by Yakut and
Y & | mAsEk, hasshown much better correlation performance with respect to the
original ASI definition, where values remained within 0-8.95 band (0.8 for R=1

case as the worst) for a period rangf T=0.021.0 sec. After T=1.0 sec, the
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correlation coefficients seemed ttecrease to a level of 0.8 gradualBoth
hysteresis cases yielded similar variatisereas the effect of R levels is slightly

noticeabldor EPP systems.

Consideringa relatively wide period range of T=0.820 sec, EPA performed
similarly with respect to PGA in general. Theticeablesuperiority ofPGA or EPA
over its rival has only been identified fttre R=1 (elastic) case fahe T=0.020.5

sec period range. Unlike EPA, Emhasperformed slightly superior with respect to
PGV and VSI in the period range of 0821.5 sec; however, this performance
gradually dimnished for periods T>1.5 sec, and finally saturated just below 0.85
level. The variation in the results with respar R isnoticeablefor the EPP case,

especially in the period range of T=0L% sec range.

Spectral acceleration at SDQ#bration period, &, exhibited a perfect correlation

with the deformation demands fdhe R=1 case, which is an expected outcome.
However, considerinthe EPP case; the correlation performancesdb6R>1cases
turned out to be highly variable betweervalues of 0.8).95 for T=0.021.0 sec,
starting from an approximate value of 0.8 and abruptly decaying to 0.5 levels and
then againrising to 0.% levels. The results exhibitegdstrong correlatiorfr values
gradually approaching 1.Qfter T=0.51.0 sec forR>1 cases, while values are
slightly lower forincreasingr levels. Foithe bi-linear hardening case, in contrast,
the perioawise correlation variations ranged betweenl(¥levels for T=0.024.0

sec, emphasizing the effect thie hysteretic model definition. After T=1.0 sec, the

trends are similar with EPP cases.

Spectral velocity at SDOF vibration periody, Sshowed strong cozlation
performance forthe R=1 case, as expected. However, thevalues showed
significant variation for R1 levels,generally changingithin the range of 0-8.95

with higher R levels yielding slightly lowervalues. After mediurto-long periods,

the correlation coefficients converged to an approximate value of 0.95. The trends

turned out to be similar for both hysteretic models except for very short periods.
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Spectral displacement,q,Sexhibited a perfect correlation with the deformation
demands fotheR=1 case, which is also an expected outcome. However, considering
the EPP case of Rl levels; S has yielded highly variable values in the range of
0.5-0.95 for T=0.011.0 sec, starting from an approximate value of 0.8 and suddenly
decreasing to 0.®Vels, afterwards, again rising to 0.95 levels. The results exhibited
strong correlationr( values gradually approaching 1.0) afterf0151.0 sec foR>1
cases, while values are slightly lower fiocreasinglevels of R. For btlinear
hardening case, in otrast, the periogvise correlation variations ranged between
0.7-1.0 levels for T=0.02.0 sec, emphasizing the effect of hysteretic model
definition. After T=1.0 sec, the trends alé&e EPP cases.

The overall comparison of Pearsbased correlation céfecients with their
Spearmarbased counterparts has shown that the numerical results are generally

comparable.

Finally, the numerical results evaluated in this section were compared with the
results of a companion study, Ye et al. (2013), and the cooreledlues presented

herein were found to be slightly higher.

4.3.2 Evaluations Based orDuctility (u) Levels

The observations on PGgpecific Pearsonand Spearmabased charts have
revealed that PGA is correlating very well with the deformation demands of very
short period structural systems irrespective of ductility Ievels and hystergis
caseshoweverr values fall below 0.8 after T=1.0 sec and generally saturate around
0.6.

PGV-specific charts have shown that the correlation performance is relative
modeately for shorperiod systems, yet improves for SDOF systems with
intermediate periods approaching 0.95 and finally saturates to a value of 0.90. Elastic
(u=1) cases eventually show lower correlations with regard to inelpstlg ¢ases,

however the vaiation in correlation results with respect jos much less when
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considered to the casath different R levelsEPP and blinear hardening cases did

yield similar performances.

Ther values of PGEbased charts particular to differgntevels start anond 0.6
0.7 band indicating a weako-moderate correlation performance for skhmetiod
systems, but increase to 0.9 level around T=1.0 sec, pointing out to strong correlation
especially for longperiod systems. The variability in tipebasedresultsis limited
with respect to th&-basedcharts. The correlation values generallyinsignificant

to hystersiscases.

