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ABSTRACT

The observed variability igery largeamongthe natural earthquake records. Thearthquake record variability can be
important to select and modifythe input ground motions (GMsjor nonlinear dynamic analyse® obtain the
engineering demand parameters (EDRB)the current practice, the inpugpectralvariability is minimizedhroughthe
ground motion modificationdecause ofthe cost and the duration of the analyses, yet without cleapact on the
output structural responses. The study, herein, aims at quantifying the impatirgé spectralvariability on the
distribution ofthe EDPs. The following questioaie discusseth the thesis:

What is the level of variability ithe natural andthe modified GMs?
What is the impact ofhe input GMvariability on the EDPs of various structural types?

For a given deterministic earthquake scenario, we use a magniisiance bin (M7.0R40) to colletite unscaled
earthquake records. A variety of ground motion prediction equations (GMPES) is used to define the target spectra,
which are necessary for theMs selection and modification. The GM modifications are applied over the unscaled
earthquake records to collect (ife linearly scaleccarthquakeGMs, (2)the loosely spectrurmatched GMs, and (3)

the tightly spectrummatched GMsThe ronlinear dynamic angses of simpland complex structural modekre then
performedwith the GM families The EDPs, namelihe roof displacementsthe base shear forceshe interstory drift

ratios, and the global damagendicesare gathered The changes triggered by the Giodifications are evaluated
relative to the unscaled earthquake records througk recordto-record comparison.

The response spectrum compatible selection is then performesktectfive GMs, i.e., a GM sefrom the magnitude
distance binTwo types ofet variabilityare consideredn this study (1) the intraset variability relates to the dispersion
in a given set, and2) the interset variability relates to the existence ahultiple sets compatible with thearget
spectrum. The gathered input and outpuset distributions of the modified GMsire comparedto the observed
distributions of theunscaled earthquake records.

This thesis demonstrates thatsingle GM set, commonly usea the practice is not sufficient to obtain aassuring

level of the EDPs regardless of the GM selection and modification methods, which is due to the rectind sed
variability. The unscaleckal records compatible with the scenario are discussed to be the most realistic option to use
inthenonllv & Cv u] VOCe U v 8Z Z 5[ 'D « o §]}vsdemonstratel tché epecificZ }
to the EDP, the objective of the seismic analysis, and the structural modepdtntedout that the choice of a GMPE
can provoke significant défences in the GM characteristics and the EOPsan even overshadowhe differences
imposed by the GM modifications.

Keywords: acelerogram selectigndynamic analysjsseismic hzard responsespectrum, pectrum matching linear
scaling






RESUME
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effet, la pratique courante est de minimiser (voir supprimer) la variabilité du mouvement sismique. Toutefois, les
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parameters EDPs). En particulier les questions suivantes sont investiggéek est le niveau de variabilité des
accélérogrammes réels et comment ce niveau est modifié par les techniques couramment utliséeg 0o ¢S 0[] u %o
de la varabilité sur la réponse de plusieurs types de structites
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sismique (GMPEs). Les accélérogrammes sont sélectionnés pour constituer uwkesdge signaux de cing
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linéairement; ceux calés au spectre cible avec une tolérance lampaix calés au spectre cible avec une tolérance
étroite. Deux sources de variabilité caractérisent les jeux de signaux : la variabilité au sein de chaque jeu de données
(variabilité intraset), et la variabilité entre les différents jeux de données compatibles avec le méme spectre cible
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distribution des EDPs (exprée en termes de valeur moyenne et écart type) est modifiée par les différentes méthodes
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pour définir le spectre cible, a un impact significatif sur les caractéristiques des mouvements sismiques et sur la
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The ismic analysisf structures is a chain of analysemging fromszZ ] vs8](] S§]}v }( E P]}vie « Jeu] ]¢
the estimation ofthe impact on the structures It urgesa bridge studybetween the seismology andhe structural
engineeringtherefore, it is essentialto integratethe seismic hazard assessment (SH#9,selection and modification

of ground motions,and the numerical analyss of structuresv herein, nonlinear dynamicanalysessas sketched in

Figure 0.1 Anallly, th engineering demand parameters (EDRsg collected to analyzehe decisions about the
structures (i.e.the design verificationthe retrofit, the feasibilityof a civil projectthe demolition of a structureetc.).
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Figure 01: Sketch otthe possible steps in theeismic analysis of structures

TheSHA, thestarting pointof the seismic analysig the estimation of the expected ground motiorvét at a given site
and is mainly performed byhe seismologists. It cabe deterministic (e.g., RFS 20001, 200}, probabilistic (e.g.,

ASCE/SHEI3-05), or codebased é.g, Eurocode 8 2004;ASCE/SH, 2010. In general, theSHAgrovide a smoothed
response spectrum by the eof ground motion prediction equations (GMPES) or design (or code) spectra.

A response spectrumcommon in the engineering applicatioris,the collection ofpeak response of elastic single
degreeof-freedom oscillatos under a particular accelerogramdr given oscillation frequenciesnd a damping ratio
(Chopra, 2012)Thesmoothed response spectruia the consequence of the fitting of numerous response spectra from
recorded or generated datalhe response spectrumepresenting the SHAs taken as a target taselectthe input
seismic loadingThetargetresponse spectrurhas typically large variability. dioes notincludethe phase contenof an
accelerogram, which is necessaoyretrieve a unique acceleration time histoy fact, awide range ofaccelerograra

can be possibléor a given response spectruamd its variabilitylt means that the output of the SHA is not compatible
alone with the engineering neesl to retrieve ground motions (GMs, alsoreferred as earthquake records,
acelerogramstime historiesand waveform§ whicharethe necessarynputs of the nonlineardynamic analyses.

The question on how to retrieve the GMs in compliance with the SHAem&sgedthe ground motion selection and
modification (GMSM) methoddn the literature, there are at least forty method® select and scale GMBlgselton et
al., 2009, and tere has not been a consensus amahg engineers andhe seismologists omvhich method offers the
best solutionfor the structural demandnalyss

The real earthquakerecords arethe natural observations during an earthquake aa@ recordedby the seismograms.
GMcharacteristicssuch as the duration, the number of cyclasdthe frequencyand energy content stem froma real
earthquake event. Theinscaled earthquake records preserve tinatural characteristicsand they reveathe most
realistic ground motionse(g.,Lai et al, 2012;Bommer and Aceved@004).

The eal earthquake records are available e strong ground motion databases such as the Engineering Strong
Motion database hosted by ORFEUS (Luzi et al., 2016), Resorce 2013 (Akkar ef)aCE®YD (Haddadi et al., 2012),
and PEER NGA Databases (PEER, 2013; PEER,120feBl earthquake recds can beselectedin two main categories
(Katsanos et al., 2010):

(A1) Selectin based orarefinementof earthquakerecords by ground motiodatabasesearch
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(A.1.1)With magnitude (M) and distance (R)e., a magnitudelistance bin
(A.1.2)With M, R andsite-specific characteristics
(A.1.3)With intensity measures (IMs)

(A.2 Responsepectrumcompatibleselectionwith real earthquakerecords following CategoryA.1)
(A.2.]) Unscaled earthquake records (also referred as natorakiginal records)
(A.2.2)Linearly scaled earthquake records
(A.2.2.1) Totsucture-dependent IMs, i.e PSA at the naturdfequencyof a structure(fO)
(A.2.2.3 To otherreference IMs

The selection in Category A.1 represents the refinenwnaccelerogrambased on a given earthquake scenario(s).
There have been suggestions on thelection of a magnitudedistance range or site-specific GMs Bommer and
Aceved 2004 Katsanos et al., 2010) in Categories A.1.1 and At2he impact of seh suggstions have nobeen
extended to the impact ostructural responsg

The scalar and vector intensity measures (&) be employed to search ttetrong motion databasein Category
A.1.3 The commonly used scalar IMs are peak ground acceler@H@A), peak ground velocity (PGV), peak ground
deformation (PGD), Arias intensitfArias, 197Q) standardized cumulative absolute velocity (SCE®RI, 199]1)
acceleration spectral intensity (ASVon Thun et al., 1988Housner intensityHousnerand Jenings 1964) and
pseudaspectral acceleration (PSAJhe commonly usedector IM is the combinatiorof the PSA at the natural
frequency of a structure with the number of standard deviation (i.e., epsi®ajne studies (e.g., Zhai et al., 2013; De
Biasio ¢ al., 2014; Lancieri et al., 2015; Kohrangi et al., 2016) have shown a good correlation b#te/eertain IMs

and the seismic behavior of structures, which motivate the use of IMs in the GM selection.

The unscaled records may not be available for someheguake scenarios, such as thearfield events with large
magnitudes (i.e., the momenmnagnitudegreater than 5.5). Thegan also exhibit large variability and necessitate a
good number of nonlinear dynami@nalysedor a stable statistical distribution. The main drawback of the nonlinear
dynamicanalysess the cost and the computational duration; thube selectionby ground motiondatabasesearch
(i.e.,Category A.lis notdirectly preferredin the current pradce.

The pectrum compatibilityis commonly usedo select asmall numberof GMsvin time-domainv by comparing their
fitness with the target spectrumin frequencydomain Several building codege.g., Eurocode 8, 2004ASN/2/01,
2006,ASCE/SEI 7, 201frovide some guidancen the GM selection criteridlhe sudies have considered the effect of
recordto-record and seto-set variability (e.g., Sextast al., 2011), and have proposdtie metrics to quantify how
well GM spectra match the target spectra (eAimbraseys et al., 2004; lervolino et al., 2BL@enerally the decisions
on how to tune the variability and@hichmatchingcriteriato useare leftto the engineers.

Thespectrum compatible selection exemplifiedin Figures 0.2a and 0.2.b fo(1) theunscaled earthquake records of
CategoryA.2.1 and(2) the linearly scaled records of Category A.2e3pectively Eachmethod attains goalsfrom
preservingthe spectral variability taninimizingthe spectral vaiability at a single frequencylhe linearscaling of GMs
(in Figure 0.2.b and Category A.2mproves the fithessf a spectrunrelative to the target andnay produceGMs for
the rare earthquake events. The linear scaliagbe performedwith respect tothe reference IMs (A.2.2) such ashe
PGA, PGV and PGD, ahd gructure-dependent IMs (A.2.21) such aghe spectial amplitudes (PSA) at the natural
frequency, 0, of a structure, PSA(f0).

Generating synthetiaccelerogramsanother axisof ground motionmodification,canbe categorizednto four groups
(Douglas and Aochi, 2008):

(B.1) Physicbased waveforms,

(B.2) Pure stochastic waveforms,
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(B.3) Hybrid waveforms, and

(B.4) Spectrurmmatched waveformsil{ustrated inFigure 0.Z).

The fhysicshased methodsin Category B.lanalytically model the fault rupture and the wave propagation. Phiee
stochasticmethods in Category B.Zalibrate the model parameters empiricallihe tybrid methods in Category B.3
can be the combination ahe physicsbased, stochastic, and reaarthquakebasedmethods.The synthetic methods
are mainly developed by the seismologistgect for thespectral matchingn Category B.4, which éevelopedby the
engineers.

The spectrummatching modifieshe synthetic or real GMs adjusting them irthe frequency or time domaito match
to a given target spectrumlt is one ofthe frequently used methods along with the pure stochastiethod. The
response spectrum compatible selection witie spectrummatched waveformss illustrated in Figure 0.2.dt has a
goal of minimizing spectral variabilifong a frequency range.
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Figure 02: lllustration of ground motion modification and selectiorhe GMsn (a) are unscaled earthquake record:
the GMsin (b) are linearly scaled earthquake records, atite GMs in(c) are tightly matched waveformsResponse
spectra ofGMsare plottedwith the green lines. The target spectrumshownwith the solid red line. The averages
the GM spectrawhich are drawn with the dashed black linase within the (assumed}olerancesaround the target
spectrum, i.e.the red dashed lines. lineansthat the GMsin eachcasecan be usedIn the practce, the unscaled
records preserving the spectral variabilitse not preferreddue toits large variability

In addition to the abovenentioned GMSM methodshe recent studieproposedalternativemethods to covethe GM
variabilityfor the structuralanalyseglespite thetendencyof minimizingit. Theyhave proposed approaches to capture
the average and the vaability of a target scenario(sjayaram et al(2011)proposedthe conditionalspectrum that
provides anexpected response spectruand its dspersion(by conditioning the occurrence of arget PSA at a single
frequencyinstead of all frequencies as in the uniform hazard specjrfang (2011) developed a method conditioning
the conditional mean spectrum (Baker, 201dh the specified seismoligal features such as the earthquake
magnitude, the rupture distancehe type of the faulting, and the site conditiorflsy scaling GMs to the corresponding
target spectra.

Ay and Akkar (2012htroduced a method that scales the GMs in a way to presetlie aleatory variability of Gkl
(rather thanscalingthem to a single spectral acceleration). Zentner (2014) introduced a pure stochastic method to
generate artificial waveformshat capture the statistical distribution of target response spectrum by caoinigi the
methodsof Baker (2011) an&/ang (2011and consideringhe referencepower spectrablensitymodel.

After the collection of GMs in compliance with the SHAe structural engineergperform the nonlinear dynamic
analyses dlso referredas responsehistory analysis) The outputs of thedynamicanalysis areengineering demand
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parameters (EDPs), such as lateral roof displacements, base shear forces, interstory drift ratios, #ereentand
floor spectra.

The EDPs can be composed ¢dirge volume of datawhichnecessitates the statistical analységarding the objective.
Some objectiveare the design the probabilistic assessment, anle performancebasedanalysisof civil engineering
buildings NIST 2011). The objective of the engineering applicatioanrequire the use ofl1) the mean (or medianpf
the EDP distributione(g., Eurocode 8, 2004; ASCE/SEI 7, 20®)some higher tendencieg.g., meanplussome
standard deviation in ASN/2/012Q0€), or (3) the complete EDP distribution (e.g.ATG58-1, 2011). The EDP
distribution can beutilized to obtain the critical displacements and forces in a design project atetive the curves
(fragility) representing theprobability of exceeding performance levie

The primary challenge ofthe thesisis on how to select and modify accelerograms coherently with the prescribed
seismic hazard analysis and suitably with thgectiveof nonlinear dynarit analysesThe studies in the literature have
not converged taa commonconsensus ontheZ «3[ «SE S PC (} E acceler8gramsdnedstnuétural seismic
demand analysis since they were limited to the specific scenariosttheturalmodels, the EDPs, and the objectives

To illustrate, differentconclusionsare available fortie impact of thelinear scalingnethod on the nonlinear structural
demands Somestudies have favored the use dfe linear scaling Shome et al. (1998) published oné the earliest
studies broadeninghe perspectivedn this field. Tley concluded that proper scaling does not introduce any bias and
can reduce the number adynamicanalyses by a factor of about Kervolino and Cornell (2005pund that a careful
site-specific record selection is not necessary and the scetarizenario record scaling does not cause any concerns
for the GMs scaled to the target response spectrum.

The ertain studies have shed lights on the importance of the lefdinear scalingWatsonLamprey and Abrahamson
(2006) showed that the limits on thknear scalingfactor could be necessary if the GM selectiaependson the
magnitude, distance, and site conditioAlso, te limits on the amplitudescaling factor carbe lifted whether the
selection criteriaare basedn the characterists of (scaled) ground motion or nadtuco and Bazzro (2007)delivered
similar conclusios based on thenonlinear structural drift responses tiie singledegreeof-freedom oscillatos and a
multi-degreeof-freedom model Huang et al. (20113howed thatthe linear scalingat the natural frequency ofthe
singledegreeof-freedom modelgrovides unbiasd estimates ofthe median responses

Ay and Akkar (2013) compared three alternatieédinear amplitudescaling methods such &%) scaling to the target
spectra by preserving the inherent uncertainty (Ay and Akkar, 2QP})scaling to the spectral ordinates of the
conditional mean spectrum (Baker, 2011), g)iscaling to theinelasic target level (Kalkan and Chopra, 20Ihe
former two methods showed similar performances relative to the benchmark and the latter one showed the least
dispersion for theprobabilistic damage statesvhich can beignifiant upon the objective.

Haselto et al. 009 investigateda wide range ofthe real earthquakebasedmethods(in five main categories) arttie
MDOF structural modelsepresentingresidential buildings designed in compla@nwith the US building codesh&
linear scalingto the fundamental frequency was concluded to be the least accurate the.farthest from the
benchmark) butthe most precise (i.e., the least dispersed) meth&ifried and Baker (2016) evaluated the median
EDPs othe singledegreeof-freedom modelsand a multi-degreeof-freedom model withthe linear scalingand the
spectrum matching They concluded that thdinear scalingcan introduce biasregardingthe conditional spectral
variability, which @an be due to the asymmetry afonditionalspectral ampgtudes at frequencies affectintpe inelastic
response.

Besideghe linear amplitude scalinghere have beerstudiesquestioningthe use of thespectrum matchingHeo et al.
(2011) compared the impact dhe linear scalingand the spectrum matchingon the reinforced concrete moment
frames. They showed that thBnear scalingis less stable than the spectrumatching due to the bias and the
dispersion ofthe EDPSATC (2011) investigated the GMSM methdidsed onthe conditional spectrum and the
spectrum matching; and the effects of nedault GMs, and faultupture directivity. The results showed thabe
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spectrummatched GMs do not introduce unconservative bias in the EDPs. The existing scaling mettreoétsund
inappropriate forthe pulsetype motions

Some of the studies havieeen skeptical on the spectrummatching. Carkallo and Cornell (2000) investigated the
displacement demands witlthe spectrum matchingfor an earthquake scenancand showed that the spectrum
matched waveformsanlead unconservive results.lervolino et al. (2010a) observathderestimations othe peak
displacement responsewith the synthetic accelerograms basedtbe singledegreeof-freedommodels Huang et al.
(2011) concluded that thespectrum matchingunderpredics the median displacement demand and eliminathe
dispersion relative tahe benchmark based on a lardamily of the singledegreeof-freedom models.Seifried and
Baker (2016)also concluded that thespectrum matchingcan introduce biasdue to the asymméry of spectral
amplitudes}( §Z <3S E |ntSrpsE [

Causse et al(2013) concluded that the variabilityn the structural responsess significant forthe real earthquake
records andthe synthetic waveforms, eveif the spectal accelerationsare simiar. Theyrecommended keepinghe

variability of the groundnotion characteristicgi.e., Arias and relative significaduration)for the synthetic waveforms.
Also,Sextos (2014) pointed out that tHandingson the GMSM methodare not reflectedn the modern seismic codes.

In the practice the input GM variability iseduced drasticallyo managethe cost andhe project deadline This study
aims at quantifying the impact darge spectral variabilityin GM selectionon the engineering demand grameters
(EDP¥ We analyzea deterministic seismic hazamssessmenas a function othe ground motion prediction equations
(GMPESs)the amplitude tolerancesthe number of records used in a sehe input ground motion modificationghe
objective ofa structural analysis, anthe structuralmodels.The following questionare mainly discussed

What is the level of variability ithe natural and modified ground motiof?s
What is the impact ofthe input variability onthe EDPs of various structurapgs?

The scope of the studig sketchedn Figure @. It includes four main categories: (1) gathering ground motigwith
four methodg, (2) conducting nonlinear dynamic analygesth five complex and five simple structural model€3)
performingthe spectrum compatible selectiofwith seven target spectra and various amplitude tolerance typasd
(4) carrying outhe statistical analyses{input GM characteristics and output EDPSs) for two objectives.

Unscaled Real
Records (MA)

16™ Percentile| g

| —e———Ememe—mese
Linearly Scaled
Records (MB)

Loosely Matched v — s
Waveforms (MC) ~ - Boundaries

— Average Spectrum

Tightly Matched
Waveforms (MD

Figure 03: Scope of the thesis
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In Part 1, we consider the unscaled earthquake records on the basi aécord and sewariability with a simple
structural model. Walemonstrate the selection of unscaled earthquake recoisthod A and the response spectra
for the scenario of momeninagnitude 7.0, sourcto-site distance 40.0 km, average-B0shear wave velocity (Vs30)
450 m/s, and normal faultWe definethe target spectra by seven GMP®&#h the equivalent input parameters in
compliance with the earthquake scenarie then testthe variability among the unscaled earthquake GMs and their
impact on a single structural moddhe effects ofthe site-specific characteristics such @ focal mechanisnthe site
conditions, andthe limiting intensity measuresare also presergd. We perform the esponse spectrum compatible
ground motion selection with various upper and lower amplitude tolerances (slmpsad tolerances, symmetric
tolerances, and asymmetric tolerances), and the number of GMs and GMPsetslendswith the discusion on he
impact of unscaled earthquake records on a sirdggreeof-freedom model withthe set-to-set variability.

In Part 2, we comparéhe GMSM methods on the response of simple and complex structural models through the
recordto-record variabilityPart 2 does not includéhe spectrum compatible selection.€., thesetto-set comparison).

In Part 2,we define(1) the linearly scalecearthquakerecords, (2the loosely spectrurmmatched waveforms, and (3)

the tightly spectrummatched waveformsWe corsiderthe 8-, 7-, 2-, and 1-story reinforced concrete modelshe 2-

story masonry model, anthe five simple structural models with a fundamental frequency ranging from 0.6 Hz to 5.7
Hz.We perform he nonlinear dynamic analyses to obtalre EDPsPart 2ends with he discussion on the impacts of

the GM modification®n the EDP#& comparison witlthe unscaled EQ records

In Part 3 we extendthe comparisons of the GMSM methods on the structural mstlelbugh the setto-set variability
We obtainthe set-to-set distributiors of the GM characteristicthe structural ] %o 0 u vSe theibte¥steny drift
ratios (IDR)the base shear forces (Vbase), atiee global damagendices We quantify he differences inthe EDP
distributionsof the modified Gvis and the unscaledEQrecords upon two objectives such dhe mean andthe mean
plussomesigma (.e., the criteria 0ASN/2/01, 2006).

In Part 4, we present the key conclusions and general discussions as well as a practical integration of the conclusions.
Also, wepresentthe limitationsof the thesisand possiblefuture work.
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PART 1

ANALYSIS OF VARIABILITY ON STRUCTURAL RESPONSES:
UNSCALED EARTHQUAKE RECORDS



(PART 1YNSCALED EARTHQUAKE RECQRDS

1.1 Introduction

The wnscaled accelerograms are the natural observationthefground shaking related to the earthquakes and reveal
the most realistic time histories for the nonlinear dynamic analy$tse observedvariability is large among the
earthquake (EQ) records, which canibtmportant in the decisions acquired layseismic aalyss of structures. However,
such variability is minimizeith the nonlinear dynamic analysésat are timeconsumingto avoidthe dispersionof the
structural responses.

The &celerogramare selectedaccording to the seismic hazard assessment (SHA)ptloaidesthe expected ground
motion (GM) levelTheSHA can be deterministic, probabilistic, or the combination of them with diverse definitions and
approaches in the literature (Bommer, 2002).the deterministic SHA, the earthquake (EQ) scenario cdiimigpthe
hazard levels definedby the magnitudeand the sourceto-site distance possibly witthe site conditions andhe style-
of-faulting (Krinitzsky 1995; Bommer, 2002; Wang, 201®he probabilistic SHA, theeismologists integrate the
combinatims d earthquakerelated parametersThe controlling EQ scenario(s) is then obtainedtry deaggregation

of the hazard curve. Thprobabilistic SHArovides extra informatioron the number of standard deviation(s) (i.e.,
epsilon) of the earthquakeelated parameters (Reiter, 1990; McGuire, 1995; Bommer, 2002; Wang, 2010).

The parameters characterizing the EQ scenario(s) enable the search of earthquake records (e.g., tines, histori
accelerometric dataand ground motions) in the strongotion databases (e.g., Resorce 2013 [Akkar et al.4]201
CESMDHaddadi et al., 2052 and PEER NGA Databases [PEER, 2013; PEER, 2@L4pmmon criteria ar¢he
earthquake magnitudandthe sourceto-site distance (i.ethe magnitudedistance bin).

Some studies have demonstratetie zeroto-low dependence of the magnituddistance bin on the structural
responses in general (Bazzurro and Cornell, 1994a; Bazzurro and Cornell, 1994b) dapwmictne maximum lateral
displacements anthe interstory drift ratios (lervolino and Cornell, 2005), athe deformationbased damage indices
(Shome et al., 1998However, some structural responses&re shown to be sensitive to the magnitudkstancebin
(Shomeand Cornell 1998 Baker and Cornell, 2005; Bradley et al., 2010; Katsanos et al., Re&tdyds from the similar
earthquake magnitudes (such as 0.2 unit range in Bon2@02) can be selected with a wide rangetbé sourceto-

site distanceto retrieve sufficient records (Bommer and Acevedo, 2004, Katsanos et al., 2010) but with aerarrow
range for the neassource scenarios (Stewart et al., 2001).

In addition tothe magnitudedistance bin, the soil profile cdme usedfor selectingthe EQ ecords.The average athe
top-30-meter shear wave velocity (Vs30), which is a commonly used metric to define the soil profile, is found
representativeof the structural damage distributiofe.g., Kanli et al., 200®ut lacks reflecting the deep soil profile
alone (e.g., Abrahamson et al., 2014, Campbell and Bozorgnia, 2014, and Chiou and Youndttigélection with

Vs30 is not possible, the site (soil) classificatmg,(EC8, NEHRP) can be alternativedgd to refine the records from

the same site classificatioBémmer and Acevedo, 2004Additional criteria such a$ie seismicsource environment

the type of faulting,the source paththe directivity of seismic wavesandthe location of earthquakes ecabe defined.
Overall, a single EQ event should not dominate the recordBomgner and Acevedo, 20R4

The parameters expressed as a functiorthef EQscenari® such aghe strongmotion duration,the accelerationto-
velocityratio (a/v), and other intasity measures (IMs) can also allow the selection of the recditus studies have also
shown (1) the dependence of the absorbed hysteretic energy and the fatigue damagles stnong motion duration
(Bommer and Acevedo, 2004; Katsanos et al., 2010)(2nthe dependence of a/v on some structural demands (Zhu
et al., 1988; Kworand Elnashai2006).Therefore, the signal characteristics should be considered asdhendary
parameter to selecthe records €.g, Hancockand Bommer 2006), aghe signal characteristics are the consequences
of the complexintegraion of the geophysical properties (e.the source the propagation andthe site effect).

Response spectrum compatibility is theedominantapproach to selecthe records (i.e., @round motion set) that are
compatible with the elastitarget spectrumalong a frequency rang&hereare different ways to determine the target
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(i.e., reference) spectrum, which can be desigpommended, or solely observed, or predicted (i.e., expected,
estimated) based on the type tiie SHA and the goal diie seismic analysis:or example, the target spectrum can be
obtained by (1) the seismic code regulations partially representing the rate of exceedancEyeogqde 8ASCISEI7-

10), (2) the grand motion prediction equation(s) (GMPE) representing the controlling EQ scenaridRes$)20001,

2001, BergeThierry et al., 2017), (3) the uniform hazard spectrum giving the uniform rate of exceedance for spectral
accelerations at each frequency (e.g., Abrahamson et al., 2004; Trifunac, 2012), and (4) the conditional mean spectrum
giving the rate bexceedance conditioneib the spectral acceleration at the frequency of interest (e.g., Baker, 2011).

The response spectrum has been discussed to relate well to some structural responses but with several limitations on
(1) the nonlinear responses of sttwral systems, (2) the effects of settucture interaction, (3) the structures with
Z1PZ & u} (( U v ~0+8Z (( S }( *]Pv o[ v EPC }v8 vS Z]*S}EC ~dE](pv

The spectruncompatible selection can revealumerousGM sets(Katsanos etlg 2010; Laet al, 2012;Sextoset al.,
2011). There is a limited researatn the impact of the most favorable ground motion set, the variability within a set,
and the variability between the sets. Also, the decision on the allowed frequency rdreg@mplitude tolerances, and

the numberof recordsare mostly leftto the practicing engineer due to the vague guidance of the building codes (e.g.,
Eurocode 8 2004;ASN/2/03, 200§ and the limited research.

The accelerograms exhibirgevariability dueto, on one side, the complexity behind tiearthquake sourcethe wave
propagation, andhe site conditions, and, on the other side, its randomness in the process $ngh, 1985)Besides

the GM variability, a large number of GMPEs exists in the litexdo obtain the target spectrumandits choice can be

the source of thdarge variability. In fact, response spectrum of GMPEs with the same dataset and the same input
parameters can differ significantlipéuglas et aj2014).

The GMPEs give the standard deviation (i.e., sigma) around the median prediction to désexibgability. In fact, in
the deterministic approaches, the scatter of spectral amplitudes can be ignoredtlketimedian (56‘ percentile)
spectrum (e.g., Kmizsky, 1995; ASN/2/01, 2006) ibrcan be takeninto accountby the use of themedianplusone-

standard deviation (8‘2 percentile) spectrum (Krinizsky, 220

Overall, in the seismic analysis, seismologists prefer conserving the naurability of the records whereas,the
engineers prefefimiting the record variabilityn favor ofreducing the dispersion aftructural responsedNonetheless
there has beerlimited researchon the impactof permitting largerspectral variability on the structural sponses.

In Partl, the goal is to quantify the variability in the unscaled earthquake GMs and GMssetsll agheir impact on
the simple structural model. In Section 1.2, théeveloped procedure for the spectrum compatible selection is
introduced. In Sections 1.3 and 1.4, a deterministic SHA is used to tedde records according to the requirements
of the French nuclear safety guide (ASN/2/01, 2006) and the current practice. In Sectitimel@VIPESs are utilized to
define the target spectrum, which adtise probabilistic elementso the study. From Sections 1.6 to 1.1Re structural
responses of a simplmodel in Section 1.5 are used to analyze the impactheftarget spectrum,the amplitude
tolerancesthe amount of GMs, anthe additional elements ahe spectrum compatible selection.

1.2 Spectrum Compatible GM Selection

The response spectrugompatbility is a method to select a smallimber of ground motions (GMs)yer a magnitude
distarce bin, with an average response spectrum lying withemupper and lower tolerance bounds around a target
response spectrum along a frequency range.

Variety of software fothe response spectrum compatible selectimavailableRexel (lervolino et gl201(), ASCONA
(Laiet al., 2012), ISSARS (Katsanos and Sextos, 2013);IREREEmerzini et al., 2014), and the online PEER Ground
Motion Database tool (adapted from Wang et al., 20wever,a newtool for spectrum compatible edection has

been necessary sincehe available toolswere not practical enough forthe framework of thethesis (ue to the
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limitations on changing # source code, thaumberof GMs, updating the internal strong motion database, #tade
tolerance types, and etg.

1.2.1 Developed Procedure

Thedeveloped procedurés overviewedn Figure 1.2.1 for the spectrum compatible selection of the deterministic SHA
The end user defines the EQ scenariBax(al) with the information abouthe EQ magnitudethe distance the style-
of-faulting, and the site conditions.ThelMs (such asstrongmotion duration, a/v rato, peak ground amplitudestc.)

can be optionally used to refine the GM selectiorBiox(a). The upper and lower amplitude tolerances are uisgruts

in Box(2) alongwith the frequency range. Another usarput is the number of GMs (which forms a setBiox(d) and
should beequal or above the limit in seismic regulatory code (e.gijrocode 8 ASN/2/01, ASCEEI7-10).

(a) Strong-
motion
database

Figure 1.2.1: Overview of spectrunompatible record skection used in the Python tooFollowing the definition of
the earthquake scenario iBox(al), Branch A includes thetrongmotion database search iBox(a), the signal
processing of time histories Box(b), obtaining the responsspectra of GMs iBox(c), andcombining GM sets ir
Box(d). The tool inBox(a) is developed to make a connection with@fline strongmotion database (Collection ¢
Databases) thaincludesabout 36 000worldwide EQ recordsrom Resorce2013 (Akkaret al., 201) and CESMI
(Haddadi et al., 200)2as explained idppendix A.1Also, the tools are developed to perfortime signalprocessing in
Box(b) and obtairthe response spectra iBox(c). The GM sets are combined for each possibility in Box (d).

Branch B is the definition of the target spectrum witte limits on the spectral variability. For the given scenal
the GMPEis calculatedin Box (1). The pectral shapes of GMPEse obtained integrally by the opersource
software,OpenQuake Hazard Library vO0.2{R@&gani et al. 2014). The output of Brancls Bchematized Box(2).

Eligible GM sets (shown in green line) are obtaineBaw(d2) if the average spectrum of a GM sewithin limits

(shownby the blue and red dashed lines).

Thespectrum compatible GM selection Box(d2) requires the combination of GM seétsBox (djas in Equation 1.2.1.:
. - Ne E [
B)/ =S EPED ¢t &N quation
e BNF Je g€ 1.21
where J gis thenumberof GMs per set and r is the number of GMs in thegnitudedistance bin.
An eligible GM set) / = @Lis determined with respect to the target spectrur@,5 £04U4kthe criteria are satisfied in
Equation 1.2.2:
be BB =N { R .
g5 é%%( oauge Fsdr Q6KH:Bia EBD BRBRAB? Equation
25804809y 122

6 KeHd 1B Q

'The procedure is time consuming. For example, for a searchrexfdsd setsg0 time-historiescan be combined with
5.5 million different ways, each of which is necessary to be iterated for the spectrum compatibility.
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where 6 KzHds the lower spectral amplitude tolerancénegative) and 6 K:His the upper spectral amplitude
tolerance (positive) at the frequency, B Bis the minimum frequencyR is the maximum frequencyThe aerage
response spectra of GME % #4¢8$ is given in Equation 1.2.3:

appp
gsaps) > | 258%Ba EBD BBEABR?
\]aeﬂg@_,

where 25 & @%B:is the response spectrum atfrequency, f, of the J‘h GM.

Equation
1.2.3

The output of the procedurean lring a largenumberof eligibleGM sets. All GM sets are collected, dahd setswhich
include the sameevent and samestation GMs (xy components of an EQ recor@dye removed The developed
procedure is utilized to evaluate the impact of GMPEs, upper and lower amplitude tolerances, and the number of GMs.

1.2.2 Intraset and Interset Variability

A GM selection thais compatible with theresponse spectrum compatible can bring about two types of variability:
intrasetandintersetasgivenin Figure 1.2.2The variabilityelatesto the input GMs anautput structural responses.

Bl Psis a1z sws oo I B VeragePsAs at 1 Ha

P etz I 1
= 1
—_ I
o
% 10-1¢ 10-1}F
a —— GM Spectrum
—— Average of a Set —— Average of a Set
—— Target Spectrum —— Target Spectrum
—— Tolerances == Tolerances
10—2 1 -2 1 L
107t 10° 10! 102 10 10° 10t 102
Frequency (Hz) Frequency (Hz)
(a)Aneligibleset (b) 7 000 digible sets

Figure 1.2.2 Spectral variability in a single séh (a) and average spectralvariability betweeneligible setsin (b). A
target spectrums shownwith athick black line.The gpectrumof GMis shownwith a grey line. A set that consists
5 GMs is eligible if the average spectrum (shown with green lines) is inside tHéual®m@nd frequency tolerance
(the red dashed lines)n this example, the lower @nupper amplitude tolerances are 70% and 130% of the ta
spectrum, and the frequency range is between 0.50 and 20.0 Hz. For five recadseiigibleset, the pseude
spectral accelerations (PSAs) at 1 Hz range from 5.0% to 85r0%), which is thentrasetvariability. For 7 000 set
(each including 5 GMdhe average PSAs at 1 Hz range from 10.0% to 19.0% g, whichritetisetvariability.