It has been observed f®!GV/PGA ratiebased charts that there asvery weak
correlation for shorto-intermediate period systems (even riegacorrelation for
very short period systems) regardless of ductility level and hgsieese. This poor
performance slightly improves to a value of 0.6 for long period systems (T>1.0 sec).

The correlation values are generally insignificant to hysteoases.

When ams-based figure set is examined, the strong correlation for short period
systems immediatelgecayswith increasing periods, finally saturating to a value of
0.650.70 after T=2.0 sec. The ductility level and hystenmodel definition dil not

seem to cause significant variations in the pewsk results.

Thevmsbased figure set has yielded moderate correlation for-siortermediate
period systems where this correlation perfanece has improved for systenmsand
T=1.0 sec. The coelation performance stayed constant slightly above 0.9 for long

period systems, regardlessiolevels and hystesgscases.

The correlation performance ofm@ seemed to increase rapidly from weak
correlation levelsr(=0.5) tor =0.9 in the shorto-longperiod (T=0.021.0 sec) range
without showing observable variation due fo levels or hysterms model

alternativesAfter T=1.0 sec, the correlation values gradually increase to 0.95

Charts particular to Al have revealed the relatively strong correlpgdiormance

of Al in the shortto-intermediate period rangegardless ofi level or hysteresis
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model. However, this superiority was lost after T=1.0 seq the coefficients

decreased tp=0.80 corresponding tmoderate correlation

The periodwise varation ofr values for ¢* turned out to be similar to Adpecific
results,with the excepton for long-periodsystemswherer saturates around 0.75.
No significant difference was observed with respect kevels or hysteresis model

definitions.

p-wise vaiation of SEDbased results showed a general trend similar-toide
variations where the only observable difference is that the effect of R level bn the
results is much more significant for structures with T=AL@L.sec. The moderate

to-strong correlion performance of SEB valid for both hysteresis cases.

CAV has yielded a moderate correlation performance (withrange of 0.75.9)
for systems with periods T<1.0 sec, and after this period level, the correlations stayed
constant slightly below O®level. The observations are valid for all ductility levels

and for both hysteresis cases.

ASI-based charts showed that this intensity measure is effective fotsmoedium
period structures with values higher than 0.9, whereas this superior peenom
worsened rapidly after T=0.5 sec saturating atl@vel of 0.6.The results did not

show observable differences considering alternatileyels and hysteresis cases.

VSI has showma strong correlationr(>0.90) especially for mediunto-long period
systems regardless @flevels, approaching=0.95 roughly around T=1.0 sec, and
gradually decreased to 0.90 band. However, the coefficients remained below 0.90
pointing out to moderate correlation performancealeshortto-medium range. The

observation are valid for both hysteresis models.

SMA-based correlation coefficients exhibited a strong correlatie®.9-0.95 for
T=0.020.5 sec, however, decreased rapidly after this period level converging to
0.65 indicating a weak correlation performance fadiumto-long period systems.

The results did not seem to vary wijithevels and alternative hysteresis models.
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SMV, similar to VSI, generally showed a strong correlation for systems having a
fundamental period T>0.5 sec irrespectiveudevels and hystesis models. For
short period systems with T<0.5, the correlation coefficients were lower than 0.9

indicating a moderate correlation performance.

Periodwise variation of values based on EDA and#has shown that the general
trends for these IMs areapallel with SMA for allu levels and for both hysteresis

cases.

Predominant period ¢J- and mean period ¢))-based indices exhibited very weak
correlationsespecially for systems T<1.0 sedhereas the correlations increase and
saturate to 0.35 and @.6respectivelyThe hysteresis model definitiamdp levels

did not seem to affect the trends.

When the charts based on significant duratigrafe examined, it has been observed
that duratiorrelated index of GM records generally exhibit negativestations for
systems with T<1.0 sewhereas féer T=1.0 sec, low values (converging around
0.25 level) pointed out to significantly weak correlations for long period systems.

Results are invariant @f levels and hysteresis models

When the result setorresponding todlis evaluated, it has been realized that the
relatively strong correlation performance at short periods gradually disappears after
T=1.0 sec and converges ta devel of 0.8. The observations are valid for both

hysteresis cases and fdl 1 levels.