The intraset variability (Figure 1.2.3) is the recordo-record variability within a GM set. Some approaches do not
account forthe intraset variability by using the central measures (median or meanyl others include the intraset
variability by considering the spread of measures (suctteaslard deviatiorover the meafnas listed below:

(1) average (AVG)Hf values in a GM sef,5f$lc,r representinginput GM characteristicand the output structural
responsess given in Equation 1.2.4:
appp
éf%@EJ—S i 8=H
&® Qj\g@_)
where 8 = the value of the'] GM, and J . gs the number of GMs in a set.

Equation
1.2.4

(2) standard deviation (STDj values in a GM sef °; as givenri Equation 1.2.5:
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appg

887 O —— SE [ 8=y SRR
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Equation
1.2.5

(3) averageplussomestandard deviation of values in a GM set{f¥E | B, ;9 where &is the number of standard
deviation. In the practice, the intraset variability of AVG &ed for the input GM selectiorThe intraset variability of
averageplussomestandard deviation is used for the output structural responses.

The ntersetvariability (Figure 1.2.2) is the variability from one to anothetligible GM setandis alsocalledsetto-set
variability. Analogously, if a GM set represents the selection done by a viengiheerperforming aseismic analysij
the difference in the final values determined by several virtual engineers isittiesetvariability.

The nterset variability depends orintraset variability. Ifthe intraset variabilityis not takeninto account,the interset
variability is the distribution of the average values in each $§8). Ifthe intrasetis takeninto account, the interset
variability is the distribution of the avege values plua fraction of standard deviation in each sef5f$ZT_ IR, ;9¢r

A single GM seis usal in the practice andhe interset variabilityis not takeninto account.The building codes (e.qg.,
Eurocode 8ASN/2/01, ASCEEI7-10) are not strict on which GM set to choose; in the literature, various metrics have
been proposed to definghe most suitable GM set (e.g., Ambraseys et al., 2004; Naeim et al., 2004; Kottke and Rathje,
2008; Youngs et al., 2007; Beyer and Bommery720&rvolino et al., 201 Buratti et al., 2011, Smerzini et al., 2012;
Katsanosand Sextos, 201,3Wang et al., 2015, Baker and Lee, 2017).

1.2.3 French Nuclear Safety Guide (ASN/2/01)

The French nuclear safety guide, ASN/2/01 (2006), presents a detstimiapproachfor the consideration ofthe
seismic risk for the desiguf civil engineeng buildings ofhe nuclear plants (not covering tHengduration radioactive
wastes disposal). Certain requiremerase imposedfor the response spectrum compatible selection in Section 2.2 of
ASN2/01. Thecode requirenentsthat are related to the thesis scoe listed below:

x Using at least 3 GMs ftine linear structuralanalysisand at least 5 GMs for the nonlinear structuaalalysis,
o wherethe GMs can be natural or artificiaind
0 theGMs E Z% & ( & vS Jrano Ernch BpsiBafety Rule (Regle Fondamentale de Suréh& RFS
2001-01 (2001 database
xSelecting ZE % E « v3 S]A [ ~]X XU o0]P] o « 'D « 3
o whoseaveragespectrum (with 5% of damping rati@g equal to or larger tharthe target spectrumobtained
from RFS 20001, which then refers to the GMPE of BeifJgerry et al. (2003),
x Using a GM with a timstep less than or equal to 0.01 second,
x Calculatinghe average spectral accelerations for a sufficient numbehefrequency points
o incomplianceA]8Z Z VA 0}% Z & § E[ ~@I1(thd @jvideshé sgettaliamplitudes for a
frequency range between 0.25 and 33.0 Hz)
o with a discretizatin of s r*® & g&here N is an integer varying frof83 and 50,

x Ensuring thathe intensity measures (IMs) such as strong motion duration, peak ground velocity (PGV), peak ground
displacement (PGDg#ccelerationto-velocity ratio (a/v),Arias intensity, anadumulative absolute velocity (CAV) are
compatible with the scenario (in terms of earthquake magnitude and setrite distance), and

x Verifyingthe selection of statistically independent GNtke inter-correlation function of two GMs is less than 0.3lan
with a mean value less than 0.2)

The intraset variabilityis consideredon the output of the nonlinear dynamic analysis by adding a fractibthe

standarddeviation to the average structural responsg*~<$E | B, 1;9¢ where the EDP is the engineering demand

parameter and |isthe fraction ofthe standard deviation adefinedin Equation 1.2.6:
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Equation
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where J ds the number of GMsin a set,and By g, ,251S the Student variableorresponding to 95% confidenc

level (unilateral), or equivalent of 90% confidence interval (bilateTa)illustrate, for 5, 7, 11, 139, 23, and 29 GM:
% €& ¢ SU ,95%}18B%, 55%, 49%, 38%, 34%, and 34%, respectively.

Following the guidance of ASN/2/0the elements involved in the spectrum compatible GM selectoa evaluatedn

the thesis For a given EQ scenario, the teate performedwith the target spectra defined by the additional GMPEs.
The effect ofthe flexible amplitude tolerancess evaluatedin comparison with the tight amplitude tolerances (such as
+5%for 5% damping and £10% for greater damping ratios in the current applicatitioh arenot necessarily required
by ASN/2/01). The effect tfie numberof GMs in a seis also testedThe intersetvariabilityand the intraset variability
are utilizedfor quantifying the natural variability of the GMs arits uncertainies

1.3 Retrieval and Process of Earthquake Records

This section shows the accelerograelection withthe developedprocedurein Section 1.2 (i.e., Boxes al, a, and b in
Figure 1.2.1)An earthquake scenario is chosen with a moment magnitude (Mw) of 7.0 and a hypocentral distance
(Rhypo) of 40.0 km (abbreviated as M7.0R4{0¥ selectedn a way to retrieve sufficient GMs since the GMs are scarce
for the largemagnitude and shortlistance events (M>5.0 and R<10.0 km as demonstrat&igure A.1.1In Appendix

A.]). The ddabase search retrieves 92 &dield GMs(i.e., not structurerelated recordsfrom Collection of Databases

as provided ifTablel.3.1. The netadata of the GMss collected from the relatedlatabases except for Vs3®Resorce

2013, which are updated according Engineering Stronfylotion database hosted by ORFEUS (Luzi et al., 24:16)
discussed iMppendix A.1

The aw earthquake records can contain errors duetlie noise andthe baseline offsetslt can root inthe tilting and
the transducerresponse under a strong shaking; thtteg raw earthquake records must be corrected for the uséhaf
engineering applications by filtering anldle baseline correction (Bwe, 2001; Boore and Bommer, 20@urks and
Baker 2014 Burks and BakeR016).

The approach developed for the signal processing includes two phases: (1) the inspection, ando(@réiseof each

signal (which is not automated by a script) with a goal to optirttizeloss ofthe accelerometric datas described in
Appendix A.2.1The rumber ofthe GMs passing the inspectione(, first phase) andhe numberof the processed GMs
(i.e.,second phasedre summarizedh Table 1.3.2 with the list dhe GMs inTable A.2.2 (Appendix A.2.4)

The GMs fromResorce2013 are already processednd the GMs from CESMD are raWhe first phase inspecthe
processedecords(i.e., Resorce 2013pr whether (1) they have zeronits at the ends othe aceleration, the velocity
andthe displacement time histories, (2) they hatree velocity and displacement time histories starting synchronously
with the acceleration time history and (3) they consethe spectral amplitudes in the frequency range of intstr¢0.5

to 20.0 Hz) after the signal processihgtotal, 17processedecords have satisfactorily passed the first phase

In the second phase, the records that fail the inspection in the first phase are-pigrtalssedby the use othe raw
records) Errorsdue to the noise andthe baseline offsetare correctedby applying a combination othe time
windowing, the tapering,the padding,the detrending andthe Butterworth bandpass filteringrespectively The ime
windowing enables the analysis @smaller subset othe accelerometric data rathethan the use othe extensie pre-
and postevent accelerometric datawhich is critically important for the total duration dhe nonlinear dynamic
analysis The apering, whichis appliedto a cosine functio, is used to ensuréhe time histories[smoothly approaching
to zero at its endsThe zro padding on the acceleration time historyis usel as a preprocessr for the signal
detrending andthe filtering (Boore and Akkar, 2003Yhe $gnal detrending remowes the existing trendn the raw
signas to correct the baseline offset.The fgnal detrendingis appliedover the acceleration,the velocity, andthe



(PART 1YNSCALED EARTHQUAKE RECQRDS

displacement time histories. If the records have erreken after the signal detrendinghe Buterworth bandpass
filtering is appliedover the accelerationthe velocity, ad the displacement time historiewith the corner frequencies
(fmin andfmax) to removethe low- and highfrequency noises.

Table 1.3.1:; Selectegarthquake ezents and GMs foM7.0R40

Event Date Location and _ #
yyyymmdd_hhmm  State/Country Fault Type  Mw Station ID[Rhypo, Vs30 | GMs

4700634, 730],4717950, 271],
4737934, 1428]4738(35, 271],
4738136, 278],5706644, 264],

19891017 1704 ngﬁcgrrr:le;a Oblique 6.9 5719741, 2825721135, 597], 26
5738737, 222],5738940, 663],
o 5742944, 334],5750436, 215],
= 5806933, 381]
L Petrolia,
O 19920425 1806 L Reverse 7.0 8950939, 519],8953(36, 337] 4
California
Landers, . 1202544, 312],2216745, 635],
19920728 0457 coifornia  SUKesIP 73 o047, 430]1263(44, 524]  ©
10991016_0246 HectorMine, o iedip 7.1 2108749, 383] 2
California
20061015 0707 Hawaii Strikeslip 7.1 0281(35, N/A],0284946, N/A] 4
19760517 0258 NWUzbekistan Reverse 6.8 27[32, 121]
N ALT30, 1018],85(31, 976],BR46,
19801123 1834 Irpinia, Italy Normal 6.9 403], RNH37, 539],5T/[36, 1122] 10
10830117 1241 KeRlinalsland, o o o 6.9 ARGJ31, 437] 2
Greece
19831030 0412 Pasinler, Turkey Strikeslip 6.6 250437, 316] 2
™ 19881207 0741 Spitak, Armenia Reverse 6.8 17331,278] 2
@ 19900620_2100 Manijil, Iran Strikeslip 7.3 621141, 621] 2
C 19971118 1307 Strofades, Reverse 6.6 7AK[39, 241] 2
& Greece
W 1401[37, 294],140q41, 355],
310430, N/A],310931, N/A],
L 310430, N/A],990([49, 455],
19991112 1657 Duzce, Turkey Strikeslip 7.1 9901[31, 481],990431, 439] 22
990734, 448],990€38, 456],
990736, 316],
20031226_0156 Bam, Iran Strikeslip 6.6 359948, N/A] 2
20111023 1041  Van,Turkey Reverse 7.1 650741, 293] 2
Tablel1.3.2: Amount of GMghat are manually processedr removed
# of . # of # of
Case Database Records First second Records Records Total # of
; Phase* Phase** Records
Retrieved Removed Used
Resorce 2013 48 17 27 4 44
M7.0R40 CESMD 44 > 44 0 44 88

* Amount ofthe Z o E C[ % @Hssatisfying the conditions of the first phase
** Amount of the GMs that are signal processadd thensatisfied the conditions ithe first phase.

The second phase is repeatéd minimize the loss ofhe accelerometric dataThenarrowertaperingwindow and the
extendedcutoff frequenciesalong withthe lesszeropadding amountare used The raw records for the EQ events in
Resorce2013 are retrieved froniEngineering Strong MotioflLuzi et al., 2016)n total, 71 records are signptocessed

to satisfy the requirements in the first phase. Figure 1.3.1 illustrates an example of the signal processing with the
description and the comparison, and the additional examplesbeafoundin Appendix A.2.3
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(a) TimeHistories (b) Response Spectra (c) Signal Processing
_ 0.4 1 PGA 0.36 0.32 g Housne'r 277 27, crh ObSGI’VEltIOﬂS{FII’St Phase)
C g-é: B 100 AS! 229 221 cm) | (i) Linear baseline offset exists in the
S 021 Arias 193 160 cm/s displacement history.
—0.4 - SCAV 1.05 092 gs (i) Secondarevent stats at around 48 s.
g 10 PGV 104 98 s _ qual Progeg&zq (Second Phase)
£ 0 | e (i) Time seriess keptfrom 5.5 s to 45.8 s.
= § 10-1k 1 (ii) The atio of taperingis choseras 0.10.
= -10 (iii) Butterworth bandpass filterintg
- appliedbetween 0.05 and 45.0 Hz with
5 27 poles.
S I LA T pew e o | Conclusion:
5 =27 —PGD 2.4 1.7 cm 102 S = Baseline offset and the noisase
0 25 50 75 100 removed A secondary event (coda event
Time (s) Frequency (Hz) L
is eliminated

Figure 1.3.1: Timeand frequencydomain characteristicof the raw and processed recordThe record is from the
Hawaii earthquake (station n62849 with Mw 7.1 and Ry, 46 km. Column (a) shows the acceleration, velocity, .
displacement timehistories of the raw record in black and the processed record inFedthe main event, the signe
processing results ia slight changein the acceleration and velocity time historiesnd the significant changén the
displacement time historyln column (b), the comparison of the spectral shapeshown The pectral amplitudes
differ slightly after 10.0 Hz ifb) due to the removal ofhe codaevent. Theamplitude-based IMs (i.e., PGA, PGV, &
PGD)and the duration-based IMs (i.e., Arias and SCA¥grease moderately. The frequenbgsed IMgi.e., Housner
and ASl}lightly decreasdn column (c), the signal processisgxplained

The reason why the available records in the database (i.e., Resorce 2013) do not satisfy the requirements of the first
phase is the difference in the corner frequencies and the-bpene signal processinghe use of an automated
approachinstead of oneby-one signal processingpes notoptimize the loss of data and can overlook some issags
illustrated inAppendix A.2.2Also, differentnumberprecisions are used to veritiie zero-unit ending of time histories.

If the time histories fail the requirements of thaspectioneven after thesignal processinghe recordsvthe four of
them in this case are eliminated. They are likely to indicate a problem related to the qualitheéccelerometric data
as discussed iAppendix A.2.2along withthe additional observations (e.gthe insufficient premain eventdata, the
differencein the sampling time, and the polarity diie records)

1.4 Target Spectra

In the deterministic SHAa sngle gound motion prediction equatiofGMPE)s used to definghe target spectrumn
compliancewith a givenEQscenario.As the amount othe modern seismic networks has increased, the earthquake
catalogs have expandegtgardingthe number of GMs and the availability tife metadata, which has enabled the
development othe GMPEs (e.g., Douglas, 2017).

The tassical (basic) GMPE&saracteize the fault as a point source and require ab@ur input parametersuch aghe

earthquake magnitudethe distance the soil conditionsandthe style of faulting.The omplex GMPEseharacterize the

source as an extendedipture and require around 13 input parameters (Pagani et al. 2014) as shown in Figure 1.4.1.
They necessitate detailedformation about (ithe EPu% SUE % E}% ES] ¢ oy Z -to-sifd@zinwiEhaf, ~weU <}
depth to top of rupture (ztor), dowadip rupture width (w); (iithe distance metrics such as sourttehypocentral

distance (Rhypo), horizontal distance to theface projection of the rupture (Rjb}lant distance to the closest point

on the rupture plane (Rruphanging/footwall flag,and horizontal distance to the surface projection of the top edge of

the rupture measured perpendicular to the fault strike YRand (iii)the site properties such as Vs30, the depth where

shear wave velocitysiequal to 1.0 km/s (Z1.0), artle depth where shear wave velocity is equal to 2.5 km/s (Z22.5).

In ASN/2/01 the medianspectra provided byhe BergeThierry et al(2003) GMPEs suggestedsthe target spectrum
In order to quantify the variabilityof the GMPEsfor the impact on structural responsefour classicaland three
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complexGMPEsre usedas given in Table 1.4.1. For the EQ scenarid @DRI0, Vs30 450 g (Vs450), anchormal
fault are assumegdandthe equivalent input parameterf®r each GMPE are selected as illustrated in Figure 1.4.1.

Hanging
Wall

Surface

Projection of
Ruptured
Area

(a)Top View (b) SideView
Figurel.4.1 Top and &le view of assumed fault geometry and site positidimot in scale)

Table 1.4.1: GMPEs used in this study
GMPE Abbreviation

2' Akkar et al. 2014 (considering tleeratum) AK2014

©  Boore and Atkinson 2008 and Atkinson an

) BA2011

cg Boore 2011

o BergeThierry et al. 2003 BT2003
Bindi et al. 2014 BD2014

0 Abrahamson et al. 2014 AB2014

% Campbell and Bozorgnia 2014 CB2014

O

O Chiou and Youngs 2014 CY2014

The surceto-+]3 1Jupsz ~vis agsuthied, which impliethat the site resides orthe hanging wall.The

hypocentral depth (Zhypo) i®ughly estimated with the linear relatiahip given by Scherbaum et al. (20@d)have
Zhypo within the given standard deviation. Rest of the necessary rupture properties sthiehdis angle the rake, and
the down-dip rupture width (W) are determinedfter the relationships reviewed in the tenftal notes by Kaklamanos
et al. (2011).Accordinglythe hypocenter is assumed to locate 60% down the fault widthe sirface magnitude for
the use of BT200® backcalculated basedn Mw from the linear relatinship by Scordili€006).The dpth to the top
of the rupture (Ztor),the horizontal distance to the surface projectiontbk rupture (Rjb), andhe slant distance to the
closest point on the rupture plan@rup)are calculatedccording to the geometriinterdependence.

The depth at shear wave velocity (Vs) being equal to 1.0 km/s (Z1.0) is estimatetert808 relationships 0.25 km
for AB2014 and witlthe CY08 relationships 0.16 knfor CY2014Kaklamanos et al. 201T)he depth atVsbeing equal
to 2.0 km/s (Z2.5) is estimated with the extrapolation of Z1.0 ftbsmASO8relationshipas 1.41 kn{Kaklamanos et al.
2011). The equivalent input parametei® each EQ scenarare tabulatedin AppendixA.3.

The scenarids assumedwith the precise fault geometry anthe site position; however, large uncertainty exists in
defining some of the input parameters in the rdié¢ application. The change the <T7iid[¢ u ] v *%isSEMuU
illustrated in Figure A.3.2long with the spectral distributions of the EQ records. The median spectrum is sensitive to
the input parameters (at various levels). For the complex GMPEs, there can be a good number of combinations of input
parameters thatare not consideredn the classical GMPEs. For the sake of brevity, the earthquake scenario with the
abovementioned parameterss usedn this study.
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1.5 Structural Models

Once the multiple GM sets are selected, the impact of the input vditiaton the structural responsesan be

qguantified Asingledegreeof-freedom (SDOFscillatoris modeledwith a natural frequency of 1.00 Hz, a Smping

ratio, and an elastiglastic strain hardening behavior, 5%¢tbe initial stiffness.It is modekd with a fixed baseThe

stiffnessof the SDOF model is 100 OK/m with a massof 2 533tonnes. Theelastic strength demani calculatedy

UUO3]% O0C]VP 8Z ~ K&[* u e+ v 3Z A E P }( » A v 'DOO/MHz({0.4%8 g)SGerefore,

the elastic strength demani$ 2 926 kN (= 2 533 tonne x 0.118 g XI91gs?). The design strengtlis obtainedaccording
to the equaldisplacement conceptthe elastic strength demands dividedby the strength eduction factors, R, to
permit the seismic energy absorption through yieldibg assumingthat the structural systemhas the sufficent

capacity Chopra2012.

Four design strengths with R1, R2, R4, andcafR8testedas shown in Figure 1.5.The observedlispersionof the

o & §]

structural die% 0 u vSe islafge%hedy $]0]SC u v ratio bejwesrdltimate 45}% v C] @.e.45} %
the level of inelastic responsend is utilized to decide the SDOF desigihe R4 and R8 designs result in high ductility

demands(>12.0) therefore, the R1 and R2 desigase usedin this study. Theielding limits are 2.92 cm and 1.46 cm

for the R1 and R2 designs, respectivélye 43} % S ]areot cappedi.e.,thresholds arenot applied).
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Figurel.5.1: Structurd responses of the SDOF model at 1.00urder unscaled earthquake recordShe structural
responsesare shownwith black circlesThelogarithmicx-axisshowns the maximum absolute of the lateral structur
displacements~ 4 § } %o « gatithmicy-axisshowsPSAs at 1.00 Hz of accelerograifisere are 88 processed GM
from the database search of M7.0R40. The yielding and the displacement ductilityUevel8Jand(12are plotted
with the verticaldashed linesThe maximw p $]o]SC uv ~..*]e06 (}& sz zi *]PvU
the R4 design, and 60 for the R8 desifime R1 and R2 designs areferredin this study.

1.6 Impact of Signal Processing

The signal processing is a key stethe process othe accelerogram selectiondere, the impact ofignal processingn
the input signal characteristias comparedrelative to the raw accelerogranthe effect ofthe signal processings
exemplifiedfor a single GMn Figure 1.6.1The signal processingimrinates he baseline offsein the velocity histoy
and results ira significantdecreaseof W's X 438} %, valssdeerease largelgifter the signal processing.

The change in thesignal characteristics and the structural responses of SRDEBnd SDOR2 are plotted in Figure
1.6.2. After the signal processing, PGV, PGD, faies SCAV changsignificantly and havéarge dispersionThe
structural responses remain unaffected onessge regardless of the SDOF design |dwet the dispersion carbe
observedto amore considerable £35 vS ]v 435} % 3\ addionaltest is extended to the effect dhe different
signal processing approaches provided inAppendix A.2.5Thesignal processing can be the source of Hagiability
for the signal characteristics and the structural responses.
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Figure 1.6.1: Effect of signadrocessing on time histories and response histories of SDREF at 1.00 HzThe solid

blackline represents the time and response histories of the raw recdri solid red line represents the time anc
response histories of # signalprocessed record. Acceleration and velocity time histodes shownin (a). The
0S E o0 J*%0 U VvSe ~48}%-° Vv SZ u AJupu =« <Z E (}E ~s ++ &
for the signalprocessed record. The record i®rin the Iranian earthquaké19900620_210008, station 62}l tvith

Mw 7.3, Rhypo 41 km, and Vs30 621 cm/s. Tigeas processinincludes tapering with a ratio of 0.05, padding wi
the zeros for 5.0 seconds, detrending, and Butterworth bandpass fijdsgtween 0.10 and 50.0 Hz with two poles.
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Figure 1.6.2: Impact of signal processing on signal characteristics and structural responses of the simple n
Each grey dot represents the ratio @faluebefore and afer the signal processing of Técords. Ratios lower that
1.0 signifies a decrease in thelue and viceversa. Mean of the ratios is shown with the red unfilled circle. Mec
of the ratiosis shownwith the black cross markeThe16" and 84" percentilesare shownwith the black hoizontal

bars. The mean and the coefficient of variation (C@¢)provided PGA, PGV, and PGD are amplitbdsed IMs.
The mean decrease is 0.81 in PGV and 0.51 in PGD, which can be expjainedfact that single and double
integrations of raw acceleran-time histories augment the errors in velocity and displacement histories. Dura
based IMs, Arigsand SCAV, experience a mean decrease of about 0:B8.fequencybased IMs(such as ASI
Housner, and PSRAare slightly affected Lateral displacemege ~48}%oe Vv e Z (& @f€Ethe
responses of SDEKL and SDOR2.0naverage the structural responseslecreaseafter the signal processingith a

mean ratio ofaround2-3%. COVef structuralestimatesare 11%for displacementand 5% for base shear forces.

For the engneering purposes, the spectra of the accelerogramsiaspectedin detail The signal processing and its
different approaches result in variabilitpf the GM characteristicsregarding the acceleration, velocity,and
displacement time histories. Consequently, the variability in the structural respasigesvoked The resultsignify the
importance of the inspection of thacceleration, velocity, and displacement titistories

1.7 Refinement of Record Selection
Following the GM selection witthe EQ magnitude anthe sourceto-site distance, the GMsan be refinedwith the
additional parameterstlie soil conditionsthe style-of-faulting, the event dominancy, théVis,and etc).

1.7.1 Metadata-Based Refinement

This subsection questions the impact of the metadbtssed refinement on the input PSAs at 1.00 Hz and the output
43}% *SJu S ¢ (}JE& SZ Y « v E]} }( 1vS E -5 Xis/aepérpredrdternis<aitie $bilEdnditiorss  §
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and the styleoffauoS]vPX W" ¢ v 48}% +« §S E o EP oCX « -offaulizg and theSsoil S U §
conditions do not affect the PSAnd 45} %. « s.SThe@&cord selection with site-specificparameter results in fewer
records and large dispersion, ild¢. 1§ } ¢ v}§ v s EJOC E p SZ A E] ]0]5C }( 43}% < P].

I o o o
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respect tostyle-of-faulting, and EC8 soil categorieThey-axispresents the PSAs at 1.00,ldnd the x-axisshows the
JEE *%}v JvP 48}% X dZhe @rmaldauit (iEbladk) @nthe reverse fault (in red) in (ajhe strike-slip
fault in (b), andthe oblique fault in (c).Markers representthe EC8 soil conditioriThe yielding limit and ductility
u v e« -~areeshownwith the vertical dashed linedhe Backhorizontal line shows the median PSA of AK201:
1.00 HzThe0.5 and 10 standard deviations around the mediare shownwith the shaded grey. PSAs at 1.00 Hz v
SA v iXiT P v iXfAd0 PV 48}% <3]Ju$ « A EC SA v iXiA u v 1iXXAds
median PSA are also below. }.(Tie records }A §Z & ( Psi§hepjusmedian PSAare }JA ....}( 0

Another way to refinefte GMsisthe homogenization oeventdominane. In the magnitudedistance bin (Table 1.3.1),
the records are dminantly from three EQ eventtoma Prietg30% of total recordg, Duzce (25%), and Irpinia (11%).
The homogenous biis formedin Table 1.7.1. It includes two GMs per &@nt (out of 14 events). For theameevent
multiple-station records, the priority is given to the records frtime different stations with Vs30 close to 450 m/s.

Thehomogenous bin does not haessignificanteffect onthe mean PSAs and slightly decreases the standard deviation;

el ¢ < VEOCU 3Z ]*3E] U]}V }( 48}% @& u Jve pv (( ¥ u3B w KR} ZSAE ( E
§ iXii 1 (J& 8z pl Avs ]e 8Z PE 3§ 5§ ~iXdh Pe,.v }E o |&XAEX% Z( WX

compromising other IMs also confirm the existencetlod significantvariability (relatively les$or Vbase), which is

mainly for the Duzce event as givémAppendix A.4

Table 17.1: Record variabilityn terms of WA « & iXii ,1 v 0 8 € 0 ]J*%0 u-R2Se ~45}%o-
. Number of PSA at 1.00 Hz () 4 3 e 00 HLCM)
Record Bins Records Mean®© S Mean® st
All (Referencéy 88 0.250 0.274 5.8 5.2
0 & Normal Fault (NFY 10 0.166 0.107 5.2 5.4
» 9 Vs456” 30 0.147 0.104 4.0 4.0
T
=0 NF + Vs450 6 0.188 0.118 6.5 6.7
- Homogenous 28 0.206 0.183 5.7 5.3
g 5 Loma Priet 26 (30%) 0.228 0.109 6.2 4.3
% I= Duzcé) 22 (25%) 0.450 0.466 75 6.6
=2 0
o Irpina® 10 (11%) 0.166 0.107 5.2 5.4

“The All bin represents the magnitudistance bin®The Normal Fault (NF) bin selects the records thignormal
fault from the All bin®The Vs450 bin selects the records with Vs30 between 350 and 550 m/s from the &iThn.
NF and Vs450 bin represent the intersection of the two HitEhe rest of the bins include the specific event records
The amount of records in each b"mgiven(G)Mean, andstandard deviation (STD, for unbiased sample) of PSAs at !
1 v 4 &y&also shown
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For the scenario of M7.0R40, Vs450, and norfaalt, the metadatabased refinement (i.e., styef-faulting, soil
conditions, and event dominancy) does not necessarily imptbgevariability level (of the GM characteristicand the
structuralresponsesbut reduces the number of GMs. Therefore, tledarence (i.e., magnituddistance) biris used

1.7.2 IM-Based Refinement

An additional way othe GM refinementcan bedone regardingthe IMs.We may eliminate some GMs lgomparing
the spectra of the GMwith the targetspectraandthe IMsof the GMswith the average IMs of the magnituetlistance
bin. To illustrate the GMs which exhibit PSAs greater thiX fover-median spectra (AK2014) are identified (15 out of
88 GMs) in Figure 1.7.2.a. One of the identified GMs with the greatest Arias intengityted in Figure 1.7.2.bThey
reveallMsand structural response& « ] P v ] (] gredter@ o 7 times except for Vbas#jan the rest of the GMs

The refinement can be useful to reduce the computational duration related to the iterations in thergpect
compatible selectionife., thenumber of combinations cabe reducedaccording to Equation 1.2.1). It is interesting to
note that if suchrefinementis not consideredthe spectrum compatibility does not select, at least, 15 GM®ther
words, theynever occur in the eligible setsg, Equation 1.2.2). This observation is verified through the spectrum
compatible selection with different target spectra (AK2014, BA28adiBT2003) as given ippendix A.5.4The Arias
intensity gives ampparentdifference between the refined and discarded GMs.

(a) Response Spectra (b) Time Histories

PGA 0.75 g
i S!AV 5.25

. : gs
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50 - ' PGV 76.1 cm/s
_50 u
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Figure 1.7.2Response spectra of GMs above thalf-sigmaover-mediantarget spectrain (a) and time histories
of the GM (GM 1) with greatest Arias intensity in (liResponse spectrare shownin (a) for GM | with the black lin
and other GMs with the green lineshe pectralshape of target spectra, AK2014, is showsahd rel line and the
half-sigmaaround-median spectraare shownwith the dashed red linesGM in (b)is from the Duzce event (statio
3103) with Mw 7.1, R 31 km, and unknown V.98€celeration, velocity, and displacement time histories are give
(b). IMs of GM in (b) are also noted. PGA of G810.75 g, where target PGA is 0.11 g. The spectral amplitude
mainly above the target spectra particular at frequency ranges above 2 Hz.

1.8 Impact of Spectrum Compatible GM Selection on GM Set Variability

This subsection presents the results of #pectrum compatible GM selectigmerformedwith the tool in Section 1.2.1
over the selected EQ records Section 1.3or the assumed EQ scenaiio Section 1.4The ight tolerances (i.e., £5%
around the target) are used in the current practice but do not permit any sets that congist ohscaled EQ records.

Thespectral variability is extended the half-sigmaaroundmedianspectrum of AK201# select the unscald GMs in
Figure 1.8.1Thehalf-sigma range avers the central 38% of the observations (i.e., expected fractiaheopopulation
in a normal distribution).The spectrum compatible is then performed for a set compromiding GMsand the
frequency rangefrom 0.50 to 20.0 Hafter the discussiorgiven in Appendix A.5.1In total, 982 535 GM sets are
collected.
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Figure 18.1. Response spectrum of GMs and the target with permitted
spectral variability (dashed red lines) in spectrum compatible selection.

1.8.1 Single versus Eligible GM Sets

This subsection provides the comparison of the results obtained lajigilblesets and asingle GM set, whicls usedn
the current practice. Among theligible GM sets, a GM set is selected with the least distance described in Equation
1.8.1 @dapted from lervolino et al., 20b)x

Cc eeee 5&¢5(($ Ao - . 6
s 2SFHEdr o5 g0a0gy;
(P2 | m % - %q

0, & 2570800,

Equation 18.1

where N is thenumber of spectral accelerations within the frequency rangg.ﬁfﬁ&.“{fﬁs the average pseudo

acceleration fronthe i set atafrequency B, and nt~tv14 . S the spectralaccelerationof the target spectrum
at f..

The distributions of single sets (the set with the least metric dista&® from 0.5 to 20.0 Hand four randomly

selected sets) are showin terms ofPSAs at 1.00 Hz in Figure 1.8.2.aand gugp438} % ]Jv &]PUE {iXO6XiX X A '
setrevealdispersel valueg(i.e., intraset variability). The last set revealtargestandard deviatiordue to a singlésM,

which is one of the possible outcomesthe spectrum compatibility.

0.213 g with a COV of 18%hedistribution ofthe lateral structural displacement$£¢8 * has a mean 08.3 cm with a
COV of 20% in Figure 1.8.3The single sets of“*$Era{wR.in Figure 1.8.3% cover a big portion of atset
distribution, all <8+ #n Figure 1.8.3.b.

dZ A C }(8SE 3]vP JvEE « 8§ A E] 10]83C % v * }v 38Z }i 8]A }( =<+ ]eu]l] v oC
the objectivenecessiitesthe use of ASN/2/01or the engineers aim dmparting conservatismheintraset variability

with r&a{R_..results in 55% increase in thmean of all $L88* - A tail-like distribution is observed when

RLSE Y a{ng';‘*islargerthan 6.0 cm. There may not be sufficient amount of GM sessilting inthis range.The

way of treating intraset variabilitymipacts the ductility demand and the possible final decisions about the structures

(i.e., resizing the structural elements, ttieasibility of a project, etc.). Therefore, the calculations for two types of
intraset variability are performed in the thesis.

dZ <% SE o A E] ]0]8C }( iXfie E}uv 3Z 3§ EP § % SEPU ]* % Eulss &}
typical in the practice. Thgpectrum compatiblground motion selection bringhe intrasetand the intersetvariability.
The intraset wariability is regarded partially in the seismic regulatory codes. The interset variability hadbewt
considered and a singleground motionsetis commonly usedh the practice.Large dispersionis observeddue to all
GM setslt suggests thad goodnumber of GM setsis needed to obtainan assuring level ahean and its variabilityn
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the spectrum compatible selectiomn other words, each virtual engineer selecting a different GM set can come up with
very differentstructural displacement estintes. A single set regardless of its being the closest to the target (Equation
1.8.1) results in the estimates that fail representing the distribution of all GM sets. A single sefi8&r a{wPp.

may serve a shortcut to cover tlietersetvariability of all $<¢8 -

(a) Single GM Sets (b) All GM Sets with PSAg €t (c) All GM Sets with (PSAq + 0.950pss )¢t
0.5 T T T T T T T T T T T T
® PSAg®et e Mean
S 0.4 b= (PSAp % 0.950ks4 )™ i L - 16" and 84 Perc.s i L J
~ o % Median
T (@] (0]
g 03¢ g - - - % 1
l_i ~ I/ \\ ,‘— = T T =7
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Figure 18.2 Distributions of PSAsat 1.00 Hz with GM selection using spectrucompatihility. They-axisshows the
PSA at 1.00 Hz. The GM seleci®mperformedwith the median of AK2014 for the scenario of M7.0R40, Vs30
m/s, and normal fault. The distributions of single sate® shownin (a). The frst set is the most favorable se
calculated according to Equation 1.8.1. The value of aisGdiownwith the unfilled black circleAverage of a set i
given by the filled black circleAverageplusminus95%standarddeviation (STD) of a sas drawn with the

horizontal bars.

In total, there are 982 535 GM sets. Setset distribution of GM setss shownwith the intraset variability of
average,*f#,in (b) and the intraset variability of average plus 95% standard deviatitf¥r & {wR"*in (c).
Mean of the distribution is plotted with a filled red circlEhe nedianvalue of the distributioris demorstrated with
a blue cross marker. Teand 84" percentiles of the distributiomre givernwith blue horizontal lines.

(a) Single GM Sets (b) All GM Sets with Atop®et (c) All GM Sets with (Atop + 0.9504¢05)°¢"
e Atopset o H ® Mean h
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Figure1.8.3: Distributions oflateral displacement responses 4§} %o ¢ } {R2atkl®0 Hawith GM selection using
spectrumcompatibility. Similar graphical elements with Figure8.2.are usedhere. d Z p S]o]sSC u v
yielding points are marked.

1.8.2 Use of Site Specific or Event-Dominant Record Bin

The ecordto-record variability in the magnituddistance bin is shown to scatteridely even if the bin igefined by

the site-specificsettings and the event dominance in Section 1rv.order toevaluate its impacbn the spectrum
compatibility, the reords with various typ@f-faulting, soil conditions, and events are removed fromelgjible setsin

Figure 1.8.4The B1 bin onhe xaxis represents the magnitueldistance bin. Théabels from-B2 to-B8 represent the
removal of the sitespecific binsThelabels from-B9 to-B12representthe removal othe eventdominantbins.
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The sitespecific and the eveaominant binsare shown to cause unimportant differer&éor the distribution of all
$LI8 -1t suggests that the spectrum compatibility isaisfactory tool to reveal stable set distribution everttié bin
includesnon-site specific and event dominant GMs. Taeneconclusioncan be extendedo : $<¢3Er & { ngv;‘*,‘the
IMs, and Vbase as well as other GMPEs (BA2011 and BTiaGg®)endix A.5.2Therefore, he magnitudedistance bin
isusedwithout further refinement

3 Mean
19 _[COV

2.5 T U T T T T T U T T T T
B1 -B2 -B3 -B4 -B5 -B6 -B7 -B8 -B9 -B10 -B11 -B12

Figure1.8.4: Effect of removing sitespecific and even dominant recordsm 0 § E 0 ]* %00 uvs E -
of SDOMR2 at 1.00 HzThe spectrum compatible selectioiis explained in the caption of Figure 1.8.Zhe

]*3E] udl}v }( Z « &8+ <Rovh dh the-pxis. Bin 1K1) in the xaxis representshe distribution
of sets with magnitudalistancebin. The next rows represent thdistributions when the GMs are removed from B
The mean andhe COV araoted on the figure

The binsandthe number of GMs are given &1: All (88)B2: Normal Fault (10)83: Reverse Fault (12B4: Oblique
Fault (30); B5: StrikeSlip F. (36)B6: Vs450 (30B7: Vs800+ (6)B8: Normal+Vs450 (689: Loma Prieta (26B10:
Duzce Event (20B11: Irpina Event (10B12 Landers Event (8)

For example, TheB2 bin removes the records witthe normal fault from the GM sets. TheB6 bin removes the
records with Vs30 between 350 and 550 m/s. TBébin removes the records with Vs30 greater than 800 m/s.

h « ] vRRatistically independenfGMsin a set is another criteria suggested the building codege.g., ASN/2/01, 2006).
In order to evaluate the effect of interdependence that exists in a set, the tastperformedby separating (i) the sets
without same EQ event and (ii) the sets with sagvent and samestation records agprovided in Appendix A.5.3
Accordingly, their impacts are shown to be insignificantlmndistribution ofthe IMs andthe structural responses, if all
eligibleGM setsare considered

1.9 Impact of GMPEs used as Target Spectra

Thissubsectionpresentsthe impact ofthe chosenGMPEon the structural response3heGMPEsre utilized toobtain
the spectrawith the equivalent input parameters asxplainedin Section 1.4The median spectra of the GMPEs and
their standard deviation (i.ethe sigmg are provided in Figure 1.9.TThere isa significantdifference in the median
spectra Thedispersion othe spectrum (i.e., one sigma of a GMIHprgeas a function of the frequency.

The spectrum compatible selectidgathen performedwith the tool A]13Z 1atdund the targetin Section 1.2.1Al GM

setsare collectedor each GMPEThe differencelue to the choice of the GMPIEsas large as 0.04 g in PGA, 8.4 cm/s in

PGV, 18.3 cm/s in Arias, 0.12 gs in SCAV, 34 cm/s in ASI, and 25toasnier BD2014 revealthe highestmean, and

BA2011 reveals the leasiean of all¥8*=~]1X XU §Z /D[s ]*3E] ps]}v Al#eIM ditribuipmsare E P X
tabulated in detaiin TableA.6.1 (Appendix A.6)

In Figure 1.9.13Z  ]+3@&] us]}ve }( WA « § iXii ,I -R2 mbigbie ¢gmparedThK énoice of GMPE
causathe means of alf*““‘¢4$* tanging from 0.09 g to 0.14 g (i.e., +55% of the former) and the means ¥ "
ranging from 2.0 cm to 3.2 cmdi, +60% of the former). A similar trend che tracedin the distribution of all

HUSSE dW R ma1¢in Figure 1.9.2.b.
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Figure 1.9.1: Median spectral shapes of GMPEs and their standaxdations The median spectrare shownin (a)
and one-standarddeviaion (sigma) spectrare shownin natural logarithmicscalein (b). The spectraare obtained
with the equivalent parameterfor the scenarioof M7.0R40, Vs450, and normal faalé discgsedin Section 1.4.
BT2003 usebasicparameters with soil and rock classifications. BD2014, AK2014, and Bagfllte basic input
parameterswith a bit more detail AB2014, CB2014, and CY2014 characterize the source as an extended fa
require detailed information aboutthe site. PSAs at@0Hz vary ktween 0.09y and0.14 g. PGAs vary between 0..
g and 0.14y. The standard deviationsf GMPEs exhib# decreasing trend frorthe low to high frequencies.

The inclusion of r §w B, ;9 ¢ "elevatesthe means ofll $£*$1°about 60% regardless of the GMPHjeh impacsthe

acquired decisions fromsuch analy®s. d Z ]*SE] pS]ltve }( 48}% €& u}CE J*% E- §Z v §Z

Ceg$  The spread of the structural response distributinaffected by the choice of a GMPE, whizm be

explained by thalifference in thePSA levels antthe structural demand level
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Figure 19.2: Impact of GMPEs attne distributions ofPSAsat 1.00 Hz v 43} %o } (-R2 Kh& pper and lower
amplitude tolerancesare definedwith 1 X fiof the GMPE around its median spectréhe frequency tolerance i
from 0.50 Hz to 20.0 Hz. Five GMs per aet used 16" and 84" percentilesare plotted with horizontal line
markers. Mediansare shownwith cross markersMeansare demonstratedwith the markersand colors inthe

legend boxfor correspondedGMPE. The averagef 5 GMs per sets shown The average with 95% of standa
deviation per setis also shownPSAs at .00 Hz in (a) represent the elastic spectral accelerations dhe

fundamentalfrequency of SDOR2 in (b). Data came foundin Table A.6.ZAppendix A.6).

In the DSHA, a single GMREused without consideringhe spectral variabilityand the GMP#ased variability It is
shownthat the GMPEs cagignificantly impact the distribution dhe IMs andthe structural responseslightly less for
Vbase as summarizex Table A.&). This conclusion is specific to the EQ scenariothagreciseinput parameters.
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1.10 Impact of Upper and Lower Amplitude Tolerances

The upper and lower amplitude tolerancese usedas a way to tune the spectral variability. The sigmaed
tolerancesprovide a certain level othe observed spectral variability in the dataset of t6&PEbut are not preferred

in the current practiceThelinear amplitude tolerances such as linesymmetricor linearasymmetricare preferred.

The symmetric tolerancexpands the upper and lower tolerances equally. The asymmetric tolerance, which is required
in ASN/2/01 (2006), expands the upper amplitude tolerafvaéh a constant lowetolerance to impart conservatism

The equivalency between the sigrbased and thdineartolerancesis shownin Figure 1.10.1 and for the other GMPEs
in Figure A.6.1Appendix A.B Thelinear tolerances correspond to the nemniform level of the observed PSAs in the
dataset of the GMPE (i.e., epsiloip illustrate, in AK2014inear tolerance of +50% has an equivalent epsitorging
between 0.5 and 0.6. In BT2003, linear tolerané +50%has an equivalent epsila ranging between 0.4 and 0.6.

0.6

i

0.2 A

0.0

=029 0%

e ——

—0.4 4 |Lower Tolerance: -30%

Fraction of Sigmaakzo14 (€)

-0.6 T T

Frequency (Hz)

Figure 1.10.1Equivalent epsilons dlinear tolerances(in the natural logarithmic base) The spectrunis AK2014
for the scenario of M7.0R40, Vs30 450 m/s, and normal fault. khe]A o v§ (E §]}v i§ cakclitedvith -
the ratio oflineartolerances in natural logarithm andgsnaof GMPE The dashed lines atke linear tolerances.

In Figure 1.10.2, the signimased, the lineasymmetric and the lineaasymmetric tolerances are analyzed for their
impact on 4 § } #he symmetric tatrances reveal comparable meawgh respect tothe sigmabased tolerancesThe
asymmetric tolerances revéanostly greater means (i.e., imparting conservatighgn the sigmabased tolerances
Tightening the tolerances in the signtmsed and the lineasymmetric tolerances reveal precise estimatésr the
interest of themean and media) Tightening the asymaetric tolerances can cause a significant decrease in the mean
and mediarestimates.The choice of the GMPE resultdangedifferences independent of the tolerance typehesame
conclusionsan beextendedto PSAs at 1.00 Hz ang“*3er & { w R.;* *asprovidedin Appendix A.6
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Figure1.10.2 Distribution of 438} %0 }( -R2kt&1.00 Hzwith different upper and lower amplitudetolerances.
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(continued) Tie GM selections performedfor the scenario of M7.0R40, Vs30 450 m/s, and normal f&dsults
with the intraset approach of theaverageof 5 GMs areshownin cm Meansare demonstratedwith the markers
and colors inthe legend boxfor each GMPE. Medians are shown withe crossmarkers. The 16" and 84"
percentikes are plotted with the horizontal barshe horizontal lines showth€] o JvP v p 8]o]sC

1.11 Shrinking GM Set Amount

We demonstrated that all GM sets need to be collected in the spectrum compagltdetion.Yet,the collection of all

GM sets may not be possible due to the technical limitations (i.e., if there are many GMs in the maglistadee bin
andmanyGMs per set). For example, the selection of 13 GMs among 73 records purgestberof iterations about

6 million times relative to the selection of 5 GMs (see Equation 1.2.1). This section empirically evaluates how to shrink
the amount ofthe GM sets by conserving the arrangementiud GM sets and the interset variability.

1.11.1 Number of GM Sets

In the practice, the GM sets that are close to the target spectiampreferredX &]PuUE {iXiiXi «Z}Ae §Z Z vP
for the first 250 sets according to the metric definedEquation 1.8.1Them v 438}% *3Ju § « Jv E + A]5z
inclusion of more GM sets and do not reveal stabilized distribution even if the first 250 Gitaétsluded
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i E
2 . . . . <5 . . . . .
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Ranking of Sets wrt Root-Mean-Square Deviation Ranking of Sets wrt Root-Mean-Square Deviation
(a)IntrasetApproach of Average (b) IntrasetApproach of AveragPlus95%StDeviation

Figure 1.1.1: Changen setto-set distributions of 4 § } %SPOMR2 at 1.00 HZThe spectrum compatible selectiasn

performedwith AK2014 andi X Aaround-median spectra. Along the-axis,the rankingof each setEquation 1.8.1)s

shown, which is adapted from lervolino et al. (20L0Along the yaxis,the setto-¢« § ]¢SE&] uS]}ig showhfol o
the related intraset approactiThe fiades of blackndicate Z}A }(3 v 48}% e« $inuthé rang€ The darker thi
shade is, the more the data can be observe®50 GM sets are shown aage sampledat every 10 GM sets.

Thedistribution in Figure 1.11.1 ompaked with the all-GM-set distributionin Figure 1.11.2. The random selection of

the GM setsis alsoincludedX &]JE+S ¢ SU (JE+S iii » SeU v (]JE+S Tfii » §¢ pv E *S]Ju § 4
capture theintersetvariability regardless of the intraset approaches. Randomly selected 100 sets that are composed of
less than 44 GMs (60% of all GMs) undenaste the structural responses and their dispersion. Randomly selected 100

sets that are composed of at least 50 GMs (75% of all GMs) closely represent the whole distribadosimilar
observationsare madefor PSAs at 1.00 Hz and VbaséAppendix A.7.1For the clarity, randomly selected sets are
referred as semiandom in the figures due to their refinement regarding the number of GMs.

1.11.2 Arrangement of GM sets

Among a group of sets, the GMee repeatedat different rates. If the repetitions of GMs are normalized, we will refer

S§Zu «ZE} PEE v (E <p v ] ]} Z 'D]Jv 8§8Z 8Z ¢]+XdZ E HEE V (E <
the final structural estimate. For example, a single set tatsists of 5 GMs has an equal recurrence frequency (i.e.,
weight) of 20% (one over five GMs) on the final estimate.
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Figure 1.11.2: Distributios } ( 4 $¢P&DOMR2at 1.00 Hzwith the inclusion of various amounand combinationof
GM sets First set, firstlO sets, first 50 sets, and first 100 sets are taken ftbmpreviousgraph They have 5 GMs
24 GMs, 36 GMs, and 42 GMs, respectively. All GM sets have 982 535 GM sets and use 73 GMs. There is ¢
in the amount ofGMs and the distribution of GM sets. As a result, two different approaches are used to retriev
semirandom 100 GM setslhe frst approach is to select two sermndom 100 sets having less than 44 GMs, wf
cover 60% of all GM3he gcondapproach is to select two serandom 100 sets with at least 50 GMs, which co
75% of all GMs.

The recurrence frequencies are plotted for the abewentioned semirandom approaches in Figures 1.11.3.a and
1.11.3.b, and for all GM sets in Figure 1.1d..3 Figure 1.11.8 there are 42 GMsandthree GMs reoccur more than
7.5%, which is inadequatehjgher than the rest. It means that these three GMs are likely to govern the firia} %o X

In Figure 1.11.8, the recurrence frequenciesre more homogenuosly distributed and 59 GMs reoccur less than 5.0%.
Figure 1.11.2 shows the recurrence frequencies of all GM sets and the recurrence frequencies are less than 3.0%.
Also,there are several GMs reachimyer the ductility demand of @n Figures 1.11.3.land 1.11.3.c, which are not
present in Figure 1.11.3a.

The €mi-randomly selected 100 GM sets consist of more than 85%Ms(no outliers) can reveal similaetto-set
distribution (i.e.,interset variability) to the alFGM-set distribution All GM setsshouldbe consideredvhen a precise
study o the intersetvariability is required.
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Figure 1.11.3Comparison of recurrence frequenci@®)of 4 § }fiss SDOFR2at 1.00 Hzor different groups of GM sets
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recurrence frequencis highlightedwith the greyline.




(PART 1YNSCALED EARTHQUAKE RECGRDS

1.11.3 Approach to Avoid GM Domina ncy with Partial GM Sets: Cycle-and-Shift Algorithm

A stableset distribution of structural responses can be representegl fewer GM sets if they are combindd a
particular way to avoid thedominane of GMs in sets (i.elargerecurrence frequency)Three componentsre found
to be essentialo represent theintersetvariability sufficiently with fewer sets

X Amount ofthe recordswith respect toall records
X Recurrence frequencies die records, and
X Amount ofthe recordsrecurring equally and greatly

Thesecomponentsare then integratedo developt Z cycleand-«Z] (5[ o P} @&p8diteskhe/rdin time of spectrum
compatible GM set selection, overcomes the technical limitations due layge amount of GM setsand avoid the
biased GM set selection relative to the resultsahed by all GM sets. The cyaerd-shift algorithm includes cycles at a
defined limit and shifts with a certain amount of GMs in the following cycle. It is applicable only if

(a)the ground motions (GMs) are compatible withe target spectra, i.e., there are no outliers that are outtloé
M&R bin and that do not give extremelyghi IMs than the observed populationtime M&Rbin (Section 1.7.2),

(b) the amount of GMs per set is at least 5, and

(c)the amount of GMs is equal to addrgerthan three times the amount ahe GMs per set.

The algorithm is sketched in Figure 1.1amlis explainedn Steps 1 to 9 below:
(1) Sort ground motions, GMs, with an increasing metiic accordance withEquation 1.11.1 (lervolino et al.
201M):

¢ Y Vi 6

e s = 25#™p:F25g0a04g:

AL F B %G
op@b 25#8040%g;

Equation 111.1

where N is thenumber of spectral accelerations within the frequency rang@.5 ﬁ@:%;is the average pseudo
acceleration frorrthejth GM atafrequeny B, »t-~1v1. . pSthe spectralaccelerationof the target spectrum af;.

(2) Combinethe GMsetswhich consist othe amountof GMs per setnset by respecting the order of sorted GMs
as explained in Equations 1.2.1, 1.2.2, and 1.2.3,

(3) Stop the iterations after
0] collectinga certainamount of eligible GM set$/ls; or
(i) exceeding the allowed maximum duratidfex

(4) Collectthe eligible GM sets at the end of a cycle

(5) Eliminatethe GM sets ithey are repeatedn the previous cycles

(6) Go to Step (1) tetart anothercycle by shifting a certain amount of GMg,x, from thebeginning of the sorted
order whileNgy is equalto andlargerthan GMs per setk

(7) Calculate the amount of unique GMs among the collected S = o x

(8) Calculate the repetition amount (recurrence) of GMs among the collected sets and its recuineneencies,
Ap o

(9) While (i) Op g 2 g @ I & V04 gwhere 04 gsthe total numberof GMs), and
(i) 4amP | EJBVL&ay WA™ S 189 EQ Oa s = o Fepeat the algorithm with differentyyn OF Noet OF tmax

For the discussion in the following sectiongix is 3,Nsetis 2500,andt,.is 90 minutes. These valuase obtainedafter
a trialkand-error procedure. lis also observethat if two consecutive cycles do not return any GM sets, the subsequent
cycles do not return any GM sets.
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Figure 1.11.4: Sketch dfe cycleand-shift algorithm. *GMs are sorte
in an increasing metric value, i.&M, gives the least metric distance.

Thesets collected by the cycknd-shift algorithmare compared withthe sets obtained byne cycleset selection (i.e.,

no shifts)in Figure 1.11.5First 100 000 sets with 56 GMs meet the criteria of using 75%eddMs (56 GMs out of 73
GMs); however, several GMs reach over the defined recurrence limit of Tiétecurrence frequency of 7.7%nplies

that eachGM s repeatedwithin the 100 000 GM sets since their recurrence frequency is equal to 1/13, 7.7%. In other
words, they have highweight on the final structural estimates.

In Figure 1.11.B, the cycleandshift dgorithm is used to collect 31 911 GM sets. There are 69,@nseach has
homogereouslydistributed recurrence frequencies, which are less than 2 8%cycleand-shift algorithm reveals the
mean of 2.7 cm with a COV of 14% {§¢*®I°I They are exactly sanzsthe alkGM-set distribution. It suggests thahée
sets obtained by the cyclend-shift algorithm can optimize the GM set selecti¢the duration and the technical
limitations) and represent theall-GM-set distribution. The sameconclusions can be extended to thstributions of
WAH «U 48}% U with cther GMPES$N AppendixA.7.2 For the future use of the cyclend-shift algorithm, we
suggest the verification afyx, Nse, andtaxspecific to the case.
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Figure 1.11.5: Recurrence frequenci@s)of GMs with (a) insufficieninterset variability and (b) sufficieninterset
variability for 13 GMs per setThe target spectrumis obtainedfrom BT2003 for the earthquake scenario
M7.0R40 and soil site. Spectral variability is limited with symmetric tolerances between 70% and 130%. Rei
frequency of GMs among sesshownalong the left yaxis. Cumulative distribution function (CD$¥shownon the
right y-axis. It is a curve representing hdaoadthe structural estimates are.
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1.12 Impact of GM Amounts per Set

The cycleand-shift algorithmis used to collect sets with different amount of GMs per set. The computational duration
is drastically improved. For example, the selection of 23 GMs per set takes about 10 hours with thendyatiet
algorithm; whereas, the developed procedure (in Smttl.2.1) takes at leag&weeks (not possible to complete).

The impact of G per setorthe 45} %0 ]S GSlgu&iiw &]PUE (iXiTXiX &]E*S « WithpespeGEB E | S
the mean of all sets except for the case with 7 GMs per set. The usomf GMs per set tends to decrease the
J*% E+]}v }( 45}% «39alsé obsenfelby PSAs at 1.00 Hz and Vbaséppendix A.8

The mean of alff<¥®1cin 1.12.1a increasedrom 2.6 to 3.1 cm withmore GMs perset. The mean of all#<*8E

rgw B mn9°decreasedrom 4.2 to 3.7 cnwith more GMs per setA similar trends also observetbr the distribution

of PSAs at 1.00 Hz and Vbasdppendix A.8ASN2/01 (2006) suggests increasing the average of structural responses
by a factor of standard deviation based amumber ofGMs which isshownto level the final structural responses.

The findings imply that the use of more GMs per set does not change theges structural responses (with an
exception of 7 GMs/set)The results show that a single GM set is neither sufficient nor stable to capture the average
responses from all set distribution.

All set distribution requires the use af least 60 GM& ead casewith different number of GMs per seEach GM has
then different recurrence frequencieBased onthe cycleandshift algorithm the GMsper set is a source of
uncertainty in the spectrum compatible selection. Using more GMsspttends to revealess dispersed distribution
The results are based ahe symmetric boundaries and the simplified structural model.
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Figure 1.12.1: Impact ahe amount }( 'De % & + § }v 43}% +3HUaBl.00}HAB, KHL, 13, 19, 23
and 29 GMs/setire selectedwith a target spectrum of BT2003 and +30% symmetric tolerantes.m v 43]
estimates ofthe first setare shownin red color. The distribution dhe 48} % <3]Ju § < }i6 shomwnin Black
color. The mediansre shownwith the cross markes. The neansare shownwith the triangle markersThe16" and
84" percentilesare markedwith the horizontalbars.

Thesame-eventand samestation records in a seire allowed because there are not any available sets for 11 (
per set and more. Thitraset %0 % E} Z ]v ~ «U Ath&standa¥d agwatjon,(is determined according

AEITHHT ~111 dscalculagd }E JvP 8} §Z &]J*Z E[e *Sp vS u 8§z} X , ] 69U
34% for 5, 7, 11, 13, 19, 23, and 29 GMs per set, respectively.

1.13 Conclusion

The wnscaled accelerograms are the natural observations exhibitinge variability, which can bémportant in the
decisions acquired through the seismic anaybiowever, such variabiliig minimizedin the current practice due to
the time and budget constraints.
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In Part 1, the impact of spectrum compatible selection viite use of unscaledeal records on structural responses is
studied by testing various sources of uncertainty and introdu&inge spectral variability irthe spectrum compatible
selection. Based on the unscaled earthquake records for a single earthguekario and their impact on structural
responses of SDER2 at 1.00 Haye draw the following conclusions

X The signal processing and its technique can be the sourctheofuncertainty for the ground motion
characteristics and the structural responsese Tmcertainty carbe improvedby inspecting the acceleration, velocity,
and displacement time histories for the baseline offset and the noises in a way to respect the specific needs of a seismic
analysis (e.g., the frequencies of interests, the residulbles).

x The chosen magnituddistance binhas large recordto-record variability. The refinemenbf the site-specific
parameter results in few records and large dispersion as well. In the spectrum compatible seldwti@finement of
the magnitudedistance bin(i.e., withthe site-specificconditions orthe eventdominance)slightly affecs the final ®t-
to-set distribution of ground motioncharacteristics and structural displacemeniherefore,the magnitudedistance
binisused

x In the spectrum compatible selection, some ground motions can be refined based on the comparison of the
spectral amplitudes with the target amplitudedthe IMs (such as Arias intensity) with the average of the mageitud
distance record bin. Indeedh¢ spetrum compatible selection does not select those ground motions.

X Thespectrum compatiblgground motionselection reveals two types of variabilityte intraset variability, i.e.,
the recordto-record variability within ayround motionset, andthe interset variability, i.e., the variability from one to
another ground motionset. The intraset variability may be regarded partially in the seismic regulatory codes. The
interset variability has ndbeen consideredanda singleground motionsetis comnonly usedn the current practiceA
single ground motion set is concluded to be insufficient to represent a stable structural respagesdingall ground
motion sets. The use of more sets is shown tanbeessaryor a stable distribution of the estimas. Three factors are
shown to beimportant to replicate the interset variability with a small number of sets:tkif humber of recordswith
respect toall ground motions, (2hhe recurrence frequency of ground motions, and {8 number of ground motios
with a relatively large recurrenceeiquency. Accordingly, the cyedad-shift algorihm is developed to integratthree
factors. The algorithm has the advantage of revealingtable distribution of structural responses with fewer ground
motion sets and enhancing thechnical limitations (i.e., memory and duration problem)

X The sigmébased tolerancegi.e., using thesigmaof a GMPEJepresent a certain level of observed gpel
variability in the dataset o& smoothed spectrum obtained by a GMREcan be reasonable to use the current
practice Tightening the tolerances in the signfmsed and the linear symmetric tolerances reveal precise estimates.
Tightening the asymatric tolerances can cause a significant decrease in the central measures.

x In the spectrum compatible selectiothe number ofground motions in a set can be the source of uncertainty.
ASN/02/1 (2006) suggests escalating the average of structural responses by a factor of standard deviation hased on
number ofground motions, which is demonstrated to level the final structuesiponses. Also, using more GMs per set
tends to decrease the dispersion.

x Among the investigated elementhe target spectrum obtained by the GMPESs results in significant differences
in the ground motion characteristics anbe structural responses. Thinclusion is limitedo the scenario andhe
assumed equivalent parameters (i.e., fault geometing, site position.
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PART 2

IMPACT OFACCELEROGRAMARIABILITY ONSTRUCTURAL
RESPONSEXOMPARISON OEINEARLY SCALED AND SPECTRUM
MATCHED GROUND MOTIONS



(PART 2) IMPAOFACCELEROGRAM VARIABONSTRUCTURAL RESPONSES |

2.1 Introduction

The unscaled earthquakéEQ) records are the most realistic option for the nonlinear dynamic analpsgsthe
modified ground motions (GMgre rather preferredn the current engineering practice. Part 2 extends the research
work to the GM selection and modification (GMSM) nadh as well as the nonlinear dynamic analyses of the simple
andthe complex structural models'hegoal in Part 2s to compare the characteristics of the modified ground moson
and the corresponding structural responses.

There are tleast forty GMSM mdtods in the literature Klaselton et al. 2009) from the linearly scaled GMs to the
generated synthetic waveform#\ consensus on how to select and scale GMs for the nonlinear dynamic analysis has
v}s v E Z e]lv. §Z Z +8[ eSCE S PC %o tive EQ vecdEisthefpurposd of tRe€analysis,

the engineering demand parameter (ED#g structural nodel, etc.The ongoing debate can be grouped in two poles

as summarizedin Figure 2.11. On one sidethe s 00 Zv S ufEormndtes ednservingthe natural GM
characteristics andthe inherent variabiliy; on the opposite sidethe socalled gragmatcs[ promote the GM
modifications to reducehe variabilitywith respect tothe target spectra.

The raturalists claim thathe unscaledreal records preserveahe seismological properties antthe natural variability.
They favor the approaches lying on ther@level record modification axis (left side, Fig. 2.1.1). Onéefconceris of

the pragmatics is thecost and the durationof the nonlinear dynamic analyse3hey prefer reducing input GM
variability to satisfy the budget anthe time constraints. Alsgthe records of thenearfault andthe large magnitude
earthquake eventsare scarce in the databasand they can be generatedwith the pragmaticmethods. The tightly
spectrummatched waveforms placed on the extreme of the recarddification axis (right side, Fig. 2.1.1). The linearly
scaledEQrecords and the loosely matched waveforms lie in the middle of the renmdification axis (Fig. 2.1.1)

Figure 2.1.1: Two poles dfiscussions oground motion selection and modification

Thelinear amplitude scalingMethod B, Fig. 2.1.1) is a commonly used method to adjust the spectral amplitudes at the
frequency of interest such as the natural frequency of a structure, SBoihe et al. 1998) to the target spectral
amplitude. The spectral variability at the frequey of interest is forced to be zero. The question whetheear
amplitude scalingesults in biased structural estimates or not Hamen discussedvidely. Some studies have argued
that the scaling factors should be limitednd the record bin (magnitudand distance) should be selected with the
caution in order not to disturb the observed signal characteristics and introduce any biased structural responses (e.g.,
Bommer and Acevedo, 2004; Watsbamprey and Abrahamson, 2006, Luco and Bazzurro, 2007;, B&Kay Kwong

and Chopra2015).Some researchers have claimed that theear scalingshould notbe useddue to the questionable
structural estimates (Grigoriu, 201@n the contrary, some studies have debated tha¢ar scalingcan be used even
without a careful sitespecific record selection, i.e., no limitation on scaling factflesyvolino and Cornell, 200%nd

the scaling does not cause any bias in the nonlinear structural estimates for tfielfarecords (lervolino and Cornell,
2005, Huang edl., 2011).

Thespectrum matchindMethods C and D, Fig. 2.1.1) is a pragmatic approach that generates synthetic waveforms by
adjustingthe syntheticand the real accelerograms in the frequency domain (Rizzo et al., 1975) or the time domain
(Kaul, 1978). fie frequencydomain spectrum matchingnvolves the adjustment of the Fourier amplitudes with the
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target amplitudes and their inversion into the time domaRASCAL (Silva and Lee, 128i) SIMQKEGasparini and
Vanmarcke, 197&re the readily availableobls to perform the frequencgomainspectrum matchingThe frequency
domainspectrum matchindnas been shown to result in a significant manipulation of the records (Hancock et al., 2006),
i.e., not a preferredmethod (Seifried, 2013).

The timedomain spedrum matchingalters the response spectrum by adding wavelgt® the acceleration time
history to satisfy the defined spectral amplitude tolerance within the frequency range. Therefore, thstat@mary
characteristics, Arias intensity, aride strong motion duration of the record can be better conserved (Lilhanand and
Tseng, 1988; Seifried, 2013). Following the development of the algorithm (Abrahan®@@@nhHhncock et a).2006 Al
Atik and Abrahamsor2010, RSRatch09 (Al Atik and Abrahamsor2010 has been made available to perform the
time-domain spectrum matching which is usedin this study.Generally,the tight spectrum matching(i.e., small
tolerance range around the target spectrum) is used to reduce the spectral discrepancy relative tmttespectra.

Several studies have argued that the titd@emain spectrurrmatched waveforms reveal biased structural estimates,
which are mostly unconservative and a function of ductility (Carballo and Cornell, 2000; Bazzurro and Luco, 2006;
Huang et al., 2D1). On the other hand, the researchers have not reported any biased estimates with the dimmeEn
spectrummatched waveforms (Hancock et al., 2068yolino et al., 2018 Heo et al., 2011; Grant and Diaferia, 2013).

Some of the pagmatic methodsare permitted by the building guidelinesuiecode 8§ 2004; ASCE/SEI 48, 2005;
ASN/2/01, 2006ASCE/SEI 436, 2007;AASHTO LRFR010;ASCE/SEI 2010).The pagmatic methodsan havethe
following underlyingassumptions: (1) the variability in tharget spectra obtained from seismic hazard assessment
(SHA) is negligib®IST, 2011 which is a deterministic SHA approach, (2) the structural response variability under GMs
of similar spectral shapes is minimal (NIST,12®eifriedand Baker 2016), and (3) the elastic spectral shape is
sufficient to select and modify GMs for the nonlinear dynamic analysesI18TI®95Haselton et al.2009).

The aim, herein, is to comparhe impact of the pragmatic GMSM methods such asthe linearly scaled andhe
spectrummatched GMgelative to the naturalist methodi.g., theunscaledreal records)on the signal characteristics

and the structural responsef the simple and complex models. The spectrum compatible GM selection is not
performed in Part 2. The GM mdificationsare donewith Method B (MB), Method C (MC), and Method D (MD) in
Section 2.2 and their impacts on the intensity measwesdiscusseth Section 2.3. Then, the GM familia® usedas

inputs for the simple and complex structural models in Section 2.4. The impacts on structural responses are presented
as a function othe modification degree in Section 2.5, anith respect tothe structural model in Sections 2.6 and 2.7.

2.2 Ground Motion Selection and Modification Methods

Three GMSM methods adefined in Figure 2.2.1 to obtain horizontal singieection GMs. Followinthe definition of
the earthquake (EQ) scenario (M7.0R40, Vs450, and normal fault), the EQ rammrésrievedfrom the strongmotion
database. They are then sigmabcessed to obtain the unscaledal records in Method A (MA) as explained in Part 1.
The modificationsare appliedover themagnitudedistance record biin MA

Strong-
motion

database

Figure 2.21: Ground motion selectiomnd modificaion methods in Part 2.
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The investigated elementare summarizedn Table 2.2.1, and further information about the EQ scenario and the
GMPEs cahe foundin Part 1.

Table 22.1: Elements investigated in Part 2

EQ Scenario | TargetSpectra(Median GMPES) GMSM Methods Structural Models
M7.0R40 AB2014, AK2014, BA2011, | MB (linearly scaled GMs), 8-/7-/2-/1-story RC buildings,
Vs45Q0Normal | BT2003, BD2014, CB20aad | MC (ooselymatched GMs), and| 2-story masonry building, anc

Fault(88 GMs)

CY2014

MD (tightly matched GMs)

five simple models

2.2.1 Method B: Linearly Scaled Earthquake Records

MB isthe linear amplitude scalingnethod, which modifies the response spectra of the real record to the target PSA
with a scaling factor (SF). $Fobtainedby the ratio of the PSA of the record at ®SA gy and the target PSA at 0,
PSA targe;@s given in Equation 2.2.1:

5(L 2584 4725840800
SF beingreaterthan the unity signifies an increase in the PSA and vice versa. The aim is to improve the fit of a record
to the target spectra and minimize the spread of the spectral amplitudes at a given frequency. SFs should be allowed in
a way not to result irthe large modifications andhe unrealistic GM characteristics in comparison with the observed
characteristics of the unscale®al records Bommer and Aceved@®004 Lai et al., 2012,). Luco and Bazzurro (2007)
guantified the biases in the median nonlinear sttwral responses to reveal the tolerable scaling factors as a function
of fO, the strength of a structure, and the higher madteminane.

Equation 2.2.1

In this study, the SF is limited to be between 0.5 and Zh@GMsare eliminatedif the scaling factor is out of thilimit
Lastly, a sufficient number of GMs (>45 for each targetbtained Figures 2.2.2 shows an example of the linearly
scaled record to the target PSA at 1.00 Hz.

(c) Modification Process
Observations:

(a) TimeHistories (b) Response Spectra

= 03 PGA 0.14 027 g Housner 31.9' 60.9 ¢m ()Ther }@E [+ WA00Hg i$0.08 g
= 7] ] o|ASI 146 279 cm/s ) * . . .
g _g;g_“w&“”“"*rias 5% 103 crfs 10 (i) The target PSA at.00Hz is 0.14 g.