Riddel | and Ga-rwlocaydoand displacemertased ttcdmpooind
indices, b Iv, l4, exhibited very similar correlation performance variations with the
individual cases ofras, Vims and dms, respectivelyThe duration paramet in the

compound indices did not seem to affect the overall correlation performances.

Fajfar Index, #, alsoshoweda periodwise variation similar tov| but yielding higher
r values especially for shofto-medium period systems. The observationstlage

same for allu levels and for both hysteresis cases.
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ASI’, has shown much better correlation performance with respect to the original
ASI definition, wherer values remained within 0:8.95 bandegardless ofi level

for a period range of T=0.62.0 sec After T=1.0 sec, the correlation coefficients
seemed talecrease to a level slightly above 0.8 gradudiyth hysteresis cases

yielded similartrends

Consideringa relatively wide period range of T=0.8R0 sec, EPA performed
similarly with respect t&® GA in general. Thaoticeablesuperiority of PGA over its

rival has only been identified féine T=0.020.5 sec period range. Unlike EPA, EPV
has performed slightly superior with respect to PGV and VSI in the period range of
T=0.021.5 sec; however, thigerformance gradually dimished for periods T>1.5

sec, and finally saturated just below 0.85 level. ffaieds turned out to be alike for

all u levels and for both hysteretic behavior cases

Spectral acceleration, aSexhibited a perfect correlation withthe deformation
demands fothe p=1 case, which is an expected outcomer otheru cases, te
correlationcoefficients arehanging between 0-8.0, indicatingastrong correlation
thoughthe variation of results due fois noticeable fothe T=0.021.0 sec period

range. Both hysteresis cases yielded similar trends.

Spectral velocity, G generally showed strong correlation performance fet case,
exhibiting almost perfect correlation at medium period$ OI5 sec). However, the

r values showed vation for otheru levels,generally changingithin the range of
0.850.95 with higherp levels vyielding lowerr values. After mediunto-long
periods, the correlation coefficients converged to an approximate value of 0.95. The

trends turned out to be aliker both hysteretic models.

Spectral displacement,q,Sdisplayeda perfect correlation with the deformation
demands forthe p=1 case, while for othep cases, the correlation coefficients
changed between GX10, indicating a strong correlation. The reksi showed

variation due to changinglevelsfor theT=0.021.0 sec period range. The trends of

EPP and bilinear hardening models are sintddhe case of §as expected.

72



Finally, the overall comparison of Pearstmased correlation coefficients witheih
Spearmarbased counterparts has shown that the numerical results are generally

almostthesame, in accordance withllased observations.

4.3.3 Evaluations Based or¥ield Base Shear Coefficienth) Levels

Overall examination of the periagiise charts developlewith respect tahanging
yield base shear coefficienth) has revealed thdhe variations othe correlation
valuesare generally alike thg-based variations. Besides, the correlation variations
aremainly insensitive tachangingh except for pecific observations for veryigid
systems (T<0.1 secpPespitethe fact thatrelatively limited cases df (i.e., five
distincth values representingtructuralsystems with lowateral strength capacities
have beerevaluatedhroughout the analyses, thesetigatar casesre considered

to be representative the general trends well

The numerical resultsoughly evaluated in this section were compared with the
results of two redvant companion studies, Palanand Senel (2019), and
Karimzadeh et al. (2021yespectively. e correlationtrends (with different h
levels)presented herein were foutwlbe comparable in general with the result set
of Karimzadeh et al. (2021), yet significantly different than the results of Palathc
Senel (2019).

4.3.4 Discussion & Correlation Performances of Intensity Measures

The SDOFbased evaluation of T variations of the selected intensity measures with
changing strength reduction factor (R) and ductilily [evels has revealethe

following interpretations in general

1 PGA, the simplest acceleratienelated scalar IMcorrelates well with the

displacement demandsstiortperiod systems; however, as the period of the
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systems enters into medium or long period range, the correlation performance
immediately diminishegFigure4.5).

1 PGV, the simplest velocityelated scalar IM, shows lower correlation
performance at short periods with respect to PGA, but it demonstrates much
highercorrelations at intermedlie and relatively long periodshmpensating
for its drawback(Figure 4.5). This observation is in parallel with the
conclusions of key literaturé\kkar and Ozen2005).