-0.4 S (iii) The ecord is linearly scaledvith a
@ 20 VBT eSS o scaling factor (SF) of 1.92 (=0.4/0.08
§ o | = 9).
= 3 101 Linear amplitude scaling:
> -20 (i) The danges in PGA, PGV, PGI
— 10 Housnerand ASlare equal toSF.
g P T Ip— (ii) The drange in Arias is equal to’SF
- 0 — b nscale eal Recor . pr . .
2 ¥ WP"G‘?D%@ 296 51 jm — Scaled Record (SF = 1,91) (!u) SCAVs amphfledv\nth a rat|_0 (_)f2.16
8 10 —— 1072 — " (v) The ggnal characteristics are

0 20 40 10 L0 amplified
Time (s) Frequency (Hz)

ConclusionThe galed record igligible

Figure 22.2: Time and frequencydomain characteristics ofthe unscaledearthquake recordand the linearly scaled
GM in Method B. Method B linearly scales the unscaled real record to the target PSA at 1.00 Hz. The tHrge
median ofAK2014 for the scenario of M7.0R40 avs¥50.The acceleration, velocity, and displaceméime-histories

in (a) present the unscaled GM in black and the scaled GM inTrezltime historiesare linearly amplifiedvith the

scaling factor. The spectral shape inigbamplifiedwith the scaling factor. The modification process in (c) explains
justification of the scalingThe record is from the Kefallinia Island earthquake (ARG1 statidg)eiecewith Mw 6.9,

Ruypo 31 km, and Vs30 437 m/s.

2.2.2 Method D: Tightly Spectrum -Matched Waveforms

The spectrurmmatched waveforms are obtained by the nonlinear modification of a @der the given parametes in
RSMatch09 (Al Atik and Abrahamson, 2010), which optionally linearly scales the GM to the targgpridG#o the
spectrum méching
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Some studies (Hancock et al., 2006; Al Atik and Abrahamson, 2010; Grant and Diaferia, 2013; Seifri&kifzet3
and Baker, 2016have utilized criteria on whether to accept or reject a spectmatched waveform based on the
comparison ofthe acceleration,the velocity, andthe displacement timehistories as well as the comparison of Arias
intensities to justify thatthe original signal characteristics are conservéthwever, there has not been a widely
acknowledged techniguandthe decisionis upon the judgment of the engineer or the seismologist (Seif@éd3.

In this study, the goal of Method D is to generate a waveform of whose spectrum is within the +20% tolerances around
the target spectrumi.e., reducing the spectral variabilisignificarly. Following the discussions (Seifried, 2013) and the
requirements (ASN/2/01, 2006), four types of tests are utilized to judge the ube generated waveforms:

1. Convergence test
Thespectrum matchings an iterative procesandthere can be norconverged waveforms for the defined tolerances
around the target spectra. If the convergence criterion is not satisfied, the generated wavefoeraminated

2. Zerounit check
Prior to the use ofRSRIatch09, the records are ensured toalie zereunits at both ends ofthe acceleration,the
velocity, andthe displacement timehistories Having zeraunits is essential for the nonlinear dynamic analysis of the
far-field EQ records. Thegpectrum matchingan reveal residual acceleration, vatgcand displacement at both ends
of the time-histories.

3. Level of change in Arias intensity
The spectrummatched waveformsare modified with respect tothe frequencydomain properties which can be
essentialto judge its consequences on the duraticand the amplitudebased GM characteristics. The change in Arias
intensity, a duratiorbased IM, is imposedn remainingwithin £70% of the unscaled EQ recofithe resis eliminated
The limit is optimized with a tridnd-error approachto retrieve the suffiagent GMs.

4. Comparisonwith the observed intensity measures (IMs)
The spectrurmatched waveforms are further checked whether (i) strong motion duration (Dobry et al., 1978), (ii) peak
ground velocity (PGV), (iii) peak ground displacement (PGD), (iv) ®gasity, and (v) cumulative absolute velocity
(CAV) are within the compatible range of the predicted scenario as required by ASN/2/01 (RB@6kandardized
cumulative absolute velocity (SCAV) is used instead of CAV due to its conservatism isheakimgy duration witlthe
low-amplitude cycles (EPRI, 2008)o standard deviations from the mean (95.48bxhe observed IMs in unscaled
earthquake records (MA) are used to define the limiting characteristics (optimized to return a sufficient amount of
GMs). The outliers (15 out of 88 GMsea®lained inSectionl.7.2)are not considered
The observed strorgiotion durations are between 5.5 and 50.2 seconds,
The observed PGVs are between 3.3 and 51.3 cm/s,
The observed PGDs are between 0.8 and 27.4 cm,
The observed Arias intensities are between 4.3 and 227.1 cm/s, and
The observed SCA¥re between0.09 and 1.58 gs (i.e., g times seconds).

X X X X X

For illustratingthe effect of the teststhe spectrum matchings performedto the median of AK2014 (for the scenadb
M7.0R40, Vs450, and normal fault). 2 out of 88 GiMseliminatedn the convergence test, 53 GMse removedn the
zero-unit check, and 19 GMare removeddue to thelargechange in the Arias intensity. The rest of 14 GMs are within
the observed intesity measures andre kept

RSMatch09 is shown to result in residual tirgistory values (mostly residual displacement) for a large humber of
GMs An examplds providedin Figure BL.1 (Appendix B.L The precisiorusedin the zerounit check (5 cm/go check

the residual acceleration, 0.75 cm/s to check the residual velocity, 0.3 cm to check the residual displacembkat) can
stretchedif more GMs is necessary. In that case, 15 more spectmaithed waveforms (also satisfying the-bdsed
tests) become eligible.
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Figure 22.3 shows an example of tightly spectruramatched waveformAn example of an unsatisfactory spectrum
matched GMs gvenin Figure B.2.

(a) TimeHistories (b) Response Spectra (c) Modification Process

- 02 PGA 0.14 0.10 g Housner 31.9 47.6 cm The goal .is .to match the unscaled re
%, 0.0 N Lo0[AS! 146 102 cmis | record within *20% of the targe
g ias 28 27 cm/s t spectrum frpm 0.30' Hz to 33.00 H

—0.2 SCAV 0.38 0.45 gs t RSMatch09 is usedwith a mnvergence
= damping factor ofl.0, a group size of 6(
£ 107 CY 87 13.7 cm/s | o and a linear PGA scaling.
= 07 O After the spectrum matching
S 107 . (i) The maximum misfit is 19%.

-~ 5 (ii) No residual is in the timhbistories.

E f— Unscaled Real Record (iii) The drange in Arias i8.96, within the

2 07 AAGANA N _ 1'::;2\:;" paet;ﬁzd Waveform permitted limits (0.30 and 1.70).

e 5 . . 1072 — - (iv) The IMs are within the observed.

0 20 40 10 10 Conclusion:The generated waveform i
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eligible.

Figure 22.3 Time and frequencydomain characteristics ofthe unscaled earthquake recordand the tightly
spectrummatched GM in Method D The record is from the Kefallinia Island earthquake (ARG1 statidBieice
with Mw 6.9, Rypo 31 km, and Vs30 437 m/s. Method D modifies the Giith respect tothe target, which ighe
median of AK2014 for the scenario of M7.0R40 aNd450.Column (a)shows the acceleration, velocity, ar
displacement timehistories of the unscaled record in black and the spectraaiched waveform in redn column
(b), the manipulation of the spectral shape shown The wavelets that are added by the software explain
significant change in the acceleration and velocity histories. The reason why the displacement history is
affected is the frequency content of the displacement history (&.0®0 Hz) beingelow the lower limit. In columr
(c), the modification proceds explainedalong with the justification.

2.2.3 Method C: Loosely Spectrum-Matched Waveforms

MC is defined in this thesiand proposes a new test with thepectrum matchingf greater spectrd variability. MC

applies theloose spectrum matchingvith a goal to generate a waveform of whose spectrum is betwe®¥ and

+100% tolerances of the target spectrum. The technical difference between MC and MD is due to the parameters such
as the convergece tolerance and theonvergence dampiniggn RSRiatch09.

RSRIatch09 lacks alternative ways to define an asymmetric tolerance. The tolerance of £100% is used, which allows
any PSAs below 1008bovetarget spectrum. Therefore, a test is applied to limis-a-vis PSAs to 20% of the target
PSAsFor the loosely spectrurmatched waveforms, the same refinements in Section2ZaPe applied

For the target spectrum of AK2014 (for the scenario of M7.0R40, Vs450, and normal fault), 19 out of 88eGMs
eliminatedin the convergence test. 9 GMse removedin the zereunit check, and 34 GMare removeddue to the
large change in Arias intensity. Rest of the 24 GMs is within the observed IM rangésawept Figure 2.4
demonstratesan example ofa loosely spectrummatched waveform.An example of an unsatisfactory spectrum
matched GMs givenin Figure B.1.3Appendix B.L. An example input dRSRMatch09is providedin Appendix B.2
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(a) TimeHistories (b) Response Spectra (c) Modification Process
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Figure 22.4: Time and frequencydomain characteristics ofthe unscaled earthquake recordand the loosely
spectrummatched GM in Method CThe record is from the Kefallinia Island earthquake (ARGL1 statidBjeste

with Mw 6.9, Ryp, 31 km, and Vs30 437 m/s. Methods C modifies the @lfils respect tothe target, which ighe

median ofAK2014 for the scenario of M7.0R40 avis¥50.The allowed PSAme plottedwith the blue dashed lines
Column (a) shows thacceleration, velocity, and displacement tirhistories of the unscaled record in black and t
spectrummatched waveform in redin column (b), the spectral shapase compared The changes in spectra ar
time-histories are slight; in other words, the dlaateristics of the unmodified GM are conserved. In column (c),
modification processs explained

2.3 Impact of GMSM on Intensity Measures

The objective of this section is to evaluate how the modifications in Method B (MB), Method C (MC), and Method D
(MD) change the signal characteristwigh respect tothe unscaled real records. MB, MC, and BB obtainedfrom 88

GMs (without GM refinemetnbased on the IMs explained in Section 1.7.2). The PSA distributions for MA, MB, MC, and
MD are shownin Figure2.3.1 The observed spectral variability is consistently wide in W spectral variability in MB

is the smallest at 2.5 Hz and purges asatising away from 2.5 Hz. The spectral variability in M@&rggerin the low
frequencies than in the high frequencies, which is due to the PGA scMingreveals smoothed spectra with a
minimized spectral dispersion from the target spectra. The obsespatttral variability (MA) is partially conserved in

MB and MC but reduced in MD.
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Figure 2.3.1: The median of AK2014 for the defined scenario and e 56" and 84" percentiles of pseudo
spectral accelerations (PSAs) of ground motions (GMs) in Methods A, B, C, artkDnodifications in Methods E
C, and D are appliedccording to the target, which is the median of AK2014 for the earthquake scena
M7.0R40, Vs450, and normal faulhe red dashed lines show +30% around the median of AK2014 in Method:
and C; and +5% around the median of AK2014 in Methddd®hod B at 2.50 Hz scales GMs to the target PS
2.50 Hz.The amount of GMss givenfor the methods. Method A does not include outliers as explained in Se«
1.7.2

The median spectrum in &hod A is around the target from 0.30 Hz to 2.00 Hz and altbgdarget along the rest
of the frequencies. The median spectrum iretklod B is less than the target from 0.3 Hz to 2.5 Hz and close tc
target along the rest of the frequencies.athod C results in the median spectra below the target from 0.3 Hz7o
Hz ancclose to the targetMethod D reveals the closest spectra to the target.

The IM distributions are given in Figure 2.3.2 for MA, MB, MC, and MD wherateagfinedwith respect toPSA at

2.50 Hz. The GMSM methods (except for MB at 2.5@é&tzrally reveallessIMs on average than the observed IMs in
MA. MB revealshe comparabledispersion with MA except for PSAs at the scaling frequency. The effect of MB on the
IMs is upon the scaling frequenc@n the other hand, MD has minor variability for the frequebaged IMs but
considerable variability for the amplitud@nd durationbased IMs. The IM distributions without the PSA refinement
are providedn Table B.3.1Appendix B.3
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® Method A: 24 GMs ® Method B at 2.50 Hz: 24 GMs ® Method D: 14 GMs
® Method B at 1.00 Hz: 16 GMs ® Method C: 19 GMs
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Figure2.3.2: Intensity measures obtained by Methods A, B, C, and’Bey-axesplot intensity measures (IMs). Tke
axesplot Method A (MA), Method B (MB), Method C (MC), and Method D (MD) with the colors given in the I
The 16th and 84th percentiles of the distributions ateown with the horizontal barsThe mean of the distribution i
shown with theunfilled circle.The median is plotted with the cross mark&he target is the median of AK2014 for tl
scenario of M7.0R40, Vs450, and normal fadlB at 1.0 Hz is scaled to the target PSA at 1.0 Hz. MB at 2.5 Hz is
to the target PSA at 2.5 H2Ms inMA, MB at1.00 Hz and I@ are selected if they are within £30% of the target PS
2.50 HzGMs in MBat 2.50 Hare refined to have a scaling factor between 0.7 and 1.3. GMs in MD have P3A8
Hz ketween £20% of the target PSA at Whe amount of data is ginein the legendPGAs are calculated at 35.0
The dispersion in MD can be observed since the spectrum matching range between 0.33 and 33.00 Hz.

The changes in the IMSaly change are then calculated for eadBMin MB, MC, and MD as given in Equatib8. 1:

8 =Hg
8 =Hx0 a0 EE

Equation 2.3.1
with f g\@being anintensity measure (IM) or an engineering demand parameter (EDP) correspondingth}NEih
MB, MC, or MD, and = kbspeingthe IMor the EDRorresponding to the"l unscaled earthquake recortih).

The distribution of the changes in IMs is given in Figure 2F88MB, the changes in PGA, PGV, ASI, Housner, and PSAs
are equal to the scaling factor, which is between 0.50 and 2.00. The ciaAgias is equal to the square of the scaling
factor for MB. The GMs for MC and MD are limited to have a change of Arias intensity within +70% of the unscaled GM.
The central tendency (mean and median) is between 0.70 and 1.20. One sigtﬁisl(‘i@ercmtiles) remains mostly

within 0.50 and 2.00 except for the Arias intensity. In general, MB, MC, andaJgka slight change of the signal
characteristics. The observations are valid for another GMPE (BA2011) used as a target spdetyure i.3.1
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Figure 23.3 Thechangeof intensity measures(IMs) in Methods B, C, and D with respect to Method The
change is defined as a ratio of IMs of the modified ground motion (GM) and the unmodified GM. Yaats
than the unity represents an increase in IM and vice versa. THleand 84" percentiles of the distribution are
shown with the horizontal ba: The median and the mean of the distribution are shown with the cross marke
the unfilled circle, respectively. The color code represents the method in the legend. The tathjetrisedian of
AK2014 for the scenario of M7.0R40, Vs450, and normdl fHuére are 52 GMs in Method B at 1.00 Hz (scalin
the target PSA at 2.50 Hz), 45 GMs in Method at 2.50 Hz (scaling to the target PSA at 2.50 Hz), 24 GMs in
and 14 GMs in Method D.

The medias of the distributions arebelow the unity, i.e.,more than half of the modified GMs experience
decrease. The meanof the distributions ardetween 0.80 and 1.2Method C causes the most reduction irfne
duration-based IMs such as Arias and SC@¥sherally, the changecatters the mostin Method B at 1.00 Hz.
Method Crevealsthe most consistent dispersiaof the change in IMs

The total amount of GMs, and, therefore, the expected duration of the nonlinear structural analyses are the least in MA
and the most in MB. MA, the pure naturalist method, does not depend on the structural model and the target spectra.
MB depends on the target sp&oE v §Z +SCEU SUE [ (IX &}CE e]JvPo *SCEN SUE 0 u} o
about 50 GMs in MB. For 7 GMPEs anduBdamentl frequencies, there are around 2800 GMs in MB. The
modifications in MC and MD depend on target spectrum. MC has around 25 GMs per target specttthrere are

151 GMs in total. In MD, there are about 15 GMs per target spectrum and 98 GMs in total.

2.4 Sructural Models

This section introduces the structural models in Table 2.4.1 in order to extend the tests on the changes in engineering
demand parameters (i.e., fg\,a;,f_,e)C in the subsequent sections. In this study, fa@mplexand the five simple
structural models, with natural frequencies (f0) ranging from 0.60 Hz to 5.68 Hz, are used. These characteristics are
previously considered to apply the linear amplitude scaling (MB).

2.4.1 Simple Structural Models

The singledegreeof-freedom (SDOF) osciitas are referred by their strength reduction factor (R1 or R2), and the
oscillation frequency, f0, as listed in Table 2.4.1 with an ID from S6 to S9. The models are based on tHastastop
strain hardening behavior (i.e., uniaxial bilindanematic hadening). The models dissipate the seismic energy after
yielding.
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Table 24.1: List of omplex andsimplestructural models.

ID  Stucture  Modeling | f0¥(Hz) | 1@ (Hz) | Height(m) | R® 42?'4;;221) Vtggg;?gm
S1  8StoryRC 1.00 3.00 28.0 2.4 300
S2  7-StoryRC 2D 1.32 4.35 20.1 4.0 700
S3  2-StoryRC Frame 4.17 v 4.2 N/A 1.0 200
S4  2-Story Mas. 4.34 % 5.4 0.6 90
S5  1-StoryRC 3D 5.68 18.8 17 N/A 0.4 25
S6  SDOR2 0.60 2.0 2.3 11465
S7  SDOR2 0.80 2.0 18 10884
Ssa  SDOFR1 SDOF 1.00 N/A N/A 1.0 2.9 2924
Ssb  SDOR2 1.00 2.0 15 1462
S9  SDOR2 2.50 2.3 05 140

0 is the natural oscillation frequenc¥f1 is the secondnode oscillation frequencyR is the strength reductior
factor. Y 48}% E % & * vie E}}( ]*%0 u vs (}E 5Z }u%o A& u} oe ~~iU
displacements for the simple models (S1, S2, S3, S4, ard B&3e shear forces are denoted by Vbase.

In Figure 2.4.1, the material behavior model is shown. The
S7, S8a, and S8b models use a linear increase in their strai
hardening part, which is 5% of the initial stiffness as refetoed
Rule 1.The S9 model with Rule 2 can absorb slightly more
energy due to thelarger area under the forcalisplacement
curve.

Theequaldisplacement concept is also given in the figure. It is
utilized to design the strength of the SDOF models commonly
by the practicing engineers in the seismiesistant design of
the residential buildingsSignificant nonlinear behaviowith
permanentdamageis expected. The airof this approach is to
control the damage by detailing the structural systems
adequately (i.e., supplying ductility demand,...and ensuring
the life safetyperformanceunder the maximmm considered
earthquake leve{ATG19, 1995;Chopra 2012;FEMA2012).

Figure 2.4.1:Material behavior models 6 simple
models and the employed design concept.

Table 2.4.2 presents the characteristicsSE)OFsThe lateral stiffness, k, and the mass, m, are olaghiby Equation
2.2.1:
Br L; I_G Equation 2.2.1
e

The k and m parameteimpact the amplitudeof the resulted forceHowever, they are noimportant when comparing
the relative effect ofthe input GMs.

The S8a and S8b modétescribed in Section 1.Bave the same material behavior model and the sdtheThe S8a
model is designedb resist the seismic forces linearlfhe S8b model is designed for half of gessmicforces andis
expected to exhibimore inelastic behawr.

The structures are modeled with a fixed bashe damping ratio is 5% for the simple structural modee S6, S7, S8a,
and S8b models are analyzed wilpenSeex2.4.6 (Mazzoni et al., 2006). The S9 model is analyzed with GEFDyn
(Aubry et al. 1986, Aulgrand Modaressi 1996).
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Table 24.2: Characteristics of simple models.

Lateral Targe(tl) Elastic Stre(ggth Strength Deﬂsg)n

ID Label fO(Hz) Stiffness (tonne) PSAfOz) Demand, ESD (kN) Reduction Strength™ (kN)
(KN/m) (m/s%) =MassX PSAQ) Factor, R =ESDR

S6 SDOMR2 0.60 500000 35217 0.65 22930 2.0 11465

S7 SDOFRR2 0.80 600000 23771 0.92 21767 2.0 10884

S8a SDOR1 1.00 100000 2536 1.15 2924 1.0 2924

S8b SDORR2  1.00 100000 2536 1.15 2924 2.0 1462

S9 SDOR2 250 33523 136 2.36 321 2.3 140

WTarget PSAs at fO are the averagé the medianspectraof the GMPEs for the earthquake scenaribl7.0R40,
Vs450, and normal fagles giverin Section 1.4%Ehstic strength demand, ESD, is estimated by multiplyiags and
average PSA at f8ESD ishen divided by strength reduction factpR,to obtain the design strength.

2.4.2 Complex Structural Models

The complex structural modelsave the IDs ranging from S1 to S5. Taeylabeled with the number of stories and the
type of the material as given in Table 2.4.1. The S1, S2, S3, and S4 models-@direemsional (2D) models. S5 is a
three-dimensional (3D) model which is modeled with the frame depth.

The S1 model is angory reinforced concrete (RC) model that represents a dwelling typical from French Antilles in
1970. There are four-fheter long bays in the longitudinal direction (moment resisting framaed the height of the
stories is about 3.4 m. It is noted that theegularities exist in the stiffness distribution, whigiduces torsion. An
equivalent twodimensional model of the thredimensional model was obtainednd it was shown to be sufficiently
accurate (Saez, 2009; Sagal., 2011). The modal mass contrition is 90%n the first mode of 1.00 Hz, and 7% at the
second mode of 3.00 Hz.

The S2 model is astory RC model and consists of fouméter wide bays with a height of about 2.6 meters. The
structural elements are modeled bthe plastic hinge beartolpuve o0 u vieU AZ] Z ]+ & ( EE s Z
reference (Marante et al2005; Saez, 2009; and Saez et al., 2013).

The S3 model is a’2ory RC model and is composed of a singheefer wide bay with an average height of 2.1 meters,
whichisreferreda Z ii[ Jv 32 €& ( Ev ~D E v8 § oXU tiidav ~ 11U 1iiov ~ 1 § oXU

The S4 model is agtory masonry model and has a singlenéter long bay with an average height of 2.1 m. The model
includes bearrcolumn elements and diagonal struts for thieugtural behavior with zerestrength solid elements for
the structural mass. The detailed information of this model can be found in the referelnopszZCaballercet al., 2011;
Ferrrario et al., 2017).

This S1, S2, S3, and S4 models are analyzed witbyGBtibryet al., 1986; Aubry anModaressj 1996). The S2, S3,
and S4 models are defined with the tweomponent model (Giberson, 1969) and the modifications (Prakash et al.,
1993) to account for the axial force and bending moment interaction. The damatio is between 1% and 6% for the
S1, S2, S3, and S4 moddlsedamping evolutionsre exemplified undea single GM ifrigure B.4.104ppendix B.®

The S5 model ia 1-story RC model with a singlerBeter long bay and a height of lideter. The model is constructed
for the shaking table test. Later, the numerical model is done according to the experimental (E€&EAReport,2007).
The nonlinear dynamic analyses are congdiein Cast3M v15 (CEA, 2015).

The hteralforce-resisting system ithe moment resisting frame in the S1, S2, S3, and S5 models. The yielding limits (for

§Z &}}( ]*%0 u vsSeU 48}%U v §Z e ¢Z & (}E +U s -« ke a@profrhatev ]v d
values obtained after analyzing the response tihistories and the pusHA E P EA « (}E 48}% Vv s * X |
various cyclic motions of the input GM, the yielding limits may vary. There can be critical elements which may yield
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before the defined limits. The structural models are modeled with a fixed base (i.e., soil effect is not considered). The
geometry, the mechanical properties, and additional information are providefipipendix B.4An example response
history for the complex models is givenFigure B.4.13.

2.5 Impact of Modification Degree on Structural Responses

This section evaluates the impact thie modification degree inhe GM characteristicsi.€., the scaling factor for MB

andthe change in Arias intensity for MC and MD) on thanges in structural responses (i.ef, gvé,f_m), The impact

of the scaling factors (SF) on structural responses of complex models is shown in Figure 2.5.1. If the SF is outside 0.50
and 2.00, the stuctural responses deviate from the original structural responses (inscaled EQ record). The changes

in the structural responses scatter from the 1:1 limspeciallyat the low SFslif the SF is between 0.50 and 2.00, the
corresponding structural respses are between 0.50 and 2.00 of the observed structural responses, which suggests
that the controlled signal modification can resultdantrolled changes in the structural responses. Similar observations

canbe madefor other complex models iRigure B5.1 Appendix B.j except for the change in Vbase of the S1 model.

10! . 10! '
: ¢ ——. 0.5<SF<2.0 :
o) | —— 1:1 & 1:2 Lines
O ! O Vbase I
®@e d
o & O Atop
10° o 0@ 10
| |
| |
: | o
—— 0.5<SF<2.0 : :
— 1:1 & 1:2 Lines
1071 4 10-14 | |
o) o O Vbase : :
o) O Atop | |
Il | I |
1071 10° 10! 1071 10° 10!
Scaling Factor (SF) Scaling Factor (SF)
(a) S2: 7Story RC Model (b) S3: 2Story RC Model

Figure 25.1: Comparisonof scaling factors (SF) in Method @&hd the corresponding change in structural responst
The x and/-axesare in logarithmic scale. The base shear forces (Vbase) are obtained at the time of maximum a
}SZ E&}}( J]*%0 u vSe ~43}% X dZ Z vP ]Jv s o tted wiE the pBEIE cirdieS.VTH

Z vP v 48}% § SZ JEE «% }v Jverbliescirtteskotig 481, 1:A ]Jand 2:1 lines are shown with
solid black lines. Each data represents GM scaled to the target PSA at f0. §heat8Fthan the uniy imply an
amplification of the signal characteristics and vice versa. The ratio of the resgoeaterthan the unity implies an
increase in the structural response and vice versa. The change is defined accorflongatmn 2.3.1. The target is th
median of AK2014 for the scenario of M7.0R40, Vs450, and normal fault. The permitted level of SF is between
2.0 as shown with the vertical dashed lines. The S2 and S3 models (described in Sectidraze4f@)of 1.32 Hz an
4.17 Hz, respectively.

The impact ofthe changes in the Arias intensity by th@ose spectrum matching is illustrated in Figure 2.5.2. The
restriction in Arias intensity (range of 0.30 and 1.70) prevents the excessive chathgeodfjinal structural responses,

which are between 0.4 and 1.5. The changes in structural responses scatter less if they are within the restricted limits of
Arias intensity.The gémilar observations can be drawn for the tightly spectramatched GMs (MD) i\ppendix B.5

(Figure B.5.1), F %03 (}E ( A 'De ~p% 3} XA Jv & « }( 43}% A v 8Z «0]PZ5 Z vP ]

The GM modification can result the deviations from the observed structural respongd#ghe original EQ records. If
the level of GM modifications is restricted, the deviation from the observed structural responses can also be restricted.
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——- rAl=0.3,and 1.7 —— y=(x)%7/2, y=x03, y=(2x)%> O Vbase o Atop

101-_ 101 4

10° 5 10° 4

10714 10714
10-2 101 10° 101 10-2 101 10° 101
Ratio of Arias Intensity (rAl) Ratio of Arias Intensity (rAl)
(a) SBaSDOFEHARR1 atl.00Hz (a) S8bSDOFEHARR? atl1.00Hz

Figure 25.2: Comparisonof the ratio of Arias intensity (rAl) in Method @nd the corresponding change in structur:
responses The x andy-axesare in the logarithmic scale. The change the base shear forces (Vbase) at tl

JEE *%}v JVP E / ] %0}38 A]8Z 8Z o | JE o X dZ Z VvP ]v 8Z (
rAl is plotted with the green circles. The change is defined accotdiigguation 2.3.1rAl greaterthan the unity
implies an amplification of the Arias intensity and vice versa. The ratio of the resgogesterthan the unity implies
an increase in the structural response and vice versa. Each data repredeaselyspectrum matched GM accordin
to the target, whichis the median of AK2014 for the scenario of M7.0R40, Vs450, and normalTlaelpermitted
level of rAl is between 0.3 and 1.7. The S8a model is designed to resist the lateral design forces linearly.
model is designed for half of tHateral design forces and exhibitsore inelastic behavior.

2.6 Impact of GMSM Methods on Structural Responses of Simple Models

2.6.1 Change in Structural Responses of Simple Models

The GMs irFigure 26.1 are used as inputs for the S8b modahd the structural response histories are compared in

&IPUE TXOXTIX dZz ZvP ]Jv §Z 'D Z & § E]*S] *«+ & *posSe Jv J(( € v
MC, and MD, PSAs at 1 Hz ar875 g 0.145 g(+93%o0f MA), 0.115 g(+53% of MA)and 0.153 +104% of MA),
E *% S]A oCX dZ 43}% uve E iX3 uU iXi u~=0689 }( D U iX6 u
MA, MB, MC, and MD, respectively. It implies that the changedi’SAs S (i ]* €E o § §} §Z Z vP

Figure 26.1: Spectra of the input GMs obtained by Methods A, B, C, and'li® record is from the Kefallinia Islar
Earthquake (ARGL1 station) {Breecewith Mw 6.9, Ry, 31 km, and Vs30 437 m/s. Methods B, C, and D a
modifications to the unscaled real record ireMod A according to the target shown withe dashedblack line. The
target ismedian AK2014 for the scenario of M7.0R40 &%450.The spectra and IMs follow the same color code
the legend. Method B scales GM to the target PSA at 1.00 Hz with agsfeatfiar of 1.93, which equally amplifies PS
and some IMs.Method C slightly affectspecificIMs such as PGA, PGV, and Housner but manipulates

significantly.The modifications in Method rausePGV and Housnéncreasingbut PGA and Arias drging, which

can be relatedo the amplification of the lowfrequencycontentand the decrease of the highequency content

e« ]Jv §2Z
~=919 }
lv 458}%
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However, the change in PSAs may not be related to other engineering demand parameters. The GM modification
results inthe different permanent deformations and thdifferent time pointat whichthe maximum demand occurs.
Thestructuraldemands in compression (positive sign) and tension (negative sign) are different. The latter difference is
not considered for the simple nuels (since the tensional and compressional demands are assumed to bé, égaal

could be of high importance of the systems wiitie different tensional and compressional capacity (e.g., RC members).

(a) Method A (b) Method B

(c) Method C (d) Method D

Figure 26.2: Response histories of the S8b model under GMs in Methods A, B, C, aflteRaxisrepresents the
03 E o0 ]*%0 uvse E o 3]A 3§} gaisiPtfielqase shebs jdses((Viddse). The color of the ¢
relates tothe period of the time given in the legend: the darker colors represent the initial part, and the lig
colors represent the final part. The positive values sigthiy compression and the negative values signifthe
tension on the element. The unscaleecord is from the Kefallinia Islarehrthquake (ARG1 station) in Greece w
Mw 6.9, Rypo 31 km, and Vs30 437 m/Fhe input GMs are provided in the previous figure. The structural m
(described in Section 2.4.1) hasatural frequency of 1.00 Hz.

The response trajectorie@hus, seismic energy absorptiojjsand the residual values in (b), (c), and (d) differ frc
(a). Maximum absolute of roof displacementgd §} %+ €& (X0 u ]Jv ~ «U iXi u Jv ~ «U TX¢
Maximum absolute®f base shear forces (Vbase) are 1484 kN in (a), 1556 kN in (b), 1522 kN in (c), and 15
(d). The maximum responses occur in tension in (a), (b), and (c); whereas, they happen in compression in (d)

In order to compare the changes in structuraspenses triggered by the GMSM methods, Figure 2.6.3 is shown for the

maximum absolute responses of the simple models under the modified GMs and the unscaled earthquake GMs (MA).

The subfigures on the last column demonstrate the statistics of the changieinstructural responses, i.e.,
fgvéf_,e@ccordingto Equation 2.3.1 (horizontdllack line represents the equality with the unscaled earthquake

record). The central values (mean and median) of the structural responses remain in the close vicinity of MA (within

+25% of MA)The change in Vbase is insignificant for the nonlinearly Wielgasimple models (i.e., the S6, S7, S8b, and

S9 models). MB, MC, and MD are not able to capture the natural variability observed in the structural responses of MA.

The unscaled earthquake records causing P E § Hi.&,Zher 43 }&8emand beingsix times above theyielding

limit) are modified in MB and MC to reveplv }ve & A .3FhAGMs itMD does notypically cause... PE 3§ E $Z v 0
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Method B: Linearly Scaled GM Method C: Loosely Matched GMs Method D: Tightly Matched GMs
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Figure 26.3: Structural responses of the simple models under GMs of Methods B, C, dddt®for Methods B, C,
and D are shown with blue, green, and grey, respectivEhe corresponding data fdhe unscaled earthquake
records (Method A) are shown with grey.he figures are dividetth columnwise according to the method type an
in row-wise according to the structural model. Theaxisshows the maximum absolute of the lateral structur
displacements~ 4 3 }@onthued)



(PART 2) IMPAOFACCELEROGRAM VARIABONSTRUCTURAL RESPONSES |

They-axisillustrates the maximum absolute of the base shear forces (Vbase). The amadhet®@#s is given in the
legend box. The yielding limit amictio]$C o A o+U ... dre gloited @ith theverdicaldashed lines.

The subplots in the last column demonstrate the statistical change as calculated by Equation 2.3.1. The ca
indicates the method. The grey shades represent the ratios of W05, 0.75v1.00, 1.00v 1.25, and 1.2%1.50,

from a lower to an uppeshade. The equality is highlighted the black solid line Thevaluesabove itindicatean

increase in the structural response with respecthtie unscaled earthquake recomhd vice versa. The féind 84"

percentiles of the distribution are shown withe horizontal bars. The median and the mean of the distribution
shown with the cross marker and the unfilled citalespectively

The target is the median of AK2014 for the scenario of M7.0R40, Vs450, and normalTfeulGM amount
decreases fronMethod B to Method D. Method B and Method D always result in yieldingnd MC partially results
in yielding.

2.6.2 Dispersion of PSAs and Lateral Displacements of Simple Models

dZ ]*SE] pusS]v }(WN e S (i v §Z }JEE *%}v JvP 48}% +SJu § « E }Iu% E
in Figure 2.6.4Thegreater PSAat fO is expected to caus¢he greaterstructural demang however, this statement is

Z oo vP (}E& JZS@F}w]}ve } S v (}E& $Z "6 v SZ "0 u} 0+*X t]S8Z E *% § ¢
in MA, the modifications can introduce significant differences { conservative in the S6 model by MB and MD and
unconservative in the S8b model by MC and Mijslight changes€.g, in the S7, S8a, and S9 models).

dZ }u3% U3 ~48}%e UV e *% v o}vP A] @& vP ]v 8Z v}vo]v EoC Z A]JvP
regardless of the choice of the GMSM method, which can covergtkat portion of tZ v Su®E ooC } « EA 4
demands (including the mean). In MB and MD, the variability of PSAglaefOnot correspod to the variability inthe

48}% u v X dZ }v opc]}vdep@adenS Ep SpE
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(a) S6: SDOR2 at 0.60 Hz (b) S7: SDOR2 at 0.80 Hz

(c) S8a:SDOMR1 at 1.00 Hz (d) S8b:SDOFR2 at 1.00 Hz

(e) S9:SDOFR2at 2.50 Hz

Figure 26.4: Thedistribution of PSAsat fO in Methods A, BC, and D and the corresponding latemisplacements
~48}% ¢ p(MplEgmodels.PSAs at f@re shownon the y-axis Thetarget PSA at(fis plotted in the horizontal
dashed line Thex-axisillustrates the maximum absolute of § } %he yielding limibr ductility demand of 2J

are plotted with the vertical dashed lineThe 16" and 84" percentiles of the distbutions are shown with the
horizontalbars (PSAs at f@éndthe vertical bars~ 4 § } "ae mean of the distribution is shown with the filled circ
The target is the median of AK2014 for the scenario of M7.0R40, Vs450, and normabHsilin MA and M@re

selected if they are withie30%o0f the target PSAat fO (horizontal dashed linelsMs in MB are refined to have
scaling factor between 0.7 and 1.3. GMs in MD have PSAs at fO between £20% of the target PSA at fO.

2.7 Impact of GMSM on Structural Responses of Complex Models
2.7.1 Change in Structural Responses

This section extends the tests in the previous section to the complex structural models. The Gigsrin27.1 is
applied to the S5 moddll-story RC modglin Figure 2.7.2The GM modificgons result ina slight changeof certain
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PSAsifcluding 5.68Hz) and some IMsunlike the examplein Figure 2.6.1Consequently, the maximum structural
demands slightly differ from each other.

Figure 27.1 Spectra and intensity measures obtained Methods A, B, C, and D, and tharget spectra The

record isthe DuzceEarthquake (station of 4100_9902) wilfiw 7.1, Ryne 34 km, and Vs3@48 m/s. Methods B,
C, and D applthe modifications to the unscaled real record in Method A according to the target shown in

dashed line. The target is thmedian ofAK2014 for the scenario of M7.0R40 avid450.The spectra and M
follow the same color code in the legendethod B scasthe GM to the target PSA at 5.68 Hz with a scal
factor of 0.92, which equally reduces PSAs and some IMs. Method C amplifiefrd$A00 Hz to 35.0 Hz
Method D amplifies PSAs from 0.30 Hz to 0.60 Hz and reduces them from 1.50 Hz to 5O HK=xealsthe

greatest PG¥And Housner and the least Arias.

(a) Method A (b) Method B

(c) Method C (d) Method D

Figure 27.2: Response histories of the S5 model under GMs in Methods A, B, C, aie Baxisrepresents the
E}}( ]*%0 u vde E o S]A 3} 3Z-aRdE hewum d dHh%e sheat rces (Vbaskp Tolor of
the aurve relates to the period of time given in the legenike darker colorgepresent theinitial part, andthe

lighter cdors represent thefinal part Positive and negative values signify the direction of the movemEne
record is the Duzce Earthquaksgtion of 4100_9902) with Mw 7.1, Rhypo 34 km, and Vs30 448 m/s. The
GMs are provided in the previous figure. Birictural model (described in Section 2.4.1) hasatural frequency
of 5.68 Hz.

Maximum absolute of roof displacementd § )%se0.6cm in (a), 0.4 cm in (b), 0.6 cm in (c), andd&n (d).
Maximum absolutes of base shear forces (VbaseR&r8kN in (a), 25.7 kN in (b), 27.3 kN in (c), and 26.2 k
(d). Method B results in théeast structural demands. The changeghe structural demands are significant
with respect to Method A
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With the intention of comparing the changes in structural responses due to the GM modificationgjuttidity
demands are plotted for the modified GMs (MB, MC, and MD) and the corresponding unscaled GMs (MA) in Figure
2.7.3. The structural behavior is nmiysnonlinear in the S1 model angartially nonlinear for the S2, S3, S4 and S5
models. The changes the structural demands are calculated according to Equation 2hl their distribution is

given in the subfigures of the last colunithe central vales (mean and median) of the structural responses are in the
near vicinity of MA, i.e., withil25% and +35% of the structural responses by MA. They are compé&vabie central

values (mean and median) of IMs which are between 0.70 and 1.20 (giveruie Ei¢.2. MB, MC, and MD are not

able to capture the natural variability observed in the structural responses of MA. Some extreme structural demands in
MA are not reproduced with the modified GMs. The observations from the simple models are mostlyneohfir
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Method B: Linearly Scaled GM  Method C: Loosely Matched GMs  Method D: Tightly Matched GMs

(S1) 8-Story RC Model

fgv{af_lec

() 7-Story RC Model
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(3) 2-Story RC Model
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($1) 2-StoryMasonry
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Figure 27.3: Structural responses of theomplexmodels under GMs of Methods B, C, andata for Methods B,

C, and D are shown with blugteen, and grey, respectivelfhe corresponding data fohe unscaled earthquake

record (Method A) are shown with greyhe figures are separated in colurise according to the method typ

and in rowwise according to the structural modellhe x-axis showvs the maximum absolute of the roc
]*% 0 u v3e (eandindec)X
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They-axisillustratesthe interstory drift ratio (IDR) in the S1 and S2 models (not the base shear forcesheanase
shear forces (Vbas@) the S3, S4, and S5 models when the maximum absolutk Sfi%.obtained. The number of
GMs is given in the legend box. The yielding lanitl J*% 0 u v3 p 3$]o0]%€2,04,And8)andWare
plotted with theverticaldashed lines

The subplots in the last column demonstrate the statistid@dngeas calculated b¥quation 23.1. The color code
indicates the methodThe equality is highlighted hifie black solid line. Thealuesabove itindicateanincrease in the
structural respone with respect tothe unscaled earthquake recorand vice versa. The f@nd 84" percentiles of
the distribution are shown with the horizontal bars. The median and the mean of the distribution are shown wi
cross marker and the unfilled cir¢cleespectively.

The target is the median of AK2014 for the scenario of M7.0R40, Vs450, and normadlfauM amount decrease
from MB to MD.

2.7.2 Dispersion of PSAs and Roof Displacements of Complex Models

The input dispersion (PSAs at f0) is compar®l JveS S$Z }uS% usS *SEU SUE 0 E *%o}ve ~435}%oe

models for a single GMPE in Figure 2.7.4. The output responses by MB and MC span along a widiicdmngeyers

the large portion of the observed output responses in MA. A considerabspersion of the output responses is also

acquired by MD. On the whole, the mean structural responses are in the comparable damaging range (with regard to

§Z C] o ]vP o]v }E ..Afe p3 E Vv}3 % E ]+ 0C 8Z +u EM E JvP 3Z } « EA

When the analyses are extended to six other GMB@ppendix B.Ju $Z <Ju]Jo G } « EA 3]}v }v §Z u
u ~]v &]PUE XO0XisX dZ 'D”D u 8Z} ¢« % @&} 4 E o 5]A oC u]veEhanges E v

produced by the GMPEs. Since the dispersions at fO are small for MB and MD, the additional analyses fomtitle case

the reducedPSA dispersions (in Figure B.7.2) furtt@nfirm the observations.

dz Kse }( SZ W~" ¢« § (i v Sre cOompated i Bigdr#.2.7.5 for all GMPEs. It is obsahatdthe
variability of the model responsgs (1) in generdhrgerthan the variability of the intensityneasureof GM; (2)sensitive
to the selection of GMPE, except for t8®modelfor which the response variability iessthan other modelsand (3)
depend on the GM method with the least variability mostly offered by MD.

It is also important to note that even for MB (no variability?SAsat f0), the variability of thestructura responses not
negligibleand sometimes the larges{e.g.,the S1model). In comparison withMA, MC provides the same order tie
variability of thestructuralresponse(except forthe 5 and SB modeld regardless ofhe GMPE The S9nodelis less
sensitiveto the choice of the GMPE.

\Y

]
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(a) S1: 8StoryRCModel (b) S2: 7StoryRCModel

(c) S3: StoryRCModel (d) S4: 2Story Masonry Model

(e) S5: 1Story RC Model

Figure 27.4: Distributionof PSAs at fGn Methods A, B, C, and D and the corresponding roof displacemess }
of the complexmodels.PSAs at f@re shownon the y-axis The target PSA at fO is plotted in the horizontal dasl
line. Thex-axisillustrates the maximum absolatof 45}% X dZ C] o Jthe q]&]®]sC uv }(1
plotted with the vertical dashed liree The 16th and 84th percentiles of the distributions alkown with the
horizontal bars (foPSAs at fO) and the vertical bafsr(45} %o X dZ e distfipufon is shown with the fillec
circle. The target is the median of AK2014 for the scenario of M7.0R40, Vs450, and normdihiawdblor code
represents the method as in the leger@Ms in MA and MC are selected if they are within +30% of tigetd?SA al
fO (horizontal dashed line). GMs in MB are refined to have a scaling factor between 0.7 and 1.3. GMs in MD hi
at fO between +20% of the target PSA at The amount of data is given in the legend.
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(a)S1: 8StoryRCModel (b) S2: #StoryRCModel (c)S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) $b: 1-StoryRCModel (f) S6:SDOMR2at 0.60Hz
(g) STSDOMR2at 0.80Hz (h) S8bSDOMR2at 1.00Hz (i) S9:SDOMR2at 2.50 Hz

Figure 27.5: Variability in input PSAs at fO versus thariability in output o § E 0 *SEWN SPUE o0 ]« %0
Methods A, B, C, and D for seven GMPHgx-axisillustrates the coefficient of variang€OV) of maximum absolute
of the output lateraldispla u vS§e ~43}%y-eXisiltrates COV of input PSAs at The solid black line is th
equality line.The data below the equality line signify that the input variability is less than the output varia
(IN<OUT) and vice versahe earthquake scema is M7.0R40, Vs450, and normal fault. GMB&sh asAB2014,
AK2014, BA2011, BD2014, BT2003, CB2014, and C#@0blotted with the markers introduced in the legenc
Methods A, B, C, andd@e shownwith black, blue, green, and redespectivelyTheGMs in MA and MC are selected
they are within £30% of the target PSA at TheGMs in MB are refined to have a scaling factor between 0.7 and
TheGMs in MD have PSAs at fO between +20% of the target PSATRefOOMs shownif there areat lead 9 data

2.8 Perspectives

In Part 2, the linear amplitude scaling is limited with the scaling option at the natural frequency of a structure, f0, (MB).
It may be disadvantageous to represetite «SEY SUE [« Z]PZ &E u} (( SU o}vP SJvP % E]
nonlinearity, and the equipment responses. Also, it is a struetleigendent method and requires ground motion
modification for each structural model. Alternatively, linear amplitude ingatouldbe appliedwith respect to(1) the
peak ground acceleration (PGA), whisttommonly useéh the literature, and (2) the average of spectral accelerations
(PSAs) at multiple frequencies, which could replicate better the uniform spectral vayialbiferved in the magnitude

]S v JvX /v }8Z 08 Ev §]A U 3Z W~ ]*% Ee]}ve S *SEU SUE [« (I Vv %
preserved, which can suggest that the alternatiefsthe linear scaling can better replicate structural pesse
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dispersions obtained by the unscaled earthquake recosgecificpoints are supportedby the testsof the alternative
amplitude scalingn|Section B.8.[{Appendix B.8).

The looselymatched waveforms, Metho®, have narrower spectral variability thie higher frequencies than the low
frequencies. It is due to the PGA scalpr@r to the spectrum matching, which is optional RSRIatch09 (Al Atik and
Abrahamson, 2010). If the PGA scaling is not applied, the spectral variability can be more unifinenhagher
frequencies, which can likely affect the dispersion of responsdéiseodtructural modelf highnatural frequency (i.e.,
fO > 200 Hz). Somtests are extended to show the uniformity thfe IM dispersion without PGA scaIin;ITZ

2.9 Conclusion

A large number of ground motion selection and modification (GMSM) methods exFst iitdrature, and there has not
beena commonconsensus on how to select and scgfeund motionsfor the seismic demandnalysisin the current
practice,the spectral variabilitys reducedwithout evaluatingthe consequences on the final structural pemses. Part
2 aims at comparing the impact of variability by the modified ground motions on the structural respiomstee
GMSM methods such abe linear amplitude scaling ahe natural frequency of a structure, fO, (MB)he loosely
spectrum matchingMC), ancdthe tightly spectrum matchingMD). We evaluate he GMSM methodsvith respect to
the unscaled earthquake records (MA) throuble recordto-record variability The main conclusions are listed below:

X The modifications thaare appliedto the graund motions in the matching magnituetistance bin can result in
largedeviations from the observed (i.e., unscaled) structural responses. If the modification degree is restricted (e.g., by
bounding the scaling factors itme linearly scaled ground motionand the change in Arias intensity in spectrum
matched ground motions), the deviation from the observed structural responses can be controlled in return. It also
reinforces the findings of the previous studiesq, Luco and Bazziw, 2007;Hancock et aj 2008).

X The GMSM methods with an aim to reduce the PSA variability (or discrepancy) at a single frequency (MB) or
along a frequency range (MD) show considerable variabilitierspecificground motion characteristics, such as PGA,
PGV, PGD, Arias intgty, and SCAV, as well as considerable dispersion in the structural respitres€VISM methods
are not able to capture the extreme structural responses observed in the unscaled earthquake records (MA). All in all,
for the earthquake desigrthe selectiom of the ground motionamong the GMSNinethods will introduce a wide range
of dispersionof the structural response, limiting the representativeness of the natural ground motidispersion,
which supports the previous findings (elguyanget al., 2012).

xThe previous conclusion challenges one of the motivations behindptagmatic GMSM methods. The
assumption that the structural response variability da@ reducedby reducing spectral variability is not the case for
most of the lateral displacement respor ¢ ~ 4 § } %of the base shear forces (Vbase) of ttemplexmodels. In fact,
reducing the spectral variability (at fO in MB or along a frequency range in MD) does not necessarily reduce the
variability of the structural responses, which reinforces firaings ofthe recent studies (e.g., Causse et al., 2013;
Seifried and Baker, 2016).

X The GMSM methods (MB, MC, and MiWhich decrease theaumberof dynamic analyses for a single target
E A 0 }u% E o0 43}% }v A E P A]3Z 3§Z etricallyzZrafitBd Unscdled BarthguakeQreaords
(MA) around target PSA at fO. The precision of the predictions depends on the structural model. The conclusion implies
that, for an objective requiring the central measure (i.e., mean and mediatt)eo$tructural responses, the GMSM
methods can be preferred to predict the final structural response while offering a small number of nonlinear dynamic
analyses.

X This study shows that the choice of a ground motion prediction equation (GMPE) can result in significan
differencesin the mean structural responses, which can overshadow the corresponding differences due to the GMSM
methods. The target spectruns definedby different GMPEs representing the similar earthquakenario, and the
conclusiongan havdimitations due to the specific scenario atig input parameters
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PART 3

IMPACT OF SET VARIABILITY ON STRUCTURAL RESPONSES:
COMPARISON OEINEARLY SCALED AND SPECTRUNWATCHED
GROUND MOTIONS
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3.1 Introduction

The modified ground motions (GMs) are preferred in the current practice for the nonlinear dynamic analyses due to the
budget and time constraints, even if the unscaled earthquake (EQ) rewgtiidarge variability are the most realistic
option. The input variability is minimized yet witho@valuatingits consequence®n the output structural responses.
Therehas not beera commonconsgnsus on how to select and scale B#&1sfor the seismidemandanalysis

In Part 3 we presentthe spectrum comptible ground motion (GM}pelectionwith the modified GMsWe question(1)
how similar theset distributionof the modified GMsare relative tothe unscaled earthuake records (Method A), and
(2) whether or not the unscaled GMs can be replaced by the memtliEMs.We quantify the impact of the GM set
variability on engineering demand parameters (ED8stained by thelinearly scaled records (Method Bhe loosely
matched waveforms (Method C), aritie tightly matched waveforms (Method D) with respect tbe unscaled
earthquakerecords (Method A).

The impact ofthe set variability on the input GM characteristicsspresentedn Section 3.2. Therin Section 3.3the
EDP distributions are gathered fthre structural modes$ by consideringhe intersetandthe intraset variability. Section
3.4 quantifies the differences between the sets tbe modified GMs and the benchmarfe., sets of unscaled
earthquake records The predictions by the modified GMme also examinedwith the use ofthe asymmetric
tolerancesin the spectrum compatible selection Section 3.5

3.2 Impact of GMSM Methods on Input Ground Motion Characteristics Considering
Interset and Intraset Variability

In this section, the spectrum compatible selection is perfornmdollectall eligible setsfor the GMSM method and
for the GMPE (7 times) as summarized in Tal?130 comparethe EDP distributions in the latter sections.

Table 32.1: Elements investigated in Part 3

EQ TargetSpectra GMSM | Structural Engineering Demand Tolerance Intraset
Scenario | (MedianGMPEs) | Methods Models Parameters Type Variability
M7.0R40| AB2014, AK2014| Method A cor:plex E }“} (S]]O.];o% lil \\l,g Symmetric: 4% and

Vs450 BA2011, BT2003] Method B and5 base shear force (Vbase) +30% L« f$j£
Normal | BD2014, CB2014| Method C simple | interstory drift ratio (IDR)* Asymmetric: I.PZ qor
Fault CY2014 Method D | -5%, +50% =

models and damage index (DI)*

*Calculated for some complex structural models

uatas 'f..-"f " f..S f-ie "t f%t
The spectrum compatible selectiongsrformedto collect all eligible GM sets that consist®GMs for the symmetric

tolerancesaccording toSection 1.2.1.The spectral amplitudes(} E Z o 5[ Efiéi,_areUshown in Figure
3.2.1

In Method A (MA), the median of aﬂfffi$¢i_s in the vicinity ofthe target spectrum withuniform dispersion othe

€CCeCce
N

spectral amplitudes. In Method B (MBhe dispersion ofall <+ $ii_s zero at 1.00 Hzand between the upper and

ceeece

lower tolerances at sewhere.In Method C (MCthe medianof all <+« $ “isbelow the target spectra between 0.5 Hz
and 1.7 Hz and above the target at higher frequencies with the eccentric dispersion, i.e.tand 84" percentiles
are both above the target at higher frequencies. In MD, the median of4if$ *Spectrais smoothedwith respect to
the target spectrum and attain a local peak between 30 Hz and 40 Hz, which is outfi&gghency of interest and can
affectpeak ground acceleration (PGAe PGA is calculated at 33.0iHzhe thesis
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§645% "%,
g8 Y

Method A: Unscaled Earthquake Records Method B: Linearly Scaled Records to PSA at Metho#id

geg9 Y
g649 Y%,

Method C: Loosely Matched Waveforms Method D: Tightly Matched Waveforms

Figure 32.1: Average spectra of aleligible GM sets withthe symmetrictolerances.The targetis shown withthe
solid blacKine andis the median of AK2014 for the scenario of M7.0R&50, and normal faulEachsetincludes
five ground motions. The upper and lower amplitude toleranaes shownwith the dashed black lines30% and
+30% of the target for Methods A, B, and C, &etiveen5% and +5%f the targetfor Method D.The freqiency

range isrom 0.50 Hz and 20.0 Harey lines represent the average spectrahef GM sets “$ * The 18 and 84"

percentilesof eligible GM spectrai**‘$ * “are shown withsolid red lines. ie median ofall *¢‘$ is shown with
the solidblue line For Methods A, B, C, and D, there are 203 534, 46 167, 6 807, and 274 GM sets, respectivel

To evaluate whether or not the sets at PSA at 1.00 Hzsardlar, the distribution of PSAs &t.00 Hzs shownin Figure
322 A“ methodspro\/idethe mean Of a”<uuuuu$i

PRRRRNRY RN

¢xi192 closeto the target. With respect toMA, the distribution of all
6% 9§ is not conserved in MB and MD; whereas, MC partially conserves the observed intraset variability. The
dispersion irMA and MGare comparableMB and MD do not reveal any dispersidine latter observatiostresseghe

D [« v D [-t®rirdmizethe spectral variabilitygt 1.00 Hin this case)



(PART 3MMPACT OF SET VARIABILITY ON STRUCTURAL REG#ONSES

(a) Distribution ofEachSet[+ A & P (b) Distributionof Z ™ §[s *"§ v &

Method A: Unscaled
Earthquake Records

Method B: Linearly Scaled
Records to PSA atQlHz

Method C: Loosely
Matched Waveforms

Method D: Tightly
Matched Waveforms

Figure 32.2: ]*3E] u3]}v }( WA « & iXii ,I (JE Z o [ Ne®BPv ~E vA] &
the symmetrictolerances.The spectrum compatible selectiam explainedn Figure 3.2.1. Grey lines represent tl
average spectra of GM sets. The"16d 84" percentiles and the median of the averagpectra of theeligiblesets
are provided The mean, COV, and amount of sets are all shown on the title of the subfigures. The coeffic
variation (COV) of aléEaeg’ga@,ris around 30% iMA and MC; whereas, MB and MD reveal unimportant C
relative to their mean.

3.2.2 Distribution in Other Intensity Measures

The selection of eligible GM sets hlasen madeaccording to the frequencpased GM characteristicén order to

evaluatethe effect of set variability onther GM characteristics, the distribution witensity measures (IM$$ provided

in Table 3.2. Thespectrum compatibleselectionis performedas explained in the caption of Figure 3.2lhe changes
in the meansare cdculatedwith respect toMA, and the changegreaterthan 15% or less thafl5%are highlighted

with the bold font.
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MB reveals similar mean estimates and similar dispersidtts respect tothe observed GM characteristics in MA. MC
revealsa moderatedecrease inthe meanof all ‘*“$ ¥ -moderate increase ithe meanof all ‘8 *and “$ *-anda

e

significantdecrease irthe meanof all “*$*-MD reveals comparable mean estimateseptfor the largedecrease in

€eee

the meanof all **“3*-MD reveals the least dispersion ine IMs due to the +5% amplitude tolerances. Overall, the
spectrum compatible selection tunes the mean of ‘f * close to the benchmark (i.e., £15% around MA) except for

Table3.2.2: 00 ¢ § ]eSE] pud]}v }( Jvd ve]3C u *pE « uMpiidds AB,C3nd DA E P

Intensit Method A Method B at 1.@ Hz Method C Method D
Measu'ré’s (203534 GM Sets)| (46167 GM Sets) (6807 GM Sets) (274 GM sets)
Mean Ccov Mean Ccov Mean Ccov Mean Cov
WBig) 011 008 |[011 (0%) 008 [012 (9%) 003 [011 (0%) 0.03
{8 cmis) 12.5 015 |[131 (5%) 014 |11.2 (10%) 009 |11.4 (-9%) 0.06
8% (em) 5.4 029 | 57 (%) 026 |37 (31%) 015 | 43 (-20%) 0.11

B (cm/s) | 305 017 279 (9%) 0.18 |31.9 (5%) 0.17 |[29.4 (-4%) 0.06
W B*(gsec) | 044 0.18 |[0.42 (5%) 0.20 |[050 (14%) 020 |0.46 (5%) 0.07

@ *em/s) 102 008 |103 (1%) 007 |114 (12%) 004 | 104 (2%) 0.00
eseiem) | 47.1 009 |[49.0 @%) 007 |450 (4%) 007 |47.9 (2%) 0.00

E Z « §[+ 8 v &E Al §1}v, ile., the dhtritdtion of PTG in Tale 3.23 for evaluatingthe intraset
variability. The changes in the meaase calculatedvith respect toMA, and the changegreaterthan 15% or less than
-15%are highlightedwith the bold font.Relative to MAMB preserveshe observed intraset variability of IMbut to a
limited level for P} %and P2y, apd to a significantijesslevelfor P 1's | ¢ MICdoesnot conserve theobserved
intraset variability except forP{! fnrsq | ¢ put still conserves some level dfe intraset variability for all IMsMD does
not capturethe intraset variabilitywith respect toMA but still revealghe intraset variability except for the frequency
based IMsi(e.,ASI and Housner).

Table3.23: 00 ¢« § ]*SE&] pS]}v }( JvS ve]SC u spE&E « pe]vP Methodd A, BS Cy an@ED

Intensit Method A Method B at 1.@ Hz Method C Method D
Me‘;siré (203534 GM Sets)| (46167 GM Sets) (6807 GM Sets) (274 GM sets)
Mean Ccov Mean Cov Mean Ccov Mean Ccov
égeAQég) 0.04 0.34 0.04 (-12%) 0.41 |0.01 (-81%) 0.44 0.01 (-80%) 0.25
égeﬂém/s) 6.5 0.47 46 (-30%) 0.43 3.7 (-43%) 0.24 1.6 (-76%) 0.27
égeA%%m) 3.2 0.51 3.1 (4%) 0.1 1.5 (-52%) 0.39 1.1 (-67%) 0.35

a%228&cmis) | 188 0.43 |15.1 (20%) 0.47 |13.0 (-31%) 062 | 4.8 (-74%) 0.31
8% 2fy sec) 0.23 035 |020 (14%) 052 |0.23 (0%) 065 | 0.10 (-56%) 0.26

&% Qémis) 45 0.35 42 (8%) 039 | 13 (-72%) 0.36 1 (98%) 0.30
822¢ .sm) | 231 028 |11.6 (50%) 032 |155 (-33%) 021 | 0.4 (-98%) 0.48

3.2.3 Impact of Ground Motion Prediction Equations

To study he impact of the target spectrumthe spectrum compatible selection is performed with other GMPHse
distribution of the PSAsat 1.00 Hzis illustrated in Figure 2.3. The choice of a GMPE impacts the distributions of

848 *and P 5 (except for MB and MDgignificantlyregardless of the GMSM method. The GMSM methods fave
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distributions of alléjﬁga?e not preserved in MB and MD but are partially conserved fomME respect to MA which
can beobserved forother natural frequencies of structural models (such0e80, 0.80, 1.32, 2.50, 4.17. 4.32, and 5.68
Hz)in|Figure C.1|(Appendix C.1

~ + ]e&E] p3]}v }(  Z ~ §[« A (b)Distribution}( Z " §[« *§ v &

PSA at 1.00 Hz

Figure 32.3: Distribution of pseude* %0 $@E o0 o E §]}ve ~W~A « § iXii ,l A]3Z o0 '

A EP ]Jv }opuv ~ e« v Z + 5[+ 5 v E A tid $yminetrigtolgrances. Bach bt
includes five ground motions. The upper and lower amplitude tolerances3@% and +30% of the target fc
Methods A, B, and C, armbtween5% and +5%f the targetfor Method D. The frequency rangefirem 0.50 Hz
and 20.0 K. The targetis obtainedfor the scenario of M7.0R40, Vs450, and normal fasltexplained in Sectio
1.4. Meansare demonstratedvith the markersand colors irthe legend boxor the correspondedGMPE. Medians
are showrwith the cross markersThe16" and 84" percentikesare plottedwith the horizontal bars

3.3 Impact of GMSM Methods on Output Structural Responses Considering Interset and
Intraset Variability

UAUAS ' f..— ‘" = f[7<f,<Zc=> ‘e f—F"fZ " «o'Zf .. Foete—-e _o

This section presentthe impact of the GMSM methods on the structural response distributiopnsonsideringhe
intersetandthe intraset variability Figure 3.3.1 shows the distribution &Z @& }}( ]*%00 u v ihe84tdiy%oe (}E
RCbuilding Themeanof all <8 *isslightly affected (betweer0.1 and +0.3 cndifference in the meamwith respect

to MA) by the GMSM method, their COate reducedwith a smallerdegree by MB and MC, but withlargerdegreeby

MD. Each GMSM methgebsesa certainlevel ofthe intersetvariability (i.e., COV of a8 %despite the minimized
intersetvariability inPSAs at fQfor MB and MD)

The mean of alt $<*8E r§ w B, , ;9 tliffers significanty with respect tothe benchmark (MY, whichis 0.8 cm lesby

MB, 0.6 cm lesby MC, andl.4 cmlessby MD. Each GMSM method underpredicts the benchmark upon the capability
of preserving the ground motion variabilitiioreover, MD is shown to produceonsiderable intraset variability.¢.,

P, mh Which points outhe effect ofintrasetvariability inthe amplitude- and durationbasedIMs (Table 3.2.2

The tendency in the current practice is to use a single GM set as discussed for a simple stnadetah Section 1.8.1.
In order b extend the tests to a complex structural model and different GMSM methadsigle GM seis compared
against all setin Figure 3.3.2. The use of a single set does not reveal an assuring distribuBiSA®Nnd# S} % (}E SZ
complex structural model iMA as well as in MB and MEor MD, the chances of a single setrigeclose to the mean
of all {£¥8¥are higher than other methods, but this observation is limitedhe shownstructural model(} E 4§} %o

In order toexplain the reason why the distributiasf all GM sets with MB, MC, and MD deviate from Migure 3.3.3
shows the reoccurrencpercentagef GMs and the cumulative distribution functions (CDF) for each method. In other
words, it demonstratetiow frequentav  Z} A « %0 GE campbsSihgoM sets
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(a) Averagef Each Set (a) AveragePlus95%Sigmaof Each Set

Method A: Unscaled Real
Records

Method B: Linearly Scaled
Records to PSA atQlHz

Waveforms

Method D: Tightly Matched Method C:LooselyMatched
Waveforms

Figure3.3.1: Distribution of 45} %. (} E Z e+ 5[+ AEP ]v ~ « plus9sPstardard-davidgaorin

(b) with the symmetric tolerances. The spectrum compatible selectiois explainedin Figure 3.2.1. The structure
model is the S1 model, theBory RCbuilding The mean, COV, and amount of sate shown on the title of the
subfigures. Thelistribution in (b) show tailike distribution starting at 9.0 cm for Method Andat 7.0 cm forMethod

B. The trend is due to the insufficient GM sets resulting in this range.

In MA, there are 60 GMs with the recurrence percentages less than 4%, and the structural responses rarige from
elastic behavior to... },(wbichis also observeth the slope of the CDF curve. Relative to the trenthenbenchmark

(MA), MB, MC, and MIzannot replicate the structural responses at the critical levels and reveal less dispersed (or
centralized) structural responses, which, in return, impact the setavariability. MC keeps some of the ndamaging

(i.e., linearly responding) structural responses, which enhances the standard deviation of structural responses relative
to MB and MD. It signifies the importance of conserviog-damagingstructural respnsesin the seismic analysis
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Figure3.3.2 Distribution of PSAs at 1.00 Hz and § }With a single set versus all sets for each GMSM meth
Thespectrum compatible selectiois explainedn Figure 3.2.1Each grey dot shows thelueof a GM.The mean
of the set distributionis plotted with the unfilled circlesThe medianis shownwith the cross markersThe 16
and 84" percentilesare plottedwith the horizontal bars. Theolorcode showshe method in the legend box.

(a)Method A (b) Method B

(c) Method C (d) Method D

Figure 3.3.3: Comparisonof recurrence percentages of GMs and cumulative distribution functions (CDF) for

J*% 0 u vSe ~435}% ¢ }( SZory*RQurhodelThedx A]e E % E * vSe SZ E}}( ]*%ocC
each GM. Along the leftide y-axis the reoccurrece percatages of GMsare shown The vertical grey bars ar
related to the leftsidey-axis Along the righisidey-axis cumulative distribution function (CDI)shown CDF is the
summation of reoccurrence frequenciekhesolid lines in black (kthod A), in ble (Method B), in green (Mthod C)
and in red (Method D) relate to the rigistdey-axis The yielding limit v n 8]o]sC uv U ..U }(¢
the vertical dashed lines.
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3.3.2 Impact of Ground Motion Prediction Equations

This section evaluatethe impact of the GMPEs on the EDP distributions obtained by the sets of modified GMs. The
distributions ofthe E}}( ]*% 0 u v 3he baks shealSforces (Vbas#)e interstory drift ratios (IDR), anthe

global damageandices (DI) are plotted in Figure 3.3.4. DI is a measuretbé structural damage calculated for all
structural elements by Park & Ang index (Park and Ang, 1B88)e case of DI<0.4, the structural damage is tolerable

and in the case of DI>1.0, the structural collapse is@ero]l oC ~W &Il § oXU i666X tRgE Z
distributions ofthe *3Eu SHUE o u P « E 3}o E o0 XpRiFIE%sigdiaséhe GMPES reveal that

the 84" percentiles of the structural damages are above the intolerable damagi, li.e., causing permanent
deformations.

The choice othe GMPEresults insignificantdifference in the distributions of /U 438} % U and relai\kly less
difference in the distributions of Vbase regardless of the GMSM methbese observationare supportedwith other
structural models by the distributions olfie roof ]¢%0 u vS§e ~|Hi§t}r%oG.1]|XAppendix C.1}the base shear

forces (Vbase) 1rPFigure C.l.Bthe interstory drift ratios (IDR) 1rIFigure C.1.|4andthe global damagendices(DI) in
Figure C.1.b

Thedistribution of some EDPmay exhibit correlation with the differences in the elas®SAs at fO (Section 3.2.3p

illustrate, the mean of all*‘ ‘& %48 * with AK2014 i$2% largethan its distributionwith BA2011 in MD. Consequently,
for the S1 model (&tory RG)t resultsin 35% larger meaaf all <8+ n this case, the diffence inPSAs at féan be
indicative and is not directly related with thevel of differencen the EDP Such a trend may not be observed for some
GMPEs (e.g., AB2014 versus CY2014) and Vbase as demonsf&eeuinC.1.¢ which can be due to the nonlinearity
andthe higher mode effect.

Interset variability (represented bthe onesigma of thedistributions) is influencedby the choice ofa GMPEand a
GMSM method MB and MD have almost zeinterset variability of PSAs at f0 and result in considerable output
interset variability, which highlights that a single GM set is not abktiin an assuring level dhe structural response
distribution regardless of the GMSM metho8ame observations cdie drawn for the rest ofthe structural models in

Figures C.1JandC.1.8

In sum, the difference in the target spectrum representing the same EQ scenario can resulfficasigdifferences in

the structural response distributions. In this study, a target spectrum obtained from a single GMPE is found insufficient
to evaluate the seismic behavior of a structure regardless of the GMSM method. However, the analyses may not be
sufficient to generalize the conclusion since tlaeg definedby the precise input parameters specific to this study.
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Figure3.3.4: Distribution of structural response (on columwise)with all GM sets considering intraset variability
with the symmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolere
are-30% and +30% of the target for Methods A, B, and Chatdeen5% and +5%f for Method D. (continued)
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The frequency range fsom 0.50 Hz and 20.0 HEhe targetis obtainedfor the scenario of M7.0R40, Vs450, ai
normal faultas explained in Section 1.l columnwise,the ]*S@E] usS]}tve }( Z sarg[shovkirEa)P
and the distributions of Z -+ Hverageplus95%standard-deviation are shownin (b). In rowwise, the
engineering demand parametesse listed Meansare demonstratedvith the markersand colors irthe legend box
for the correspondedsMPE. Mediansare shownwith the cross markersThe16" and 84" percentilesare plotted

with the horizontal barsThe structural model is the S1 modelst®ry RCTheyielding limitand ductility demand

~ ...+ } (ahdb @&&shownwith ahorizontalsolid line with blak, grey, blue, and red, respectively.

333 o' f..— ‘e —.—<Z<—> fefete J

The previous studies havehown a relation between theincreasingnonlinearity level and the bias othe GMSM
methods (e.g., Huang et al., 2011n order toevaluate the nonlinearityevel of structural modelsthe mean of the

n S]o]sSC U with respect tothe roof displacementdistributionsfrom all GM setss shownfor the GMPEs$n
Figure 3.3%. The S1, S6, S7, S8b, S9 models are always over ifiag/ikémit when the mean of all sets considered
The mean of all¥ *is not affectedmuch by the choice ofhe GMSM methodWhen the intraset variabilityis included
(i.e., :$Erdwp;%¢), the meanof the distributionsincrease(for each GMPE) aboGt5 and 1.0 in MA and MC and less

than 0.5 in MB and MD.