1 The basic displacemenglated scalar IM, PGD, shovesstrong correlation
for longperiod structural systems invariant of R anlével (Figure4.5).

1 PGV/PGA ratio, which is a measure related to the frequency content of the
ground motion, shows weak correlation for shotb-medium period
irrespective of T, Rand, whereas its performance slightly improves for
long-period systeméFigure4.5).
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Figure4.5. Comparison of Pearsdrased results fd?PGA-PGV-PGD-PGV/PGA

(ElasticPerfectlyPlastic case)
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1 The acceleration velocity and displacemesrelated indicesms, Vims and

drms sShow trends similar to tiresimpler counterparts, PGA, PG&nhd PGD,

while ams and vms correlate slightly better at longer periods with respect to
PGA and PGV, respectiwe(Figure4.6).
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(a) PGA (b) ams (c) PGV (d) Vims
u=1 u=2 u=3 u=4 u=6 u=8

Figure4.6. Comparison of Pearsdrased results fd?GA-ams PGV-vims (Elastic

PerfectlyPlastic case)

1 Arias Intensity, Al, and Characteristic Intensity,dre akn to PGA, but they
exhibit higher correlationat long periodsBesides, The accelerativalated

parameters ASI, SMA, EDAand As exhibit comparable variations with

respect to PGA, which has been expected due to their higkcorrelations
with PGA. On the other hand, the modified version of ASI, ASI*, shows a

better correlation performance with respect to ASI exéeptery short

periods, and accordingly, is more efficient with respect to(kigjure4.14).
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Figure4.7. Comparison of Pearsdrased results for selectB@&A-Al -Ic-ASI-ASI*

(ElasticPerfectlyPlastic case)

1 SED and CAV show stable and relatively high correlation performance for
long period systems, where SED is superior to CAV. Howevethéshort
to-intermediate period range, CAV correlates noticeably better than SED
(Figure4.8).

1 The velocityrelated parameters VSI and SMV, similarly, show comparable

r-T variations with respect to PGW¥igure4.8).
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Figure4.8. Comparison of Pearsdrased results f@dED-CAV-PGV-VSI-SMV

(ElasticPerfectlyPlastic case)

1 EPA and EPV generally trend similarly with respeetRGA and PGV
Although EPV correlates slightly better with respect to PGV for mediam
relatively longperiod systems (up to T=1.5 sec), after this period |ittné
performance of EPV is slighthyorse(Figure4.9).

1 Ground motion periodelated parametersTTm, and duratiorrelated index,
tr, poorly correlate with the drift demands and could not be regarded as
efficient intensity measure®n the other hand, it had lrestated by Riddell
(2007) andvang et al(2009) thaincorporation of significant duratiointo
intensity parameters to form compound Isuld improve the correlations
of PGA and PGYhowever, this improvement has been foamdor in this
study Figure4.10).

1 Among bk, Ir, Iv,and k; Fajfar Intensity,dand Ri ddel | and Gar ci
related index, show a stable and good correlation with the displacement

demands of SDOF systems at a wide period rélfigeire4.10).
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Figure4.9. Comparison of Pearsdrased results fd"GA-EPA-PGV-EPV

(ElasticPerfectlyPlastic case)
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Figure4.10. Comparison of Pearsdrased results for PGA-PGV-IIv (Elastic

PerfectlyPlastic case)
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To reemphasizethe spectruabased intensity measures, S, and S, are

of structurespecific parameters and require SDOF respteased
calculations as opposed to the indices listed above. Among these spectral
parameters, s5and 3 show perfect correlatiowith drift demands of elastic
systems, albeit they reveal good correlation for diffefefdvels. Both of

them are superior tonSHowever, for different R levels, the performance of

S and S couple is very low for shoitb-medium periods.

(b) S (O
R=2 R=3 R=4 R=6 R=8

(@ s (o) S S
u=1 u=2 u=3 p=4 u=6 u=8

Figure4.11. Comparison of Pearsdrased results foraS5,-Su (ElasticPerfectly

T

Plastic case)

In overall, the general observation that acceleratiomelccity- and
displacementelated IMs are correlating well with the seismic displacement
demands of the systems in short, medium, and long period ranges,
respectively, has been-cenfirmed with the perioavise variations. Besides,

the effect of R level on thcorrelation results seems todignificantup to a
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