1: 8-Strory RC 2: 7-StoryRC 3. 2-StoryRC 4. 2-Story Masonry 5: 1-StoryRC

f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz f0=5.68 Hz
0
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©
o
=
x
Q
o
S
o
O
© i
~ Yielding

6: SDOMR2 7: SDOF=R2 8(a): SDORR1 (8)b: SDOMR2 9: SDOMR2

f0=0.60 Hz f0=0.80 Hz f0=1.00 Hz f0=1.00 Hz f0=2.50 Hz
0
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Yielding Yielding

Figure 3.3.5: Comparison ofroof displacement ductilty u v ¢ ~...e }ve]ntetBdhaRd intraset variability.

The spectrumcompatible selectionis made with each set including five ground motions. The upper and lo
amplitude tolerances are30% and +30% of the target for Methods A, B, and C,betdeen5% and +5%f the

target for Method D. The frequency rangefimm 0.50 Hz and 20.0 HZhe targetis obtainedfor the scenario of
M7.0R40, Vs450, and normal faak explained in Section 1.4 columnwise,the ]¢SE] pusS]}ve }( Z
are shownon the left column, andthe distributions of  Z « &yerageplus95%standard-deviationare shownon

right column. In rowwise, the responses of structural modelee listed Each GMPE (7 of theny plotted for the

structural models. The markease shownwith the ID of thestructural model given in thiegendbox. (continued)
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Methods A, B, C, and D are shown with black, blue, green, and red, respec¢tmetiiecomplexstructural models,
there can becertainstructural elements with more critical ductiligemands.

3.4 Quantification of Differences between GMSM Methods Considering Interset and
Intraset Variability

In thethesis we have large sets of structural responses (the GMSM methods, the GMPEs, the EDPs, the objectives, and
the structural models). Ae impact of the GMSM methods may not be apparertereforg the quantificationmetric is

defined in this section. itompares the meanof distributionsof the EDPsSMA isused as a benchmark to quantify the
differences byMB, MC, and MDThe metric to quatify the differences,wislgiven in Equations 3.4.1 and 3.4.2:

S c=as S cmae Equation
PG —— | kB --’Y—I’ ks D’F"
USSHEL 5o | IR 00 AP . BUEROF sar 3.4.1
ves \(c3
where éf%?{?savaluefrom the « 3§ pveragefor Method X(explained inEquation 1.2.% and
0 O ARs the amount of all eligible sets for Method X.

S s S s Equation
e 8BS 5 AL i PP = o, R B i B x A, B D 5
k:B'SH 4 @55 Qd;LOOéEB L@ k8 IE[aeomEegoY—Oo&P \I'(@-, k BSH 4603 2F sar 34.2

where :B'SH 4 ¢4 ,gZ??savaluefrom « §[+ A -fusRomestandarddeviationfor Method X(Section 1.2.2)

Themetric is visuallyexemplifiedin Figure 3.4.1The differencain 43} %0 ]S Garqcdiiparedbetween MA and
MD. In Figure 3.4.1.ahe distribution ofall #F‘&148 shown andhe difference between MA and MD is insignificant
with U gF&26f 2% In Figure 3.4.1.the metric for the difference,lk: $BRE r § w8, 5 5= Wsillustrated, and MD
considerably underpredicts with the defined metric-@fL%if the objectiveof the seismic analysistouse Z + §[e
averageplus95%sigma (i.e., ASR/ 01, 2009.
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Figure3.4.1 Quantification of differences]v E}}( ]*% 0 u dde to-the GHSMmethods. The spectrum
selectionis madewith each set including five ground motiorfsontinued)
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The upper and lower amplitude tolerances aB®% amnl +30% of the target for MethoA and betweerb% and +5%
of the target for Method D. The frequency range is from 0.50 Hz and 20.0 Hz. Theigakg@014obtainedfor the
scenario of M7.0R40, Vs450, and normal falittedistributions } ( Z + §[+ AreGhdwronrow (a) andthe

]*SE] usl}ve }( Z +plag95vstamarddeviationare shownon row (b). Methods A and® are shown
with black, and red, respectively.

In the exampleof 3.4.1.h MD underpredicts the distributiorsince it minimizeshe inputvariability. The metric, herein,

is able toquantify such central difference in the distributions. In the following subsections, the quantification metric is
used to quantify the differences as a function of EDfRs:E }} ( ]*% 0 u Vv e badd 3leardorces (Vba),the
interstory drift ratios (IDR), antthe global damage indices (Dl).

341 < TtvFe.fe <o 7 <’ Zf Fete—e

The spectrum compatible selection is based on the spectra. It is assumed that the (elastic) PSAs relate to the (inelastic)

CCCC

structural responses. To check this assumption, the differences~i#¥ “are compared with the differences in

Ceece

\\\\\\ @C?':Figure 3.2 shows thequantification of thedifferencesfor the GMPEs and thetructural models. For
example, for the S3 and S4 models, MD reveals considerable differences (up to +28%¥iidespite the insignificant

€CCCec

differences in*Y§ “" It means that!!%$¢ s overpredicted independent of the differences §{§ .

For other structural models, the differences §*®cfrequently follow a similar trend with the differences in

ceece

\\\\\ %' °"which indicates that any GMSM method can be used to obtain corbpmfé:*$! ¢ by ensuring compatibility
with the target PSAs at fOHowever, in the spectrum compatible selectidarge spectral variability is permitted as
observed inthe nature. Then, the collected GM sets are assumed to represent the same EQ scegaridiess of the
differences in the PSAs at 0.

If the differencesn the mean of all PSAs at fO (whichléss than 20% hereirgre tolerated apositive differencewill
reflect an overprediction anda negative differencewill reflectan underpredictionrelative to MA Thus, he differences
are mostlyoverpredictedfor MB, MC, and MD with some exceptions (eldB undempredicting the S5, S6 an&9
models;MCunderpredicting theS6,S7 and S8bnodels;and MD underpredicting theS6model)

Overall, he differencein the GMSM methodss between-10% and +20% fo***{§ " and-10% and +25% fof¢$icr
Theyare considerable buhot major. The same tess extendedo the differences in the median of all GM setfFigure]

C.1.1Q(Appendix C.1andthe same conclusion care drawn
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(a)S1: 8StoryRCModel (b) S2: #StoryRCModel (c)S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) &: 1-StoryRCModel (f) S6:SDOMR2at 0.60Hz
(g) S7TSDOMR2at 0.80Hz (h) S8bSDOMR2at 1.00Hz (i) S9SDOMR2at 2.50 Hz

Figure 3.4.2: Thedifference inmean of input PSAs at fO versus tla#fference inmean of output lateral structural

]*% 0 u VvSe) with3éspect toMethod Afor seven GMPES hex-axisillustrates thedifference in the mean of
45} % ]S & [The§iaxisiliistratesthe differences in the mean ohput PSAs at fO0. The solid black line is -
equality line. The earthquake scenario is M7.0R40, Vs450, and normal fault. GMPEs such as AB2014, AK201
BD2014, BT2003, CB2014, and CY2@d4hownwith the markerin the legend. Methods B, C, andai2 represented
with blue, green, and red, respectivelyhe spectrum selectiois madewith each set including five ground motion
The upper and lower amplitude tolerances aB®% and +30% of the target for MethodsB\ and Cand between5%
and +5% ofhe target for Method D. The frequency range is from 0.50 Hz and 20.0hdmegative values represel
underprediction relative to Method A and vice versa.

Figure3.4.3showsthe differences for the meaof all :$FRE r § w8, 5 52 Whichare generally underpredicted to a
larger degree byMB and MD, and to a smaller degree by MC. It highlights tN&E can produce larger amant of
intraset variability(i.e., r § we, ; per setthan MB and MD; howevett is not sufficient with respect to MA.

The unerprediction in the complex statural modelg(the S1, S2, S3, S4, and S5 modeless critical than the simple
structural modes.

The choice ofthe GMPE can be important especially for some structuees,the analysis of the S4 model with MB, the
analysiof the S6 model with MC, and thaalysis of the S1 model with MD
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Figure3.4.3: Thedifference inmean of lateral «SE YU SPUE 0 ]* %0 lle §&] YB3} %o S Z

averageplus-95%standard-deviation. The spectrum compatiblestectionis madeas explained ithe

caption ofFigure 3.4.2The markersare showrnwith the ID of the suctural model given in the legerabove
the sulfigures. Thedifferencesare quantifiedaccording to Equatio3.4.2.Methods B, C, and &re shown
with blue, green, and redolors respectivelyThe negative values represent the underprediction relative tc

Method A and vice versa.
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3.4.2 Differences in Base ShearForces (Vbase)

In Figure 3.4.4, thalifferences inVbaseare quantified The means of afi‘f*¥care significantly overpredicted
relative to MAwith some exceptionsThe means of all {{'f*3E r§w p- ;9 are predicted in theclose proximityof
MA. In this case, the intraset variabili.e., rgw p- ,per sef) is not well reproduced by MB, MC, and Mt it

becomes advantageous reveal comparable leveiln the latter case

1: 8-StoryRC 2: 7-StoryRC 3: 2-StoryRC 4: 2-Story Masonry 5: 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17Hz f0 =4.34 Hz f0=5.68 Hz
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Figure3.4.4: Thedifference inmean ofbase shear forc§vbase distributions.The differences in distribution:
}H( Z + [+ Are@howronthe left column andthe differences in distributions of Z < &yerage
plus95%standard-deviationare shownon right columnThe spectrum compatible selectitdmade as
explained irthe caption ofFigure 3.4.2The differencesre quantifiedaccording to Equations 3.4.1 and 3.4..
The markerare shownwith the ID of the structural model given in the legend abdhe subfiguresMethods
B, C, and lare shownwith blue, green, and red colors, respectively. The negative values represent the
underprediction relative to Method A and vice versa.
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3.4.3 Differences in Interstory Drift Ratio (IDR)

The quantification of IDRis shownin Figure 3.4.5Forthe S1model, the mears of all <$i¢&re overpredicted to a
small degree, less than 10%orthe S2model, MB, MC, and MD result ioverpredictiors about 10%with respect to
MA.

Forthe Sland S2 modelsMC predictsthe mears of all : *“$E rgw R ;?°"closeto the benchmark MB and MD
underpredict them up to 30% for the $iodelandup to 15% for the S2 model.

The impact of GMPE becomes apparent for the S1 model with MB, MC, and MD, and for the S2 model with MC.

1: 8-Strory RC 2: 7-StoryRC
f0=1.00 Hz f0=1.32 Hz

Figure3.4.5: Thedifference inmean ofinterstory drift ratio (IDR) distributionsThe differences in distribution:
H( Z + 3[+ Are@hdwvnon the left sidg andthe differences in distributions of Z « &yerageplus
95%standard-deviationare shownon rightside The spectrum compatible selectigsmperformedas explained
in the caption ofFigure 3.4.2The differenceare quantifiedaccording to Equations 3.4.1 and 3.4The markers
are shownwith the ID of the structural model given in the legend above the subfigusthods B, C, and Bre
shownwith blue, green, and red colors, respectiveljne negative values represent andermprediction relative
to Method A and vice versa.
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3.4.4 Differences in Global Damage Index (DI)

The results fothe globaldamageindices(DI) are shown in Figure 3.4.Bl is a measure of structural damage calculated
for all structural elements by Park & Ang index (Park and Ang, 1886)he S1model the mears of all “$1° are
overestimated slightly by MB, and underpredicted by MC and M&r.the $4 mode| MB, MC, and MD result in
overpredictionup to 33%with respect toMA.

Forthe S1model mears of all :%$E r §w R are mostly underpredictedor the SImodel For the S4 model, the
estimatesare mostly underpredictedo a smaller degree, less thaB0% The results show dependence on GMPE and
the structural model.

1: 8-Strory RC 4. 2-Story Masonry
f0=1.00 Hz fO =4.34 Hz
(a) Without Intraset Variability (b) With Intraset Variability

Figure 3.4.6: Thedifference inmean ofglobal damageindex (DI) distributionsThe differences in distributions ¢

Z « §[+ Aar@&sHdwron the left column andthe differences in distributions of Z « &yerageplus95%
standard-deviationare shownon right column. The spectrum compatible selentis performedas explained in the
caption ofFigure 3.4.2The differenceare quantifiedaccording to Equations 3.4.1 and 3.4TRe markerare shown
with the ID of the structural model given in the legend above the subfigdethods B, C, and Bre siown with
blue, green, and red colors, respectively. The negative values represent the underprediction relative to Me
and vice versa.

3.4.5 Approach to Integrate Differences due to Ground Motion Prediction Equations

In the previoussubsections,the quantificationsare completedfor each GMPEThis sectiorconsolidates the effects of
GMPEsIn the probabilistic SHAhe logic treeapproachis utilized tointegratethe differences othe GMPESA similar
approach iaitilized toconsolidate the reglts of the quantification metri¢i.e., Equations 3.4.1 and 3.4.2Z'he weights
are givenin Table 3.4.1. ftion 1 representsghe deterministic SHA witRFS 20001 (2001)i.e., the use oBT2003).
Option 2 consists adin equalweight of the GMPE. In Ogion 3, larger weighs are allocatedto BT2003 andhe GMPEs
from ResorceDatabaseln Option 4, larger weighfare givento the complex GMPEs.

Table 3.4.1Weights used foGMPE

GMPE Option 1 Option 2 Option 3 Option 4
AB2014 0 2/14 1/14 3/14
AK2014 0 2/14 3/14 1/14
BA2011 0 2/14 1/14 1/14
BD2014 0 2/14 3/14 1/14
BT2003 14/14 2/14 3/14 2/14
CB2014 0 2/14 1/14 3/14

CY2014 0 2/14 2/14 3/14
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In Figure 3.4.7, the resultgith different weight optionsare summarized for the complex structural mode@ptions 2,
3, and 4reveala similar level ofguantifications.In this specific cas®&T2003eveals similar results witthe rest of the
options

The previous conclusios are also verifiedwith the logic tree approach: the results depend @ structures, (ii)
engineering demand paramete(jii) the objective of seismic analysis (i.e., the use of whetHEiSEBF - B SH

a 803 95which are also supported by the other structural models and the intraset approadigmendix C.1)9The
underpredictions become more critical for the singlegreeof-freedom modelswhen the responses of the complex
structural models are underpredicted by the GMSM methods. It implies that theotia simplified structural model for
the comparison of GMSM methods can exaggerate the underpredictions relative to the complex structural ifiodels.
may explainthe different conclusions in the literaturavhere some studies are soldhased on the sigledegreeof-
freedom models and the other studies drased on the complestructural models

Sl: 8-Strory RC 2 7-StoryRC S3: 2-StoryRC SA: 2-Story Masonry $: 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz f0 =4.34 Hz f0=5.68 Hz
@ J((E v <« ]v Z}}( ]J]*%o0 u v (b) Differencesin Base Shear Forces (Vbase)

Figure3.4.7: Thedifference inthe structural responsalistributionsrelative to Method Awith the logic tree approach
and the symmetric tolerances d Z J(( E v o ]v ]+8E] pusl}ve }plus9BYstapeardAeVidtidhare
shown The spectrum compatible selectios done as explained in the caption dfigure 3.4.2 The differencesre
quantifiedaccording to Equation 3.4.Zhelabels inthe y-axisshowthe ID of the structural model given in the legel
above the subfigureMethods B, C, and &re shownwith blue, green, and red colors, respectively. The negative va
represent the underprediction relative to Method A and vice velda weights of GMPEare providedn Table 3.4.1.

3.5 Comparison of GMSM methods with Asymmetric Tolerances

In the current practice with ASIR/01 (2006) the asymmetric toleranceare suggested They result in the average
spectra being above the targéb impart conservatisnin the structural responsedt is previouslydiscussedor MA in
Section 1.10This sectiorevaluatesthe asymmetric tolerances fothe impact of the GMSM method®n structural
response distributionsvith the interset andthe intrasetvariability. The amplitude tolerances ab8obelow the target
spectra andb0%above the target spectréor MA, MB andMC (MD is already within the tolerances). The same tests in
Section 3.2, 3.3, and 3ate repeatedn Section 3.5

3.5.1 Impact on Input Ground Motion Sets

&}YE §Z +Cuu §E] 8}0 E v +U 3Z +% SE o u%$|Biandthe) @get specrasgre A E P
shown in Figure 3.5.MA reveals greater mean of af‘$ *than MB and MCBasicallythe asymmetric tolerances

cause GM sets deviatimgpsitively fromthe target spectraupon the capability opreservingthe spectral variabilityMB

exhibits comparable dispersion with MA except at 1.00 Hz. MC experitsskeviationthan MB.
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The dstribution of PSAat 1.00 Hzs shown in Figur&.52 for other GMPEsSThe GMPE resulta considerably different
PSA levelsthe intraset variabilityn the PSAs (i.e.85 ‘?61‘ MA is greater thathe intraset variabilityof the symmetric

tolerances. The observations forthe other frequenciesin Figures C.2.1 and C.2|Appendix C.p reinforce the
observations.

g648 Y

Method A: Unscaled Earthquake Records Method B: Linearlyscaled Records to PSA d1Hz

g4 Y%,

Method C: Loosely Matched Waveforms

Figure3.5.1: Average spectra of akligible GM sets withthe asymmetrictolerances.The targetis shown witha
solid blackline andis the median of AK2014 for th&cenario of M7.0R40, Vs450, and normal fallach set
includes five ground motions. The upper and lower amplitude toleraaceshownwith dashed black lines5%
and +50% of the target for Methods A, B, and C. The frequency rafigeni®©.50 Hz and 20.Hz.The gey lines

represent the average spectra tfe GM sets *“$* "The 18 and 84" percentilesof the eligible GM spectra

CCCecc

««««« $*~are shown withthe solid red lines. he median ofall £$ s shown with the solid blue lineFor
Methods AB, and C, there are 34 174, 8 647, and 948 GM sets, respectively.

~ 1-8E] pSl}v }(  Z "~ 8[- A ~ ¢+ J-SE] pSliv (. Z " S[- "8

PSA at 1.00 Hz

Figure 35.2: Distribution of PSAs § iXii ,I A]8Z 00 'D « 8§+ }ve] E]VP Z o [

Z o S[* S v & Al §]1}v ]v theasuwmetrictdddrarfces. The spectrum compatible selectios
performed as described in the previous figuréhe targetis obtaned for the scenario of M7.0R40, Vs450, ai
normal faultas explained in Section 1 Mleansare demonstratedvith the markersand colors irthe legend boxor

correspondedGMPE. Mediansare shownwith the cross markersThe 16" and 84" percentiles are plotted with
the horizontal bars
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3.5.2 Impact on Output Structural Responses

TZ ]J*3E] pusllv }( 458}% ~A]JS58Z o0 'D - Zwotdst theipipact]ofth& hBym@EetricXdietances on

the EDPsFor the selection with AK2014, the mean of @H*SE r§w B, ;9 increase23% in MA, 12% in MB, and

5% in MC relative to the symmetric tolerances (in Figure 3.3.2). The change relative to the symmetric tolerances
indicates thelevel ofconservatism imparted. However, MB and MC are not able to cthessame level of increase,
which is due to the GM maodificatioigioal of reducingthe representativeness of the natural variabilit@ther

structural responsesupportthese findingsfor 4 § }i#Figure C.3| Vbase ifFigureC2.6| IDR ifiFigure C.2Jfand DI in

Figure C.2.8

~ ¢ Je8CE] us]}tv }( Z N &E[e A ~ o ]e3E] us]}v }AveragePlusds%Sigma

. AO ..AO

1.00 Hz)

.. Ad ..ADd

Yielding Yielding

S1: 8Story RC Model (f0

Figure 35.3: Distribution of structural response (on colurmmise) with all GM sets considering intraset variabilit
with the symmetrictolerances.Each set includes five ground motions. The upper ama:t amplitude tolerances
are -5% and $0% of the target for Methods A, B, and The frequency range isom 0.50 Hz and 20.0 HZhe
targetis obtainedfor the scenario oM7.0R40, Vs450, and normal faak explained in Section 1k columnwise,

]*SE] us]tve }( Z «arg [showkinda)Rndthe distributions of Z < #&yerageplus95%standard
deviation are shownin (b) Meansare demonstratedwith the markers and colors inthe legend boxfor the
correspondedGMPE. Mediansare shownwith the cross markersThe 16" and 84" percenties are plotted with
the horizontal barsThe structural model is the S1 models®ry RCTheyielding limit ductility denande ~ ...
4,and6 are shown withhorizontalsolid lineswith black, grey, blue, and red, respectively.

3.5.3 Quantification of Differences in Output Structural Responses

The differences ithe mean ofthe structural response distributionare quantified (} E 44'ﬂ|“ Fhgures C.2jand C.2.10,

Vbase inFigureC.2.11 DR in Figur€.2.12and DI in FigureC.2.13 according to Equations 3.4.1 and B.kh Figure

3.54, the quantificationis integratedfor the GMPEswith the logic tree approachn Table 34.1. Relative to the
symmetric tolerancesthe quantification metricU i& &bout10-20%less in the asymmetric toleranceSherefore, he
conclusiondbecomemore criticalfor the underpredictiors ~] X XU 48}% U / ZU v [« v uv E]$] o (}E
(i.e., Vbasg)whichis also confirmed fotheeach 5[« A i@&EFiBure C.2.14.

Overall, he use ofthe asymmetric tolerances ithe GM selection causes eccentricity between the GM modifon
and selectionln other words, the GM modificatiois appliedwith respect tothe target spectrum, and the asymmetric
tolerance results inthe v Zu &Il « Se¢[ ~]X XUrealZecqrdsy drifting significantly. Howevethe GMSM
methodsdo na exhibitthe samelevel ofthe increasedue to the ircapability of keepinguchinput variability.

It also implies that the French nuclear safety guide (ASN/2/01, 2006)ncknectly support the use of theGMSM
methods that underpredict critically Since the guide is not explicit on the expectatidmshind the asymmetric
tolerancesas wellasthe minimum acceptable level ofie spectral variabilitythe GMSM methosl that areinsensitive
to such asymmetrye(g.,tightly spectrummatched waveforms inhis study) will likely reveal less structural demands
therefore, will be favored in the current practice.
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Sl 8-Strory RC : 7-StoryRC 3: 2-StoryRC SA: 2-Story Masonry b: 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz f0=5.68 Hz
~ e J((E v <« ]v Z}}( J*%0 u (b) Differencesin Base Shear Forces (Vbase)

Figure3.5.4: Thedifference instructural response distributions relative to Method A with the logic tree approa
and asymmetrictolerances.dZ  J(( & v ¢ ]Jv ]J*3E] p3]}ve }{plus9B%staparddewrtidhare

shown Thetarget spectraare obtainedfor the earthquake scenario is M7.0R40, Vs450, and normal faithk

AB2014, AK2014, BA2011, BD2014, BT2003, CB2014, and &yregdkined in Section 1.Fhe spectrum selectior
is made with each set including five ground motions. The upper and lower amplitude tolerances%rand $0% of
the target for Methods AB, and Cand between5% and +5% of the target for Method D. The frequency ranc
from 0.50 Hz and 20.0 HZhe negative values represent the underprediction relative to Method A and vice v
Weights of GMPEare providedn Table 3.4.1.

3.6 Perspective

Thecodebased design spectra are commonly used in the engineering applisaionexample,lie EC8 spectrum has
a shape basedn the PGAevel, and he ASCE-Z0 spectrum has a shapmsed on thePSA at 1.00 Hz and tfRSA
formingthe plateau.The codebasal design spectra can gisemilar amplitude$ut non-smoothed shaperegardingthe
GMPE spectrurif the relevant scaling is doné cansuggest that the final structural respaswould be in the similar
range of theabovementionedresults A comparison fothe AK2014 spectrum and the coblased target spectrum is

given igFigure C.3.{(Appendix C.3).

Theconclusionsare based on a single scenadbM7.0R40 and Vs450here can benultiple earthquake scenarios in

an engineering project. Aearthquake scenario with a moment magnitude of 5.5, a sotoesite distance of 20 km,

and Vs30 of 450 m/6.e., M5.5R20 and Vs45@)alsotested. The structural responses remain in the elastic range and
are mentioned ifAppendixC.3.3 The GMP#based variability is shown to be important as well as e of intraset
approachedi.e., the objedtve). The results of M®B5R20and Vs450 are partiallgiven sincehe linear elastic behaviois

not the main scope of the thesis. If there had been other earthquake scenarios with closer magnitude and the distance
range (i.e., 6.0<M<6.5 and R<30.0 kmyyauld be necessary to repeat the analyses for each scenario to determine the
critical structural responses in a deterministic SHA.

It is alsocommonto usea medianplussomestandad-deviationspectrum as the targe cover thevarious sources of
varigbility in an engineering applicatiofThis approachmay necessitatéhe adaptation ofa tolerance typein line with

the lognormal distribution of the PSAi.e., the tolerances covering upper part of the PSA distribution, for example, the
80" to 90" percentiles)

3.7 Conclusion

In Part 3 we presentthe discussion othe impact of theground motion GM) set variability orthe engineering demand
parameters (EDPsyVe comparehe linearly scaled records (MB), the loosely matched waveforms (MC), and the tightly
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matched waveforms D) relative to the unscaled earthquake recorddA). The key conclusions of Part &re
summarizedelow:

X In tightly matched waveforms (MDihe GMs lave similar spectral shapes, biiet output structural responses
showa considerabldevel ofthe set dispersion, which is likely due to the variability in the tibased groundnotion
(GM) characteristics.This is also addressed hyausse et al(2013 ard suggests the importance of other GM
characteristics in addition to the PSAs, a common paranieter, Kohrangi et al., 2016; Seifried and Baker, 2016).

X Interset variability is calibrated bthe upper andthe lower amplitude tolerances being symmetriaca
asymmetricin Part 3, and &ingle ground motion set isoncluded to be isufficient regardless of thground motion
selection and modificatiolGMSM method fora stable distributiorof the EDPs

x For the objective of seismic analysis requirirthe Z « §[+ A E H¥FiHe GMSMmethods(MB,
MC, and MD)an result in considerable but uncriticadlifferences in PSAsat fO,the E}}( ]*%0 u vStke~48} %o
interstory drift ratios (IDR), andhe global damage indes(Dl)andrelatively eitical overprediction irbase shear forces
(Vbase)n comparison witlthe unscaled earthquake recordMA).

X The previous conclusion implies that, for an objective requiring the central measure (i.e., mean and
median) of structural responses, the GMSMthuzls can be preferred to predict the final structural response while
offering a small number ofhe nonlinear dynamic analyse&smong the modified GMsMD revealsthe least
dispersed EDP distirbuticandis laigely preferred in the practicdt bringsthe on-goingquestionsup for discussion
such as

(1) how much pragmatism can be accepted in the cagheofinnatural ground motion characteristics, such as
the modified ground motions witmoothed response spectandreducedvariability, and

(2)whether or notthey v %S (Y& SZ <1 }(} S ]Jv]vP Z( *S[ *SEY SPuE o E -

Also, theconclusiongand most of the previous studiea)e based orthe global structural responses (e.the
roof displacementsthe base shear forces, etc.), buteHhocal structural responses (e.ghe tensional and
compressional demands in the structural members, etar) also bémportant for such a decisian

X For the objective of the seismic analysis requiring Z e+ [+ Apl@sPmestandard deviation (i.e.,
FRE rgw P 39, the GMSMmethods (MB, MC, and MD) can result in critical underpredistinrPSAs at f04 § } %o
IDR and DI buthe insignificantdifferencein Vbaserelative to the naturalist method

X The previous conclusiorase madefor the symmetric tolerances. Féine asymmetric tolerancesequired by
the French nuclear safety guide (ASN/2/01, 20@6¢ GMSM methods (MB and M@je not able to mimiche same
level ofincrease (i.e., conservatism) R5AsLnd the output structural responsef the naturalist method (MA Thus
the underpredictionsare emphasized and the overpredictions become less criticalative to the symmetric
tolerances The use of asymmeatrtolerances causes eccentricity between the GM modification and selection upon the
capability of keeping spectral variabilitgince the ASN/2/01 guide (2006) is not explicit on the assumptions behind the
asymmetric toleranceand theminimum level ofacceptableGM variability. ie guide may indirectly promote the use
of the GMSM method¢e.g, tightly spectruramatched waveformsyvhichwill likely reveal less structural demantfsn
the unscaled earthquake records.

X The d@mple structural models (i.e., irggledegreeof-freedom oscillators) tend to reveal more critical
underpredictions but in a comparable leviel the case where the responses of the complex structural models are
underpredicted. It implies that the use of a simplified structural model for tomparison of GMSM methods can
exaggerate the underpredictions relative to themplexstructural models.
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X Theunscaled earthquakbasedmethod (MA) is the most realistoption to use in the seismic analysighe
Z <’®pdified GMsdepends on theobjective of the structural analysis (i.ethe intrasetapproacl), the engineering
demand parameter (EDPand the structural modelThis conclusion emphasizéise necessity of a ground motion
selection method specific to the objective, the EDP, and the &irec

X Target spectrum obtained lthe GMPEs results in significant differences in the structural responses regardless
of the GMSM method. The uncertainty in the target spectroutweighsthe differences due to the GMSM methods.
The choice ofthe GMPEs aaalso be important when it comes to the comparison of the GMSM metHbddogic tree
approach is used tintegrate the effect ofthe 'DW e« }v $Z ]J(( & v the egtdnX Withwetibus weights
resultin similar conclusionsThese findings magot be sufficient to generalize the conclusions for other earthquake
scenarios or the cases that combine the possible input parameters of a GMPE.
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4.1 General Conclusions and Discussions

The observed variability igery largeamongthe natural earthquakeecords. The accelerogram variabilisgreducedin
the engineering applications because of the cost and the duratidgheohonlinear dynamic analyse¥et, the question
of its consequences on the output structural responses has remained unansweéredstudy, herein, aims at
quantifying the impact ofthe large accelerogram variability othe GM selection and le engineering demand
parameters (EDPs)

In Part 1,we studed the impact of theunscaled earthquake records (MAh the behavior of the singldegee-of-
freedom model through therecordto-record and seto-set variability. In Part 2 we compard the ground motion
selection and modification (GMSM) methodsch as (1}he linearly scaled earthquakeecords (MB), (2Jhe loosely
spectrummatched waeforms (MC), and (3he tightly spectrummatched waveforms (MD) on the responsetbé
simple andcomplex structural models through the receto-record variability In Part 3 we exten@d the comparisons
of the GMSM methods on the structural models bysidering the seto-set variability, i.e., the response spectrum
compatible selection.

The discussions and the conclusioase presentedin two aspectsthe resultsregarding(a) the uncertainty andhe
variabilityand (b) the comparison dhe GMSMmethods.

(a) Uncertainty and Variability

On one side, we questiondtie impact of the GM(set) variabilityand the target spectrunvariability. The GMs in the
chosen magnitudedistance bin(M7.0R40)were shown toreveal large recordto-record variability The spectrum
compatible selection, with an aim of selectiagew GMs was then performed

The spectrum compatible selectiowas demonstrated tajivetwo types of variability(1) theinterset variability, i.e.,
the variabilityamong theGM set and (2 the intraset variability, i.e., the recortb-record variability within a GM set
The interset variability has nobeen consideredn the seismic regulatory codeand a single GM sets usedin the

practice.The interset variability igllowed by the uppeand loweramplitude tolerances. We applidthe sigmabased

(i.e., using thesigmaof a GMPE)the symmetric, and the asymmetric tolerances.

There are different ways to treat the intraset variability of the output EDP: the average of eact*$&t -and the
average with some standard deviationt*“$E | B, 1;9¢" The latter approach is supported hynse seismic regulatory
codes(e.g., ASN/2/01 [2006]and the engineers that aim at imparting conservatiskiVe showed that theintraset
approachof somestandard deviation abovthe averagecanincreaseSZ 435} %0 < S Jai aBgitb®%on averagdin
MA). Suchdifference canmpactthe final engineeringdecisionswhile increasingthe costin a designproject and the

probability ofa damageexceedancén the risk analysis.

We discussed how representative a small GM set can be regarding all eligible GM sets (from a mdgstdnde bin).

This study demonstraté that, regardless of the GMSM method, a single set is sufficient to obtain an assuring
distribution of the structural responsegconsideringall GM set In fact, the simplification with a single set causes a

lack of information on the EDP distribution. These conclusions are based on the half sigma boundary. For the GM set
selection with one (omore) sigma bounakies, the set variability cagain more importance.

We showed that three factors aressentialto replicate the set variability with a small number of GM sets: g
number of records with respect to all GMs (herein at least 3/4 of tBMs in the magnituddistance bin are
recommended), (2)he recurrence frequency ahe GMs in each set, and (8)e number of GMs with a relatively large
recurrence frequencyAccordingly,we developedthe cycleand-shift algorithmhaving theadvantageof revealing a
stable EDP distributionwith fewer sets andovercomingthe technical limitations(i.e., the memory and duration
problem)
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We demonstrated thathe target spectrum obtained bglifferent ground motion prediction equations (GMPES) results
in significant differencegbout + 65%in the GM characteristics artie EDPsThis conclusion is valid fall considered
GMSM method. The uncertainty in the target spectruavershadowshe differences among the GMSM methed

The GMPEswere defined for the specific input parameters, which may nogquire further analyses orother
earthquake scenarios or the cases that combine the possible parameters of a BMRISo performed the analyse$

the scerario with a moment magnitude of 5.5a sourceto-site distance of 20 km, and Vs30 of 450 m/s. The results
were found in the elasticrange If there had beenother earthquake scenarios with closer magnitude and the distance
range (i.e., 6.0<M<6.5 and R<3&m), it would be necessary to repeat the analyses for each scenario to determine the
critical structural responsédga a deterministic SHA

In summarywe underlined that thee aresignificant differences in the structural responskse to theset variability
and thevariousGMPEsThe target spectrum obtained from a singtet and a singl&MPE may not be sufficient to
evaluate the seismic behavior of a structureenin a deterministic SHAThe probabilistic elements can be inserted in
the seismi@nalysishy thelogic treeapproach or other convenient approaches

(b) Comparison oGround Motion Slection andModification (GMSMMethods

On the other side, we questionedhether or notthe unscaled earthquake recorasn be replaced by thenodified
GMs (e.g., MB, MC, and MDWe supported that the unscaled earthquake records (MA) are the most realistic option.
We concluded that the modifiedtGMs may replacéMA upon the objective of a seismic analysis (i.the intraset
approach),the engineering demand parameter (EDP), dhd structural model It can also eglain why the previous
studies, which considespecific djectives, EDPs, and structurdgve not reachedh universalconsensus on which
GMSM method is the best fahe structurd demand analysis.

For the objective E <p]E]JVP $Z pe }( Z o+ $$SEAnggmonified BXIsKe), MB, MC, and MD) can
result in considerable but uncritical differencebthe &}}( ] %o 0 u v $he inteEsiOky «ddft ratios (IDR)and
the global damage indices (DIh comparison with thebenchmark (i.e., MA). They can result important
overpredictiorsin the base shear forces (Vbase).

For the objective E <u]@E]JvP 3Z pe }( Plusssinestandad Rleviation, i.e: ¥ “SE rgw R, 1;9¢ the
modified GMsdo not impose saméncreaseas the benchmarkipon their capability of conserving the GM variability
(the ranking of increase iBenchmark, MA >D QMB > MD) Thus, the modified GMs carresult in critical
underpredictiors [Jv W" ¢« § (1U 48} % U ihsfhificantdiffevenqesin Vbase relative tthe benchmark

The previous conclusions avalid for the symmetric toleranceg:or the asymmetric tolerances, tmeodifed GMdi.e.,

MB and MC) are not able to replicate same leveth#f increase (i.e.the conservatism) in th&EDPgelative to the
benchmark ite,. MA). Thus, the underpredictions are emphasized and the overpredictions become less critical relative
to the symmetric toleances

The simple structural models (i.e.the singledegreeof-freedom oscillators) tend to reveal more critical
underpredictions relative to the complex structural modé&s the same observationdt may explairsomedifferent
conclusiondby the prevbus studieswvhich aresolely baseckither on the simplestructural modelsor on the complex
structural models(e.g., thenon-convergingconclusionson the spectrum matchinghased onthe singledegreeof-
freedom models [Hang et al, 2011]and the reinforce concrete modelsHeoet al, 2011)).

This study concluded that the modified GMs predict the means e$etlEDP distributiorin the closevicinity of the
benchmark if(1) the GM selection and modification g§ymmetrically performediround the target spectrum and (2) the
chosen intraset approach (of the EDPshiesaverage Otherwise, the modified GMs can significantly underpredict the
final EDPs.
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This study demonstrated that the unscaled earthquake records causelawmaging to dmaging structural responses;
the modified GMs (i.e., MB, MC, and M8@lsointroduce a wide dispersion of the structural respons@se modified
GMs are not able to capture the Yénd 84" percentiles from the alset-EDP distribution (the ranking of regsenting
‘U Z % E vsS]o * ] E}pPZoC -« MB ZMDEhErefore, Eheodiied GMs may not besuitablefor
the variability studiesThe modified GMskeepingspectralvariability (such as the loosely spieem matchingwithout
PGA scalingndthe linear amplitude scaling at two poinits Section 2.8can be favored.

Our resultscan becriticized due to the doubleounting of the GM variabilitasthe intraset and the interset variability
are considered simultaneousifDne maysupport the sufficiencyof using either interset or intraset variabilityTo
illustrate, a*JvPo <+ § A]3Z 3Z ]JVSE « § %o %o E }-pldsspMmestandard deviaor@ayrtover the
upper portion of the all set distributionwith the intraset approach ota Z e« Sjerage(e.g, more than the 84
percentile in Figure 3.3.2 in Section 3.3.1)

On the other hand, one may defentthat it is not a doublecounting sincethe spectral variability is introduced
symmetrically to collect eligible sefexceptthe asynmetric tolerances) The intraset approach can then be considered
as the final objectiveg.g., as we consideredin this thesis) based on thproject requirementor the choice of an
engineer dZ & AlJoo uvC ZAJESH o[ VvP]v g& wide]pangelbf Sthicturad resplnéspeEIGds/
of which intraset approach is usedhe discussion onhe double-counting of GM variability is an open debate

Overall, @r results can have strong implications for the seismic regulatory codesEergcode 8, 2004ASCE/SEI 41
06, 2007; AASHTO LRFD, 2010; ASCE/SEI yag@¥articulary for theFrench nuclear safety guide (ASN/2/01, 2006),
whichallowsa single setwith§Z +Cuu SE] 3}o E v « v §geplusBomestandatd Gevition.

The motivation okuchcriteriain ASN/2/01is not explicitly statedAssuming that ASN/2/01 suggegitem as ashortcut

8§} }JA E 3Z Z]u%o] ]S8[ pv ES ]Jvd]l + v Vv SuE o A E] ]0o]3CU 3Z u} ](] 'D-
the EDPs) relative to the benchmark (i.e., MA). The guide may also involuntarily motivate the use of the modified GMs
revealing less structural responses instead of the unscaled earthquake records.

At this point, the seismic regulatory guidéss well as the vP]v &E-[ ) regll to bemore transparenton the
implicit assumptions behind the use of a single set, the asymmetric tolerances aimdréset approachalong with the
acceptable level of theninimuminput GM variability.

The conclusions about thenportance of the GMand setvariability are valid forthe deterministic SHAnd can have
some implications for the probabilistic SKHIRPSHA)A wide range ofearthquakerelated parameterss integratedin the
framework of thePSHA. After deriving the controlling earthquake scenario(s) byl¢hggregationthe targetspectra
caninclude some standard deviation, i.e., epsiloabove the medianindeed,the GM variability is not kept for the
uniform hazard spectrum (e.gAbrahanson et al, 2004 by aplying spectrum matching as the GM variabilisy
assumed to besonsidered in the process. Another study showed the importance of keeping the GM variability for the
condional spectrum (Seifried and Baker, 2008)r conclusions capartially contribute to theopendebatein the PSHA
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4.2 Discussion on Engineering Demand Parameter , Objective, and Structure Specific
Ground Motion Selection

In the current practicethe spectral shapas utilized to select and modify the GMs regardless of the engineering
demand parameters (EDPs), teuctural mode$, and the objective of the seismic analy$isfact, our conclusions
were in contrary tathis approach. Our results can imply thdtetall-set-EDPdistribution (specific to the structure and
the objective) needs to be inspecteattior to the GM selection. However, it may not be possible to obtasince the
nonlinear dynamic analyses can be costly and #tmesuming as a function of theomplexity of astructural model.

The questioron how to select and modify the GMs by integrating the varial(iig/, due tothe interset variabilitythe
intrasetapproach andthe choice of a GMPENd respectinghe budget and ime constraintan add nevperspectives
in the deterministic SHAA five-step (from ato e) strategyis testedin this subsectionwith about 60 unscaled
earthquake records othe S5 model (i.e.,-&tory RC modefpr two EDPs (i.e., story drift and base shear forces).

In step (a), he complex structurbmodelsare simplifiedas opposed tsimplifying the seismic loadin(g.g., selecting a

set of 5 GMs with response spectrum compatibility, and modifying GMs to reduce spectral variafiiygpectrum
compatible selection is perforngewith the unscaled earthquake records to collect all GM sets in step (b). The logic tree
approach is employed in step (c)itdegratethe GMPEbased variability. Based onthe W ]*3@E] p3]{sufhas, A o
median, mean, and §‘4percentile), theGMsclose to thedamaginglevelare selectedbased on the EDP distribution of
the simplified modelin step (d) The selected GMsare thenapplied to the complex structural mod& have accurate
responses in step (e)

(a) Dynamic Analyses with Simplifiegtructural Model

The simplification is done with the equivalent singlegreeof-freedom €SDO}model and the pushover curve of the
S5 modeli(e., 1-story RC model) as shown in Figure 4.ZHe story drifts are overestimated by the simplified mqdel
andthe base shear forces (Vbase¥ foundcomparable

Story Drift

Vv DIl

(a) S5: 1Story R/c Model (3D Model) (b) eSDOF 085 with pushover curve

Figure 42.1: Response histories of the S5 model and its simplified mod&8O): The x-axisrepresents thelateral
]* %o 0 uvse E o 3]A 3§} 37 paK}ipthe basé 3Bearfordes (Vbase). The color of the curve relat

the period of timegiven in the legend: the darker colors represent the initial part, and the lightersoepresent the

final part. Thesign represents the direction of the movemerithe unscaled record is from tirizceearthquake 8104

station). The structural modeldescribedin Section 2.£2) hasa natural frequency 05.68Hz

(b) SpectrumCompatible Selection with GMPEs

The spectrum compatible GM selection is performed by permitiémge spectral variability to obtain all GM sets with
the unscaled EQ records (in Section 1.3) obtained for the scenario of M7.0R40, Vs450, and normakfapkctfm
compatible GM selection is repeated seven times for each G(ifP&ection 1.4)All eligible GM sets gbout 100 000
sets for each GMBEre collected to obtain theecurrence frequencies ahe GMs(i.e., how many times the GMs
repeat as explaied in Section 1.11.2). It constitutes the effectlod intersetvariability.
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The nonlinear dynamic analyses are then performed to obtain the distributidheastory drifts and base shear forces
(Vbase) according to theecurrence frequencies ahe GMs Using different GMPEs do not imply more nonlinear
dynamic analysegn the unscaled earthquake recorflbut imply different distributions.

(c) Logic Tree Approach to Account for GMBASed Variability

The recurrence frequencies dhe GMsare weighed bythe logic tree approacho integrate the effect ofthe GMPE
based variabilityThe weights of GMPEse 3/14 for AB2014 1/14 for AK2014, 1/14 for BA2011, 1/14 #D2014 2/14
for BT20033/14 forCB2014and 3/14 for CY201@.e.,Option 4 in SectioB.4.6).

The integration ofset distributionscan be consideredas a single set that consists about 60 GMsEach GM has
different contribution to the final EDP The recurrence percentages tife GMs cover thanterset variability and the
GMPEbased varability of the final story drifts in Figure 4.2.2.a and the final Vbase in Figure 4.2.2.b

(a) Recurrence Percentages of Story Drift Response (b) Recurrence Percentages of Base Shear Forces (Vi

Figure 42.2: Recurrence percentages of GMsd cumulative distribution functions (CDF) for story drift and ba
shear forces (Vbase) of the®DOF of S5 modédthe spectrum compatible selectigsm madewith the upper and lower
amplitude tolerances are30% and +30% of the targets for unscaled lequiake records (Methods AJhe targes are
obtainedfor the scenario of M7.0R40, Vs450, and normal faslexplained in Section 1EBach set includes five grour
motions, andthe frequency range ibetween0.50 Hz and 20.0 Hz. The frequencies of eachrépdating among all GM
setsare collected The spectrum compatible GM selection is repeated seven times for each GMEEecurrence
frequenciesare weightedaccording to the GMPE with Option 4 in Section 3.4.6.

The xaxis represents the story drift on the left figure and Vbase from each GM on the right figure. Along-Hiddgft
axis the recurrence percentages of GMre shown The vertical grey bars are related to the isiley-axis Along the
right-sidey-axis cumulative distribution function (CDE)shown CDF is the summation of recurrence frequencies.
yielding and sing limits of the S5 modkelshownwith the vertical black dashed lines and the vertical red dashed li
respectively. The amountf @&Msis notedin the legend box.

(d) Selection of Fewer GMs Specific to the EDP and the Objective

Basedon the objective and the EDPthe GMsclose tothe ]*3E] ps]}v[e oad mediamuméan, and &4
percentile)can be identifiedFrom the distibution of the sets andthe logic tree approach, the followingesponsesre
obtainedfrom the eSDOnodel:

The mean ofill ‘&S ER50.26%

The mean ofill {$f$¥F4s 17.9 kN, and
Themean ofall :“\f**HE rgw p- ,;9°1s23.9 kN.

X X X X
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Six GMs in the vicinity of each objective and BBPidentifiedfrom Figure 4.2.2. Thegre notedfor their recurrence
frequencies, Riin Tables 4.2.1, 4.2.2, 4.2.3, and 4.2.4. The identified GMs constitutet d8a of the whole
distribution. Theyare different for each objective and each EDP.

(e) Dynamic Analyses with Complex Structural Model

The identified GMs are then applied tbe complex structural modelThey are then multipliedy the normalized
recurrence frequencies, Bin. The details of the proposed method are given in Tables 4.2.1, 4.2.2, 4.2.3, and’Ae.4.
GMs with small Ri (i.e., R, <5%) could havbeen replacd with the GMs with larger Ri.

Table 42.1: Selection of 6 GMs in the proximity of mean of SIEKN Y& N BP

Ri Riorm eSDORModel 3DModel
GM Label . . :
' Recurrence Z]1 G Story Drift Rhmmx. story Rhormx.
yyyymmdd_hhss_station_comp Percentage (%) Story Drift | Drift (%) Story Drift
19801123 1834 RNR_h2 3.0% 26.4% 0.23 0.06 0.25 0.07
19971118 1307_ZAK1 h2 2.3% 20.7% 0.24 0.05 0.32 0.07
19891710 1704 57383 Chan02 1.7% 15.2% 0.25 0.04 0.26 0.04
19830117 _1241 ARG1_hl 0.4% 3.7% 0.25 0.01 0.27 0.01
19801123 1834 BRN_h2 1.4% 12.0% 0.28 0.03 0.47 0.06
19971118 1307_ZAK1 hl 2.5% 22.0% 0.28 0.06 0.21 0.05
G 114% 100.0% G 0.25% G 0.28%
Table 42.2: Selection of 6 GMs in the proximity of mean of al KN &N B8 ¢ 551,26 2°
GM Label Ri Riorm eSDOFMoc_jeI 3D Modgl
. Recurrence z]l G Story Rhorm x. Story Rhorm x.
yyyymmdd_hhss_station_comp Percentage Drift (%) Story Drift | Drift (%9 Story Drift
19891710 1704 57217 Chan02_1 1.7% 18.5% 0.42 0.08 0.27 0.05
19891710 1704 57383 Chan00_¢ 0.4% 4.2% 0.43 0.02 0.60 0.03
19891710 1704 22561 Chan02_3 2.4% 25.5% 0.47 0.12 0.31 0.08
20061510 _0707__02810__ Chan01_3 0.7% 7.4% 0.47 0.04 0.47 0.03
20111023 1041 _6502_h2 2.0% 21.4% 0.48 0.10 0.16 0.03
19991112 165721.4100 9902 h2 2.2% 22.9% 0.50 0.12 0.51 0.12
G 9.4% 100.0% G 047% G 0.34%
Table 42.3: Selection of 6 GMs in the proximity of mean of &ff'f-«#.~
GM Label Ri Riorm eSDOHVIO(.jeI 3D Modgl
_ Recurrence Z11 G Vbase Rhorm X Vbase Rhorm X
yyyymmdd_hhss_station_comp Percentage (kN) Vbase(kN) (kN) Vbase(kN)
19891710 1704 57191 Chan02 1.3% 13.8% 17.2 24 22.5 3.1
19831030 _0412 2503 hi 0.7% 8.0% 17.6 1.4 254 2.0
19830117_1241 ARG1 hl 0.4% 4.6% 17.9 0.8 27.6 1.3
19831030 0412 2503 h2 0.1% 1.5% 17.9 0.3 31.2 0.5
19801123 1834 RNR_h2 3.0% 32.3% 18.3 5.9 27.0 8.7
19991112 165721.4100 9907 hz 3.7% 39.8% 18.4 7.3 25.1 10.0
G 9.3% 100.0% G 18.1 G 25.6
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Table 42.4: Selection of 6 GMs in the proximity of mean of af S S¥FEA g 56 55 2¢

Ri Riorm eSDOModel 3D Model
GM Label
. Recurrence z11 G Vbase Rhorm X Vbase Rhorm X
yyyymmdd_hhss_station_comp Percentage (kN)  Vbase (kN) (kN) Vbase (kN)

19801123 1834 RNR_h1 1.5% 11.7% | 22.7 2.6 27.8 3.2
19991112 165721.4100_9906_h2 2.5% 19.2% | 22.8 4.4 25.8 5.0
19971118 1307_ZAK1 hl 2.5% 19.2% | 23.0 4.4 23.9 4.6
19991112 165721.4100_9904_h2 1.6% 12.2% | 23.3 2.8 28.4 3.5
19991112 165721.4100_9904_h1l 2.5% 19.2% | 234 45 32.2 6.2
19891710_1704__ 22561 Chan02_3 2.4% 18.5% | 23.7 4.4 27.5 5.1
G 13.0% 100.0% G 23.2 G 27.5

Table 4.2.5 shows the summary of the proposed GM selection method specific EDPgbjective andstructure. The
nonlinear dynamic analyses are performed with Cast8M (CEA, 201%) serial over 12 CPU cores (Intel X&HnES
2667) with thememoryof 128GB RAM.

The first approach showthe approachof the eSDOFnodel. he nonlinear dynamic analysésst about 0.4 days. The
second approach is the proposed methaohd the nonlinear dynamic analyses take about 3.4 days (for each EDP and
each objective). The third approach demonstrates the resfltse 3D modellt lastsabout 36.5 days.

The eSDOF apmach gives the fastest results by overestimating the story drifts and underestimating Vbase. The
proposed method reveals relatively fast solutions in the vicinity of the results obtained by the 3D model.

Table 42.5: Summary of proposed methospecific b the EDPobjective, and structure |

Approx. g BHENYEN BP e HSEDH A

Approach Duration Eramégééi%éga@? " Erdweoox3?
(days) (%) (%) (kN) (kN)
(1)eSDOModel 0.4 0.26 0.45 17.9 23.9
(2)eSDOF and 3D Mode 3.4 0.28 0.34 25.5 27.6
(3) 3D Model 36.5 0.22 0.35 23.9 28.9

One of the drawbacks of usimgpushover curve ithe eSDORs that the structural responses obtained fraesDORNd
3D reveal different rankings dhe EDPs (i.e., how large an EBPbtainedfrom one GM relative to another Glih
Tables 4.2.1, 4.2.2, 4.2.3, and 4)2Fhis trend carbe improvedwith a materialbehavior including pinching effect, the
in-cycle stiffness losses, the strength degradatiete, (e.g., FEMA, 2009).

In this example, he tests are limitedo the unscaled earthquake records, the earthquake scenario, and an eSDOF
model representing the -story RC model without considering the higher modes. The usheo€SDOFRnay not be
practicalfor the structures with higher mode effects, the local EDPs (such as element forces and displacements), and
the structures withthe fragile equipment.

All in all,the EDP distribution can be obtained by the simplified structural mod.gfFourd motionscan be selected

based on$Z Z u P]JvP[ o A o }( ]Jvd € *3 ~<% ](] &} §Z thE pbjediivey Bndthe v %0 @&
structure) This approaclis more in line with the thesi§ (]v ]th&r the usualapproachof simplifyingthe input

seismic loading.
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4.3 Limitations and Future Work

The conclusions herein can have some limitations, sickhe limited earthquake scenaridhe engineering demand
parameters (EDPs), atite structures Thefuture studies can be necessary to validate some conclusions.

The magnitudelistance of M7.0R4@vas consideredsince it retrieves sufficient unscaled earthquake records. The
ground motion selection and modification (GMSM) methods were utilized to appidifications to the same
magnitudedistance bin with the earthquake scenario. It can be practical to test the credibility of wsikige
magnitudedistance binin the GM modificationg especially for the neafault eventswhich are scarce in the databas

The structural models were singieode dominated fixed base systems with a natural frequency ranging from 0.6 Hz to
5.7 Hz. The complex models comprised the moment frame reinforced concrete (RC) models and the masonry model.
Different lateral load resting systems, such &lse braced framesthe shearwalls, andthe dual systems, and different
structural materials, such athe steel, the prestressed concretethe high-performance concrete, andthe hybrid
materials, can also be studiedhe $ructural models with higher mode effects as well as the soil structure interaction
canbe tested

In this study, the engineering demand parameters (base shear force, roof displacement, interstory drift ratio, and global
damage index) were related to thglobal behavior of a structure. The effects of the GMSM methodsheniocal
structural membersi(e., regardingthe tensional and compressional demandsle connectionsthe fragile equipment,

and the residual structural responsesan also beof high imprtance. The ductility demands (of the complex models)
under the given earthquake scenario were between 1.0 and Bh@. exrthquake scenarios requirinigrger demands

can also be studied.

Datapoints in a GMi(e., thesampling time andhe duration) are one of the factors specifying the total duration tbie
nonlinear dynamic analyse$he consequences of removiagortion of the accelerometric data cabe researchedor
the seismic demand analysis.

Typially, a single ground motion prediction equation (GMPEYsedin the deterministic seismic hazard assessment
(SHA), but the impact of the GMPEs on the structural responses were emphasized to be significant. A suitable way (such
as a logic tree approach in @en 4.2) to integrate the GMPlased variability cabe furtherevaluated Thequestion

on how to represent the GM variability in the target spectrum (i.e., the use of a meuierstandarddeviation
spectrum) can be discussed.

The s$ochastic methods i alsocommonand can be the subject of a future studiyhe studies evaluatinthe multi-
component GM selection and modification methods can be of high importance.

The eccentricity (ofthe PSA levels) between the GM modification and selection was distiigdge one of the likely
reasonsfor the poor predictions by the GMSM methods. The question on how to imitate the eccentricity to improve
the predictionsby the GMSM methods can also be studidithe dternative GMSMmethodsthat keepthe observed
spectralshape ad its variability guch as thdooselyspectrum matchingndlinearamplitude-scaling at two pointsgan

be researchedurther.

The fiture studiescanfurther focuson a GM selection method (such @ approachin Section 4.2) that is specific to
the engineering demand parametehe objective of the seismic analysis, and the structure.
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A.1 Collection of Databases

EQrecords from twostrongmotion databases are compiled together in a new databaskedaas Collection of
DatabasesOne of the databases in Collection of Databasé®esorcgReference database for Seismic grOumation
pRediction in Europe) 2013, which was deped for the EDFSigma Project (Akkar et al., 20)1It includes the EQ
records from PasEuropean regionDue to the fact thatResorce2013 does not includstrong GMs of other regions

such as California and New Zealand, the GM records from CESMD (Center for EngiriemrdviStion Data)
(Haddadi et al., 2012)ere includedin Collection of Database# the case otommonearthquake records in both
databases, records frorResorce2013 are takeninto account.Records fromResorce2013 are not raw GMs but
processed GMs. A careful inspection is recommended especially for the records retrieveResonce2013 due to the
observed oddities. CESMD records are raw GMs. Figure 2.1 shows the distribution of hypocentral distancesy&m) ver
moment magnitudes of 3997 GM records in Collection of Databases. EQ records with moment magnitude smaller
than M,, of 4 belong toResorce2013.

FigureA.1.1: Collection of Databases

FigureA.1.2 shows the country distribution of EQ records in Collection of Databases. Data-Bupgpean regions are
obtained fromResorce2013 andthe rest are collected from CESMD. It also separates the records based on the level of
peak ground acceleration (PG order to provide an insighinto §Z ulpvs }( ZSE}VP[ Y & }E « ]v
Databases. Italian, Turkish, and Greek EQ records contribute the most to the amount of EQ records having a PGA larger
than 0.20g inResorce2013. CESMD records enornshyu contribute to the total amount of EQ records having a PGA
larger than 0.20g.

The metadatdor Resorce2013 and ORFEUS (Luzi et al., 2016) exglsibihe differences in the soil conditions of some
seismic stations. The soil conditions of ORFEUS are $iggdo (STR) is updated from 1122 to 382 m/s, Brienza (BRN) is
updated from 506 to 403 m/s, Auletta (ALT) is updated fidi@2to 1018 m/s, and the station in Abbar, Iran (ID 6211)

is updated from 723 to 621 m/s.
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Mainland

FigureA.1.2: Countryand statedistribution of records in Collection of
Databases
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A.2 Signal Processing

A.2.1 Signal Processing in this Study

Errors due to noise and baseline offset are corrected in this study by applying a combination of filtering and baseline
removal. kgure A.2.1shows the algorithm used to perform signal processing. It includes a visual inspection of time
histories both over time and frequency domains and iterations of parameters to minimize the loss of accelerometric
data. A raw EQ record is usedaasinput along with various parameters such as:

The sarting and ending time points for performing time windowing
The atio of tapering for smoothing both ends the time domain

The &ngth of padding with zero in seconds

The aitoff frequencies for Butteworth bandpass filteringf i, andfiay

X X X X

Time windowing allows analyzimgmallersubset of accelerometric data rather than includergensie pre- and post

event accelerometric data aroundain strongmotion. Windowing is very favorable to reduce theabcalculation time

of nonlinear structural analysis utilizing tirséep approach. It is performed manually by specifying the time of signal
cut and automatically by noise threshold check. Tapering with cosine function is used to ensure time histooigdysmo
approaching to zero at its ends. Padding acceleration time history with zero is found to be useful gaecpss for
detrending and filtering. Detrending subtracas offset (i.e., removes the trend) from raw signal and is the function
correctingbaseline offset. Detrending is applied over acceleration, velocity, and displacement time histories. Then, the
casual Butterworth bandpass filtering is used with corner frequenéigsadfna to eliminate low andigh-frequency
noises. It is applied to acceleration, velocity, and displacement time histories.

Figure A.2.1: Algorithm sed forsignal processing

TableA.2.1shows the parameters used in signal processing. Parameters yield 6 options without filtering and 36 options
with filtering. For each record, parameter combinations are iterated up to 42 times, which is the total of options with
and without filtering (theexceptional parameters pointed with stars are not counted). The parameters are given in the
same order of triakrror application. The frequency interval of our interest is between 0.5 and 20.0 Hz; therefore, the
cutoff frequencies are chosen as large asgble outside this interval. Lefrequency cutoff,f.,, is selected with
respect to the seismological theory which states that the Fourier amplitude spectrum, FAS, of acceleration decays
according tof°at low frequencies. Accordingly, the allowég,values for the case of M7.0 are less than the allowed
fminvalues for the case of 5.5. Highfrequency cutoff values are chosen out of the frequency of interest and are
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further tweaked to find the precise frequenclater, the records are visually iresged whether the errors due to
baseline offset and noise are corrected or not. The raw records that cannot be corrected are removed.

TableA.2.1 Parametersused in signal pocessing

Case Noise threshold  Ratio of Padding with Butterworth Bandpass Filter
windowing Tapering zero (seg fnin (HZ) fmax (HZ) # of poles
M7.0 R40 0.1 cm/$ 0.05, 0.10 0,35 0.05, 0.10, 0.15* 50.0, 40.0, 25.0 2

*Parameters are applied for few records.
A.2.2 Some Issues Observed in Earthquake Records

In this subsection, the issues observed in some GMs are discussed. Following the inspection of earthquake records, four
records such as (i) the horizontal components of Duzce Earthquake (Turkey, 19991112 1657) recorded by the station
1406and (ii) horizordl components of Spitak Earthquake (Armerdi@881207_074)1recorded by the statiod73are

found susceptible. The GMs in (i) are susceptiblénsufficient premain event accelerometric data before tmeain

strong motion as discussed in Figures A.2.2 and Ah@ GMs in (ii) are not possible to be fixed the errors for the
baseline dfsetin displacement timehistory as shown in Figure A.2.4.

Observations

Two records from the Duzce Earthquake
Q (Turkey, 19991112 165@fe shown. The event
recorded by station no 9906 has pneain event
accelerometric data. The starting pointtbi
mainevent can be observed in the upper figur

However, the timehistory of station no 1406

(a) Record in station no 9906 C ‘
causes ambiguity to locate the start of the mal

event. There is a possibility that the record of
station no 1406 is missing a part of the
accelerometric data which can lbecessaryor
the GM selection and structural responses.

(b) Recordn station no 1406

Figure A.2.2GM susceptibleo insufficient accelerometric data before-Rave arrival

In order to understand the effect of missin

pre-event accelerometric data, two cases
Egg'{;{f;‘lgz’fm/g are assumed with a m_is;ing part of data a

their start. In Case a, it is assumed that th
part of GM is available after +9.00 second
In the second case, it is assuméet the
GM is available after +10.55 seconds. Eau
case is then manually processed. They ar

PG/ full =8.97 cm/s )
PQ/shrtnd =381 cm = also comparedo the complete GM.
O
o Observations
o
(i) Peak ground accelerations (PGA),
PG/ full =2.40 cm velocities (PGV), and displacements (PGI
PQ/,shrtnd =2.44 cm . e .
are mostly changed: more significantly in
Case b.
Time (s) Frequency (Hz)
~ }V S [ .

(a) Signal without +9.00 secotahg accelerometric data




PGAfull= 124cm/s’

PGAshrind= 119em/<?

PGV//full =8.81 cm/s
PGV/,shrtnd =9.21 cm/

P@,full =2.40 cm
P@,shrtnd =2.31 cm

Time (s)

(b) Signal without +10.55 secotaohg accelerometric data

PGV (cm/s)

Frequency (Hz)
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~ JvE[ o

(ii) Shortened signals had an effect on
response spectra. In Case a, the-
frequencyPSA values are affeed. In Case
b, full spectral shape is affected.

Conclusion:

The loss of prénain event accelerometric
data beforethe mainevent can impact the
response spectrum based on the length o
data losslt is not easy to detect the length
of accelerometric les in the EQ records.
Therefore, GMs suspectext
accelerometric data loss are removed.

Figure A.2.3: Effect of prevent acceleromaic data on spectral velocities and intensity measures.

/\/\,

Time (s)

PGV (cm/s)

Frequency (Hz)

Observations

The given record is processed with the
allowed parameters outside the
frequencies of our interest (i.e., 0.5 Hz to
20.0 Hz), but it has baseline offset shown
with ared curve in the displacement time
history. The displacement time history
evolves approximaly around the red
curve rather than the zeraxs of
displacement history. In structural analysi:
it isimportantto remove the baseline
offset in acceleration, velocity, and
displacement time historiesxcept for the
nearsource records; therefore, the record
has been eliminated.

FigureA.2.4: GM having baseline offset which cannot be fixed for the permitted signal processing parameters

GMs are compared with the corresponding GMs in ORFEUS datdbade Iranian Earthquaked 9900620 2100
station 6211, and 20031226_0156 station 37%8e different sampling time is observed as shown in Figure A.2.5.
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Q Observations:

The difference in spectra of the identical G»
is observed between Collection of Databas
shown with the blue curve and ORFEUB
shownwith the red curve.In the upper gaph,
the original sampling time, 0.002 sec, is us
from Collection of Databases.

PGV (cm/s)

In the lower figure the sampling time ofhe
record inCollection of Databaseis changed
to 0.0025 secThe sampling time causes tt
shift in spectral shape of the identical
records. The spectral shapes do moecisdy
Time (s) Frequency (Hz) coincidedue to the signal proassing. In suct

cases, the records from ORFEUS are used.

PGV (cm/s)

Time (s) Frequency (Hz)

Figure A.2.5: Exampled the GMwith the differencein sampling time

In a comparisonof the record in Collection of Databases and ORFEUS, the polarity of some records such as Pasinler
Earthquake (Turkey, station 2508¥ound dissimilaras illustrated in Figure A.2.6.

Observations:

The figures on the left compare th
record in Collection of Databases ai
ORFEUS. The records have sim
amplitudes and spectral shapes b
their time histories have polarity

Q) issues. In such cases, the records fr
E ORFEUS are used.
>
o
[a
Time (s) Frequency (Hz)

FigureA.26: Example®f the GMswith the difference inpolarity




A.2.3 Examples of GM Signal Processing
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PGV (cm/s)

Time (s)

Frequency (Hz)

ObservationgFirst Phase)

(i) Baseline offset exists the elocity
and displacementime histories

(i) Linear baseline offset exists in the
displacement history.

Signal Procegyy (Second Phase)
(i) The ratio of tapering i8.05.

(i) Butterworth bandpass filterings
applied with 0.05 and 45.0 Hz and
two poles.

Conclusion:

Baselineoffset and noises are
removed andthe processed signal
has passed the second phase.

FigureA.2.7: Time and frequencydomain characteristicof the raw and processed recordThe record is from the
Duzce earthquake (station no 1401) with Mw 7.},,837 km and Vs30 294 m/s. Column (a) shows the accelera
velocity, and displacement timieistories of the raw record in blue and the processed record in lredolumn (b), the
comparison of the spectral shapes is shown. In column (c), the signal pracesskplained.

PGV (cm/s)

Time (s)

Frequency (Hz)

Comparison ofsignal Proceswy:

(i) Signal processing of the record in
Collection of Databases

Removal othe leading and trailing zeros
and Butterworth bandpass filtering
between0.60 and 50.0 Hz witimpges Of 4.

(i) 9gnal processingsed in this study
Baseline correction in acceleration, veloci
and displacement time histories and
Butterworth bandpass filteringdiween
0.10 and 50.0 Hz witimpgesOf 2.

Observations
PGD and spectraklocities on low
frequencies changsignificantly.

Figure A.2.8Time and frequencydomain characteristicof the differently processed recordsThe record is from the
Kefallinia Island earthquake (station ARG1) with Mw 6,9,,R1 km and Vs30 437 m/s. Column (a) shows
acceleration, velocity, and displacement tirhistories of the processed record in Collection of Databases in grey
the processed record in this study in réd column (b), the comparison of the spectrabpls is shown. In column (c

the signal processing is explained.
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PGV (cm/s)

Time (s)

Frequency (Hz)

Comparison oSignal Proceswy:

(i) Signal processing of the record in
Collection of Databases

Removal of leading and trailing zeros and
Butterworth low-pass filteringat 0.04 Hz and
Npoles OF 4.

(ii) Sgnal processingsed in this study
Baseline correction in acceleration, velocity
and displacement time histories and
Butterworth bandpass filteringdiween

0.15 and 45.0 Hz withyes Of 2.

Conclusion:
PGD and spectneelocitieson low frequency
changesignificantly.

Figure A.29: Time- and frequencydomain characteristicof the differently processed recordsThe record is from the
Duzce earthquake (station no 9900) with Mw 7.},,549 km and Vs30 455 m/s. Column (a) shows the accelera
velocity, and displacement timeistories of the processed record in Collection of Databases in grey and the proc
record in this study in redn column (b), the comparison of the spectrabpks is shown. In column (c), the sigr

processing is explained.

A.2.4 List of GMs Passing the First and Second Phases

Table A.22: GMs passing the firgphase or the seconghase

(a) GMs Passingirst Phaséi.e., readily available (b) GMs Passin§econd Phasé€., the signal processing
processed version is used as in the origin datajpase in Section A.2.1 is applied
Database_yyyymmdd_hhmmtation_comp Nation | Database yyyymmdd_hhmmtation_comp  Nation
‘ Resorcel3 19760517 0258 27 hl/h: Uzbekistan
Resorcel3 19801123 1834 ALT h2.tx lItaly Resorcel13_10801123_1834_
Resorcel3 19991112 165721.4100 ALT_hi
— — - BRN_h1/h2 Italy
3102_h1/h2
T/ h2 BSC_h1l/h2
gigi_ hi h2 RNR_h1/h2
9901_h1/h2 Turkey STR_hi/h2
- Resorcel3 19830117_1241
9904 _hl/h2 ! - -
— ARG1_ h1/h2 Greece
9906_h1/h2 -
9907 hi/h2 2503 hl/h2
- Resorcel3 19900620 2100 6211/ h2 Iran
Resorcel3 19971118 1307 _ZAK1l/h2 Greece
Resorcel3_ 19991112 165721.4100
1401_h1/h2
Resorcel3 20111023 1041 6502 h1/t Turkey 9900_h1/ h2 Turkey
9902_h1/h2
Resorce13200312260156 3599 hl/h2 Iran
**All records from CESMD (44 of them)
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A.2.5 Effect of Different Signal Processing Approaches on Intensity Measures and Structural Responses

The signal processing approach can serve different purposes based on-the

project, which brings about the question of whether we should use the readily

available processed records for the specific engineering applications. For

example, Resorce 2013 is thatdbase initiated mainly for the development of

ground motion prediction equations, and the study herein aims at nonlinear

dynamic analyses ovea variety of structures with a frequency of interest

between 0.50 Hz and 20.0 Hz. The methodology comparinglifferent signal

processing approaches is sketched in Figure A.2.10. The impact on signal

characteristics and structural responses are shown in Figure A.2.11. Ohe of t

most affected I is PGD andhen PGV. The dispersion in IMs and structuraFigure A2.10: Methodology
responsesis considerable, which is a source of uncertaingused by signal

processing Therefore, the approach of signal processing should be characteamdtbr justified based on the
necessities of the engineerirgpplication to reduce such uncertainty

Figure A2.11: Impact ofdifferent approaches of signal processing on signal characteristics and structural responses of the sir
models.Each grey dot (23 of them) represents the ratiorafuefrom the signal processing in this study and the
processedecord in Resorce 2013. Ratios lower than 1.0 signifies decrease with respect to the value from Resor
and viceversa. Mean of the ratios is shown with the red circle. Median of the ratios is shown with the black cross
marker. 16" and 84" percentiles are shown with the black horizontal bars. The mean and the coefficient of variati
(COV) are noted for each value. The vertical lines categorize IMs and structural models. PGA, PGV, and PGD ¢
amplitudebased IMs. Duratioiased IMs are Arias and SCA¥equencybased IMs are ASI, Housner, and PSA at 1
HzL § E 0 ]*%0 U VvSe ~48}% V e o7 (Earg}shown for SDOR arjd 'SDOR32.I
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A.3 Ground Motion Prediction Equations (GMPES)

A.3.1 Parameters used in GMPEs

TableA.3.1: Equivalent input parametersassumedior GMPEs

(a) Rupture Properties

Qo= Mag Mag Type Dip Angle Fault Type Rake Ztor (km) W (km) Zhypo
g 12 g 5 the fault (deg) depth to top down-dip hypocentral
E‘ S8 & dip (deg) g of rupture  rupture width  depth (km)
7.0 Moment 50.0 Normal -90.0 5.62 20.42 15.0
(b) Distance Properties (Azimuth = 90 deg)
Rhypo (km) Rjb (km) FHW Rx (km) Rrup (km)

horizontaldistance to the

sourceto- horizontaldistance to the . surface projection of the top  slant distance to
. Hanging .
hypocentral surface projection of the edge of the rupture measure the closest point or
X wall flag :
distance rupture perpendicular to the fault  the rupture plane
strike
40.0 31.83 1 44.96 38.28
(c) Site Properties
Vs
Vso(M/s) Z1.0 (km) Z2.5 (km) Measured?
avg sheawave depth where Vs= 1.0 km/s depth where
velocity of top 30 m AB2014 CY2014 Vs= 2.5 km/s
450 0.25 0.16 1.41 No
TableA.3.2: Ejuivalent input parameters used fo(1) AB2014(AbrahamsonEtAl2014)
EQScenario Mag Mag Type Dist(km) Dist Type Dist2=Rrup Dist 3= Rx Dist 4= Ry0
mag7.0_dist40_Vs45C 7.0 Moment 31.83 Rjb 38.28 44.96 0.00
Fault Type DIP_Angle Ztor Z2.5 (m) W (km) VgoMeas? Vso(M/s) Z1.0 (km)
NormaltF 50.0 5.62 1410 20.42 No 450 0.25
Table A.33: Equivalent input parameters used f@2) AK2014(AkkarEtAIRhyp2014)
EQ Scenario Mag Mag Type Dist (km) Dist Type Vso(m/s) Fault Type
mag7.0_dist40_Vs45C 7.0 Moment 40.0 Ruypo 450 NormalF
Table A.34: Equialent input parameters used for (3BA2008/11(BooreAtkinson201lsame results with
BooreAtkinson208)
EQ Scenario Mag Mag Type Dist (km) Dist Type Vso(m/s) Fault Type
mag7.0_dist40_Vs45( 7 Moment 31.83 Rjb 450 NormatF
Table A.35: Equialent input parametersused for (4)BT2003BergeThierryEtAI2003SIGMA):
EQ Scenario Mag Mag Type Dist (km) Dist Type Soil Type
mag7.0_dist40_Vs450 6.99 Surface 40.0 Dhypo SOIL
Table A.36: Equivalent input parameters used for (8D2014(BindiEtAI2014Rhyp)
EQ Scenario Mag Mag Type  Dist (km) Dist Type Vsq(m/s) Fault Type
mag7.0_dist40_Vs450 7.0 Moment 40.0 Ruypo 450 NormatF
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Table A.37: Equvalent input parameters used for (6) CB20@@ampbellBozorgnia20)4

EQ Scenario Mag Mag Type Dist (km) Dist Type Dlésrtuf): Dist 2= Rx Vs,(m/s)
mag7.0_dist40_Vs45! 7.0 Moment 31.83 Rjb 38.28 44.96 450
Fault Type DIP_Angle Ztor W (km) Z(Eﬁ]p)o Ztor Z2.5 (m)
NormaltF 50.0 5.62 20.42 15.00 5.62 1410
Table A.38: Equvalent input parameters used for (AL Y2014ChiouYoungs2014)
EQ Scenario Mag Mag Type  Dist(km) Dist Type Dist 2= Rrup Dist 3= Rx
mag7.0_dist40_Vs450 7.0 Moment 31.83 Rjb 38.28 44.96
Fault
DIP_Angle Type Ztor Vs (mM/s) Z1.0 (m) FM
50.0 NormaltF 5.62 450 160 1

FigureA.3.1 Target PSAs at theindamental frequency of structural models and at PGA
A.3.2 Test of Input Parameters

Figure A.3.2. Spectral distribution ofselected EQrecords andmedian spectra of AK2014 The x-axis shows the
frequencies and the y-axisshows pseudespectral accelerations (PSAS). Thé& pércentile to the median of the E(
records is shown witthe darkergrey area. The median to the Bsercentile of the EQ records héghlighted withthe

lighter grey area The median spectra of AK2014 are plotted with a unique color and atglerdingto the set of
parameters in the legend box. The parameters correspond to the assumed scenario and metadat& Qf rbeords,
i.e., styleof-faulting formal reverse, and tske-slip), the moment magnitude (M7.0 and M7.3)the hypocentral
distances (R30 and R40andthe site conditions(Vs30 of 250, 450, and 700 m/3hesolid blueline represents the
hypotheticalscenario.

Median PGA is 0.18 g for the EQ records @dd gfor the hypotheticalscenario At .00 Hz, mediarPSA is 0.11 g fc
both casesThescenario has similarmedianspectralshape with theEQ recordst low frequencis. After 1.5 Hz, the
median spectrum of the EQ recorfigates mostly above thecenaio.

The target spectrum translateabove when the hypocentral distance is decreased or the moment magnitud
increased. Target spectra with softer and stiffer soils exlhdibge spectral difference up to 10.0 Handthe difference
reduces at higher frequencies. Changes in hypocentral distance and magnitude translate the median shay
E *% S 8§} SZ <+ o0 8§ o v dEé¢dliencyZspactidl ahjptiides are affected by focal mechanism; |
frequency spectil amplitudes are affected by soil conditions. The median spectrum is sensitive to input paramet




A4 Record-to-Record Variability in Bins
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FigureA.4.1: Record
to-record variability
with the binsformed
with the site-specific
settings and event
dominancy

The value of each GM
is shown with unfilled
grey circles. The
average is shown with
the black filled circle.
The 18" and 84"
percentiles are shown
with the horizontal
bars. The mean and
the coefficient of
variation (COV) are
noted for each bin.
There are 13 record
bins from B1 to B13
(with the number of
records in each):

B1: All (88)

B2: Normal Fault (10)
B3: Reverse Fay(t2)
B4: Oblique Fau(B0)
B5: StrikeSlip F. (36)
B6: Vs450 (30)

B7: Vs800+ (6)

B8: Normal+Vs450 (6
B9: Loma Prieta (26)
B10: Duzce Event (20
B11: Irpina Event (10)
B12 Landers Event (8
B13: Homogenous
(28)

All bin represents the
magnitudedistance
bin. The Normal Fault
(NF) bin selects the
records withnormal
fault from the All bin
and so on. The V50
bin selects the records
with Vs30 between
350 and 550 m/s from
the All bin. The NF
and Vs450 bin
represent the
intersection of the
two bins. The
Homogenous bin
includes two GMs per
EQevent
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A.5 Spectrum Compatible GM Selection
A.5.1 Effect on Frequency Range

This part$ adapted from Isbiliroglu (20.8n spectrum compatible selectiothe effect of different frequency rangés
compared for the elastic PSAs in Figure A.4.1 and the inelastic PSAlsgresponseof SDOF models) in Figure A.4.2.
For the shown frequencies and the elastic and inelastic PSAs, the effect of the frequency range remains insignificant.

FigureA.5.1: Distribution ofelasticPSAsat four fundamental frequenciesThefrequencies 60.75, 1.00, 2.00, anc
5.00 Hz are shown in theaxis Mean values are shown witthe diamondmarkeis. The boxes comprise J5and 78"
percentiles. The median is shown with a horizontal line within each box. The whiskers represéﬁt el 95"
percentilesand the probable outliers are shown with grey markd@iise damping ratio is 5%he target PSA is show
with the horizontal red line. The target is BT2003¥bw 5.35 andR = 10 kmThe upper and lower amplitude ratic
are 0.95and 1.40. All GM sets are collected with the given frequency range in the legeml.75% of the GM set
are above the target at these fundamental frequencies. The mean values are very close to each other for tr
with different frequency ranges.

Figure A.5.2 Distribution of inelastic PSAat four fundamental frequenciesSimilar graphical elements are ust
with A.4.1. The horizontal blue line represents the yielding lifflite elastoplastic material is defined to deforr
irrecoverably (no degradation pperties are included)The SDOF oscillators with fundamental frequencies of |
and 1.00 Hz are mostly yielded. The SDH-00 Hzemairsin the elasticlimit.




A.5.2 Use ofSite-Specific or Event-Dominant Record Bin
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FigureA.5.3: Effect of
removingsite-specific
and even dominant
records in spectrum
compatible selectionThe
GM selection is
performed with the
median of AK2014 for the
scenario of M7.0R40,
Vs30 450 m/s, and
normal fault. The
amplitude tolerance is

i X Aaround the target. 5
GM per sets used.
Intrasetapproaches (suck
asanaverageof 5 GMs,
average plus 95%
standard deviation of 5
GMs) are used in thg
axisas explained in
Section 1.2.2. Thmean
and COV of the values
from all GM sets are
shown in the figures.B1 ir
the x-axisrepreseris all
eligibleGM sets with
magnitudedistance bin.
The next rows represent
the remaining mean and
its COV when the records
in B2 to B12 are removec
from all GM set:

B1: All (88)

B2: Normal Fault (10)
B3: Reverse Faylt2)

B4: Oblique Fau(B0)
B5:StrikeSlip F. (36)

B6: Vs450 (30)

B7: Vs800+ (6)

B8: Normal+Vs450 (6)
B9: Loma Prieta (26)
B10: Duzce Event (20)
B11: Irpina Event (10)
B12 Landers Event (8)

For example, TheNormal
Fault (NF) bin removes
the records withnormal
fault from the GM sets.
The-Vs450bin removes
the records with Vs30
between 350 and 550
m/s. The-Vs800+hin
removes the records with
Vs30 greatethan 800
m/s.




ADDITIONAL ELEMENTS FOR PARID1 |

Table A.5.1Effect of removingsite-specificand even dominant records in spectrum compatible selectibhe GM
selectionis performedwith the median of AK2014 for the scenario of M7.0R40, Vs30 450 m/s, and normal fe
shown in&]JPPE XXX &}E WA « § iXIR2, Hifferentifrh%et aproakkh®es (such as average
of 5 GMsthe standarddeviation of 5 GMs, and average plus 95% standard deviation of 5 &&ispnsiderechs

explained in Section 1.2.2. The All bin representglaible GM sets with magnitudelistance bin. The nan and
COV of the values from all Gddtsare shownin the first row. The next rows represent the remaining mean anc
COV when the records in the bane removedirom all GM sets. The percentage change of ma#h respect tothe

All bin is also notedl'he percentages changes above and beyond &@bighlightedwith bold font.

For example, TheéNormal Fault (NF) bin removes the records wittrmal fault from the GM sets. It is valid fc
other styleof-faulting. ThetVs450bin remowes the records withVs30 between 350 and 550 m/Bhe tVs800+bin
removes the records with Vs30 greathan 800 m/s.The-NF+Vs450 bin removes the intersection of the two bi
The rest of the bins remove the records of the specific event.

The cases revealirgignificart changesare highlightedwith bold font style.Strikeslip records occuin the majority

of the GM setsandtheir removal eliminates about 96% of all setsie GM sets without oblique fault result in 17
increase in themean of all P} ~and about 10%increase in themean of all :¢<*¥r&a{wR.;"*~ The GMsets

without strike-slip result in 14% decrease in theeanof all Pisy, ; 24% decrease in mean thoé all FQET, and 9%
decrease in mean thef al :¥<*¥Era{wPR.;"* TheGM sets without the Loma Prieta event causes 15% incre
in mean theof dl P,*~and 8% increase in mean toéal :¢<*3Er & {wPR;"* Other cases slightly change the fir
results.

PSA at 1.00 Hz (cnils 48} %0 }( R2a&1.0Hz(cm)
i g - X-:17 Cf ¢ Epsﬁl_
Record Bins| #Sets | &4 $ &% a SR E 146, 5570
Mean Mean Mean Mean
All 982 535 135 78 3.3 5.3
tNormal F | 404 045 | 135 (0%) 79 (2%) 3.3 (0%) 53 (0%)
tReverse F | 432665 | 136 (0%) 80 (3%) 3.2 (-1%) 5.3 (-1%)
tObliqgue F | 152012 | 133 (-1%) 79 (1%) 3.5 (5%) 5.8 (10%)
tStrike-Slip | 38670 | 140 (3%) 67 (-14%) 3.3 (-1%) 4.8 (-9%)
tVs450 180590 | 139 (3%) 78  (0%) 3.3 (2%) 5.2 (-1%)
tVs800+ 578 183 | 134 (-1%) 77 (-1%) 3.3 (0%) 5.3 (0%)
tNF+Vs450 | 698 639 | 136 (1%) 80 (3%) 3.3 (0%) 5.3 (0%)
tLoma P 171522 | 133 (-2%) 79  (1%) 3.4 (4%) 57 (8%)
tDuzce 360 818 | 137 (1%) 81 (4%) 3.3 (0%) 53  (1%)
tirpina 404 045 | 135 (0%) 79 (2%) 3.3 (0%) 5.3 (0%)

Table A5.2: Effect of removingsite-specificand even dominant records in spectrum compatible selectidine GM
selection is performed with the median BA2011for the scenario of M7.0R40, Vs30 450 m/s, and normal fault. Fur
information can be found in the caption of Table A.5.1.

PSA at 1.00 Hz (cnfls 435} %0 }( R2KEN)

Record | ysets | usgfoc | en%s, | uekwos | exgr | AL

Mean Mean Mean Mean Mean
All 30972 88 61 2.0 1.2 3.2
tNormal F | 13 192| 88 (0%) 64 (4%) 2.0 (1%) 1.3 (7%) 3.3 (3%)
tReverse F| 16 008| 87 (-1%) 60 (-2%) 2.0 (-1%) 1.2 (-3%) 3.1 (-2%)
tOblique F | 11 137| 88 (0%) 64 (4%) 2.0 (2%) 1.4 (10%) 3.3 (5%)
tStrike-Slip 51| 90 (3%) 54 (-12%) 2.1 (4%) 1.0 (-15%) 3.1 (-3%)
tVs450 2075| 88 (0%) 67 (9%) 2.0 (1%) 1.3 (7%) 3.3 (3%)
tVs800+ 17 523| 88 (0%) 62 (0%) 2.0 (0%) 1.3 (2%) 3.2 (1%)
tNF+Vs450| 23594 | 88 (0%) 64 (4%) 2.0 (1%) 1.3 (5%) 3.2 (3%)
tLoma P. 11596| 88 (0%) 65 (5%) 2.0 (1%) 1.4 (10%) 3.3 (5%)
tDuzce 5690 85 (-3%) 68 (10%) 1.9 (-3%) 1.4 (9%) 3.2 (1%)
tirpina 13192| 88 (0%) 64 (4%) 2.0 (1%) 1.3 (7%) 3.3 (3%)
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Table A.5.3: Effect of removingsite-specificand even dominant records in spectrum compatible selectidine GM
selection is performed with the median &T2003 for the scenario of M7.0R40 and soil conditions. Further informal
can be found in the caption of Table A.5.1.

PSA at 1.00 Hz (cnfls 48} % }( R2KEN)

Mean Mean Mean Mean Mean
All 924 767| 127 75 30 1.9 438
tNormal F | 413 166|127 (0%) 77 (2%) 3.0 (0%) 1.9 (2%) 48 (1%)
tReverse F| 408 193| 127 (0%) 77 (2%) 2.9 (-1%) 1.9 (-1%) 47 (-1%)
tOblique F | 139 667| 124 (-2%) 76 (1%) 3.1 (4%) 2.3 (18%) 5.3 (10%)
tStrikeSlip | 30 903| 133 (5%) 67 (-11%) 3.0 (1%) 1.5 (-22%) 4.4 (-8%)
tVs450 137 757| 131 (3%) 79  (4%) 3.1 (2%) 1.9 (-1%) 49 (1%)
tVs800+ 582 403| 126 (0%) 74 (-1%) 3.0 (0%) 1.9 (0%) 48 (0%)
tNF+Vs450] 660 133 128 (1%) 78 (3%) 3.0 (1%) 1.9 (1%) 48 (1%)
tLoma P. 164 950| 124 (-2%) 77 (2%) 3.1 (3%) 2.2 (15%) 5.2 (7%)
tDuzce 285983| 128 (1%) 81 (7%) 3.0 (0%) 2.0 (3%) 48 (1%)
tirpina 413 166 127 (0%) 77 (2%) 30 (0%) 1.9 (2%) 48 (1%)

A.5.3 GM Sets with and with out Same-Event or Same-Station Records

TableA.54: Effect of theinterdependence of GMs in a sethe All bin refers to the sets without samgent same
station (i.e., sets with x ang component} records. The case (i) includes the sets that do not consist of any
event records. Then, the case (ii) includes thes sgith x and y components. Tvepectrumcompatible GM selection:
are performed: one with the median of AK2014 and another with the median of BT2003 for the scenario of M
Vs30 450, andormalfault. The amplitude tolerance is X fiesound the target5 GM per set is used. For PSAs at 1

v

43} % }{R2, difierent intraset approaches (suchaasaverageof 5 GMsthe standarddeviation of 5 GMs,

and average plus 95% standard deviation of 5 GMs) are considered as explained in Section 1.2.2.

G PSA at 1.00 Hz (cnfls 48} % }( F2Kck)
M Number Gt ¢ dc N--1%) €O € @ Ax D¢ EF’(QL
GM Sets  of GM 2548 AR EHEL2¢ ekas Erdve, . @0
P rE{V\eogaa
E SetS | Mean COV Mean COV| Mean COV Mean COV Mean COV
§ All 982535 | 135 78 33 2.1 5.3
N0 110428 | 134 75 3.4 2.1 5.6
< iy 73152 | 134 76 3.3 2.3 5.3
§ All 924767 | 127 75 30 1.9 4.8
N (i)* 94 777 125 73 3.1 2.1 5.1
R () 69626 125 71 3.0 1.8 47

* All sets are refined to exclude (i) same earthquake event and to include (iiysaemé samestation GMs
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A.5.4 Selected and Unselected GMs in Spectrum Compatibility

TableA.55: List of earthquake records thado not occurin GM sets The GM selection is performed with the
median ofAK2014for the scenario of M7.0R40, Vs30 450 m/s, and normal fault. The amplitude toleranefis
around the target. 5 GM per set is used. Samé&Ms are identified irsection 1.7.2.

Event Date
Database Event Name Fault Mw Unselected Stations # of Unselected
(yyyymmdd_hhmm) Type GMs
CESMD 19891017_1704 Loma Prieta Oblique 6.9 4737934, 14284738136, 278] 2
CESMD 20061015_0707 Hawaii Stsrllilge 7.1 0284946, N/A] 2
NW
Resorce 2013 19760517_0258 . Reverse 6.8 27[32, 121] 2
Uzbekistan
Strike
Resorce 2013  19900620_2100  Western Iran slip 7.3 621141,621] 2

Strike 1401[37, 294],310730,
Resorce 2013 19991112165721 Duzce 7.1 N/A], 310931, N/A], 7

slip 310430, N/A] 990131, 481]

TableA.5.6: Recordto-record variability ofthe identified GMsto be refined and tdbe discarded

S 0,
# PGA (9) PGV (cm/s) Arias (cm/s) SCAV (g sec 45 Koz Vbas@nom
oM (cm) (KN)
s

Mean COV Mean COV Mean COV Mean COV Mean COV Mean COV
Refined 73 0.179 0.59 19.0 081 61 1.12 059 0.76 47 095 1535 0.25
Discarded* 15 0.594 0.36 52.0 050 694 1.20 231 080 11.0 050 1931 0.15

*The GMsthat are identifiedin the caption ofFigurel.7.2(AK2014 are discardedFor the refined and discarded
GMs, the comparison of the mean and COV ivgiven It is notedthat Arias intensity of the discarded records is
significantly larger than the refined GMs. Therelarge 45}% u v C §Z ]« & 'DeX

TableA.5.7: List of earthquake records thado not occuiin GM sets The GM selection is performed with the
median ofBT200For the scenario of M7.0R40 and soil site. The amplitude tolerant¢Xigafound the target. 5
GM per set is used.

Event Date
Database EventName Fault Mw Unselected Stations # of Unselected
(yyyymmdd_hhmm) Type GMs

4737934, 1428]4738(35,

CESMD 19891017_1704 L Priet i . 4

_ oma Prieta Oblique 6.9 271],4735136, 278]

" Strike
CESMD 20061015_0707 Hawaii slip 7.1 0284946, N/A] 2
Resorce 2013  19760517_0258 NW Uzbekistan Reverse 6.8 27[32, 121] 2
Resorce 2013  19900620_2100 Western Iran S;rllilge 7.3 621141,621 2
140137, 294],310430,
Strike N/A], 310931, N/A],
R 2013 19991112165721 D . .

esorce 2013 19991112165 uzce slip 7.1 310430, N/A] 990131, 8

481]
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TableA.5.8: List of erthquakerecords thatdo not occuiin GM sets The GM selection is performed with the median o
BA2011for the scenario of M7.0R40, Vs30 450 m/s, and normal fault. The amplitude toleran¥efound the
target. 5 GM per set is used.

Event Date Event Fault . # of Unselected
Database (yyyymmdd_hhmm) Name Type Mw Unselected Stations GMs
4737934, 1428],4738(35, 271],
Loma . 4738136, 278],57217135, 597],
CESMD 19891017 1704 . . 12
S - Prieta  OPMAUE 6.9 ooo0 a7 20015742944,

334],5806933, 381]

Strike

CESMD 20061015_0707  Hawaii oip 1 0284946, N/A] 2
NW
Resorce 2013  19760517_0258 Uzbekistan Reverse 6.8 27[32, 121] 2
Resorce 2013 198011231834 Irpinia Normal 7.3 STH36, 1122] 2
Resorce 2013 19900620 2100 Wﬁsafm S;rl'ilge 7.3 621141, 621] 2
Stike 1401[37, 294],310730, N/A],
Resorce 2013 19991112165721 Duzce ol 7.1 3104931, N/A],310430, N/A] 10
P 990131, 481]

Figure A.5.4Recordto-recordvariability of selected and unselected GMs after the spectrum compatihilithe GM
selection is performed with the median BA2011for the scenario of M7.0R40, Vs30 450 m/s, and normal fault. Tl
amplitude tolerance is X faround the target. 5 GM per & used. The value of each GM is shown with unfilled gt
circles. The average is shown with the black filled circle. Thané 84" percentiles are shown with the horizontal
bars. The mean and the coefficient of variation (COV) are noted for each bin
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A.6 GMPEs and Upper and Lower Amplitude Tolerances

Table A.6.2 Impact of GMPEs used as target spectra on the distributionménsity measures.In the spectrumr
compatible selection, the pper and lower amplitude toleranceme definedwith $Z 1 Xfithe GMPE around it
median spectraThe frequency tolerance is from 0.50 Hz to 20.0 Hz. Five GMs pamesa$ed The given amounts ¢
GM setsare collectedor the GMPESAK2014, BD2014, and BT2@@8ealthe largestamount of GM sets due tthe
sigma and the closeness to the median of the magnitddg¢ancebin (Figure 1.8.1)The mean and COV of IMs ¢
then obtained as the average of 5 GMs, i$f$## by including all GM sets. The dispersions in the distribution ¢
{8 *existfor each GMPECOVs of alf“‘$  ~{4{Bd and 8 *are always above 0.20, which is also greater t
COVs of the rest.

Amount SRR S99 tems) GBI IHETES g S
GMPE | of GM (9) (cm/s) (g sec) (cm/s) (cm)
Sets Mean COV|Mean Mean Mean Mean Mean

AB2014|( 134822 0.17 0.14 | 147 024 491 023|063 0.20| 160 0.14(| 53.6 0.13
AK2014| 982535 0.17 0.18| 206 0.26| 542 0.28 0.68 0.21| 160 0.17| 73.5 0.16
BA2011 30972 0.14 0.11| 127 023 401 023|058 023 136 011 48.0 0.14
BD2014]| 1117583 0.18 0.18 | 21.1 0.29| 584 030| 070 0.22| 170 0.17| 735 0.18
BT2003| 924767 0.17 0.18] 191 026 539 0.27| 066 0.21| 165 0.18( 68.3 0.15
CB2014| 210372 0.15 0.12| 175 025|473 024 065 021 | 145 0.13] 644 0.13
CY2014 33860 0.15 0.11| 136 0.26| 43.3 0.22| 0.62 0.22( 137 0.10( 520 0.14

Table A.6.2 Effect of GMPEs used as target spectra in spectrum compatiblesetewith $Z S}o €& v -+ }(the
target. The GM selection is performed with the median@PEdor the scenario of M7.0R40, Vs30 450 m/s, and no
( MOEX A 'D % E * 3 ] pe X &}E WA o § iXii-R2 UWifférépvantiaset approachdy (sucK @z
averageof 5 GMs and average plus 95% standard deviation of 5 GMs) are consagdeggplained in Section 1.2.2.

PSA at 1.00 Hz (cnfs 48} %0 }( R2EN) Vbaseof SDOFR2 (kN |
Amount of RN cns | ERRL cecece BEEDH A
GMPEs SRS o puegt B LSRRy b
GM Sets Ergweeions™ © Ergwe, s;®° f Erdweso=s”

Mean COV Mean COV| Mean COV Mean COV | Mean COV Mean Ccov

AB2014| 134827 100 0.15 161 019| 22 015 35 0.24 | 1330 0.08 1665 0.04
AK2014| 982539 135 0.16 209 018 33 020 53 0.30 | 1447 0.07 1726 0.06
BA2011 30974 88 0.14 146 019 20 014 3.2 0.22 | 1262 0.08 1639 0.04
BD2014| 111758] 132 0.17 206 020 33 022 54 0.34 | 1449 0.07 1726 0.06
BT2003| 924767 127 0.16 199 019| 3.0 019 48 0.30 | 1421 0.08 1708 0.05
CB2014| 210374 120 0.15 189 017 2.8 018 44 0.27 | 1393 0.07 1702 0.05
CY2014 33860 94 0.15 157 020 22 017 3.5 0.26 | 1289 0.08 1658 0.04
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+50%

+50%
+40% 300, +30%+4f;f;0/
+20% °
+5% +5%
5% -5%
-20% -20%
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(a) AB2014 (b)BA2011
+50%
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+5% +20%
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-30%
(c) BD2014 (b) BT2003
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Figure A.6.1Equivalent epsilons dinear tolerances(in the natural logarithmic base) The equivalent fraction of sigm
~ %2 calculated with the ratio dfneartolerances in natural logarithm andgsnaof GMPE The dashed lines represer
thegivenlv & 3}o E v X &}E A& u%o0 U Jv diiiiuU o]lJv & =ii9 Z « <u]JA o v

Table A.6.3: Amount of GM sets under different upper and lower amplitude tolerandéne pper and lower
amplitude tolerances are defined witthe sigmabased tolerances, linear symmetric tolerances, and asymme
tolerances. The frequency tolerance is from 0.50 Hz to 20.0 Hz. Five GMs per set are used. All GM
collected.

Tolerance Types AB2014 | AK2014 | BA2011 | BT2003 | BD2014 | CB2014| CY2014

, +0.5Eps | 134822| 982535| 30972| 1117583| 924767 | 210372| 33860
ST'%E";‘aBr‘?‘CS:Sd +04Eps | 22530| 324238| 4533| 381797 | 251491 37880 2946
+0.3 Eps 776| 40622 122 24751| 20096| 1408 39

_ +30% 78212 | 203534| 17853 189157 | 141726| 95228| 18071
?Zggf}téfs +25% 18724| 56653 4122 31849 | 31725| 21255 2599
+20% 1541 6532 334 1524| 2456| 1552 96

50 +50%| 17232| 34174| 5472 8743| 17882| 17230| 1073
ﬁzyggﬁég 5% +40%|  1903| 5468 420 669 1971 1872 37
-5% +30% 51 227 11 10 53 37 1
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(@)

(b)

Figure A.6.2:Distribution of PSAs at 1.00 H(zcm/sz) with different upper and lower amplitudetolerances.

Selection of GM setis made as explained in the caption of Table A.@X&sults withthe intraset approach of (a)
average of 5 GMs and (b) standard deviation of a setshmvn. Meansare demonstratedwith the markersand

colors inthe legend boxXor GMPE. Medians are shown witkhe cross markersThe 16" and 84" percentikes are
plotted with the horizontal bars
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Figure A.63: Distribution of 4 §} ¢ém) of SDOFR2at 1.00 Hzwith different upper and lower amplitudetolerances.
Selection of GM sefis made as explained in Table A.6Results wittthe intrasetapproach othe averageof 5 GMs are
shown. Meansare demonstratedwith the markersand colors irthe legend boxor correspondedGMPE. Medians are
shown withthe cross markersThe16" and 84" percentiles are plotted with the horizontal bar§he horizontal dashec
lines correspond to thgielding limit anddifferenS p $]o]SC  u v ¢ ~..¢

TableA6.4 /u% 3 }( P%% E Vv 0}A E u%o]du S}o E v -« }v WR2 at 1300 Kz
The GM selectiois performedwith the median of AK2014 for the scenario of M7.0R40, Vs30 450 m/s, and r
( HOEX &}E WM « § iXii ,l -Re, diffeleit inttaget @proaches (such asaamerageof 5 GMs, the
standarddeviation of 5 GMs, and average plus 95% standardatieni of 5 GMshre consideredas explained il
Section 1.2.2The results of the most flexible tolerances (shaded coluname) usedas a benchmark for th
differences in mean in the parenthesis. The differences more than +10% are highlighted with tiienibold

PSA at1.00 H 481} % R2 .00 H4Acm
ount SAat 1.00 z(cnf})s §}% }( Iat&(f)ﬁ()(ﬁ I_z(c )
ey D¢ aEdc e @ e
Tolerance Types o;g:l g.gﬁ%‘* 8=%S . sHER 2 FTOTLLL

Mean COV| Mean Ccov Mean Ccov Mean Ccov
Sigma FiXfij]98253§ 135 0.16 78 0.34 3.3 0.20 5.3 0.30
Based +0.4x 324239136 (199 0.13|75 (399 030| 3.2 (2% 0.17 |51 (4% 0.27

Tolerances 103y | 40624138 (299 0.11|75 (4% 029 3.2 (4% 0.15|4.8 (8% 0.25

+30% (203534 132 0.13 75 0.28 3.1 0.16 4.8 0.26

ST’C’:;E?:: +25% | 56659134 (299 0.12| 75 (9 028]31 (8 0.15|47 (2%) 0.25
+20% | 6532136 (39 0.10|76 (19% 02930 (1% 01346 (4%) 023

T 50 +509 34174 160 0.10| 77 0.39 38 0.16 60  0.29
/frs())::r?nectg; 5% +409 5468157 (2%) 0.09| 75 (3% 031| 36 (6%) 0.15|55 (9% 0.27

5% +30% 227|153 (5%) 0.08| 77 (0% 0.28| 3.4 (-13% 0.12 |50 (-18%9 0.25
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A.7 Sufficient Amount of Sets

A.7.1 Testing GM Sets

FigureA.7.1: Distribution of PSAs at 1.00 Heith the inclusion ofthe variousamount of GM sets
First set, first 10 sets, first 50 sets, and first 100 sets are takentfreqpreviousgraph and are
included forcomparison They are the sets that are commonly selected in the current practice. T
have 5 GMs, 24 GMs, 36 GMs, and3Ms, respectively. All GM sets have 982 535 GM sets and
73 GMs. There is a difference in the amount of GMs and the distribution of GM sets. As a rest
different approaches are used to retrieve four sermndom 100 GM setS he frst approach ito
select two semrandom 100 sets having less than 44 GMs, which cover 60% of alllfG&scond
approach is to select two semandom 100 sets with at least 50 GMs, which cover 75% of all GV

FigureA.7.2: Distribution of Vbase of* K& [+ digdlacements~43}%+ A]3Z §Z the op
variousamount of GM setsFirst set, first 10 sets, first 50 sets, and first 100 sets are takentfrem
previousgraph and are included fmomparison They are the sets that are commonly selected in
the current practice. They have 5 GMs, 24 GMs, 36 GMs, and 42 GMs, respectively. All GM se
982 535 GM sets and use 73 GMs. There is a difference in the amount of GMs and the distrib
of GM sets. As a result, two different approaches are used to xetrieur semirandom 100 GM
sets.The frst approach is to select two semandom 100 sets having less than 44 GMs, which co
60% of all GMsThe condapproach is to select two serandom 100 sets with at least 50 GMs,
which cover 75% of all GMs.
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A.7.2 Approach to Avoid GM Domina ncy with Partial GM Sets: The Cycle-and-Shift Algorithm

16 and 84tPerc.s Means of o AK2014 ¢ BD2014 CB2014
x  Median 4 AB2014 > BA2011 a BT2003 v CY2014
(a) Intraset of averag (b)Intraset ofstandarddeviation

Figure A.7.3 Comparison othe distribution of PSAs at D0 Hz with all GM sets and sets obtaidewith the

cycleand-shift algorithm. The upper and lower amplitude tolerances are defined with +3%ts median
spectra. The frequency tolerance is from 0.50 Hz to 20.0 Hz. Five GMs per set are llsend 8" percentiles
are plotted with horizontal line markers. Medians are shown with cross markers. Means are demonstrate
the markers and colors in the legend box for corresponded GMPEs. The average from 5 GMs per set (a)

The average with 95% dfasidard deviation per set (b) is also shown.

With the cycleand-shift algorithm, the amounts of GM sets ai® 781in AB201420 095in AK20148 284 in
BA201122831in BT200320564in BD201418205in CB2014, anfl 391in CY2014. The amounts of @M sets
are given infable A.6.3

16" and 84tpPerc.s Means of o AK2014 ¢ BD2014 CB2014
x  Median a  AB2014 > BA2011 A BT2003 v CY2014
(a) Intraset of averag (b)Intraset of aerageplus95%std.-deviation

Figure A.7.4 Comparison othe distributionof 0 § G 0 J*% 0 u wif al-@Nl}9%is and sets obtaire
with cycleand-shift algorithm. The same graphical elements in Figure A.7.3 are valid fibeeaverage from 5 GM
per set (a)is shown The average with 95% of standard deviation per seis(bB)so shownThe structural response
are obtainedfrom SDOR?2 at 1.00 Hz.

The anount of sets is about 20 000 with the cy@ead-shift algorithm, where it is about 1 000 000 with all sets {1
procedure in Section 1.2.1) in AK20T#he sets obtained by the cyeind-shift algorithm can represent the whol
set distribution with an excep]}v Jv 8Z <Tiid[+ v " peidepties drom all: $XSE rgwp ;90 It

maybe enhancedy the different combination Ofspift, Nser, and tiax
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- 16" and 84"Perc.s Means of o AK2014 ¢ BD2014 CB2014
x  Median < AB2014 > BA2011 A BT2003 v CY2014
(a) Intraset of averag (b) Intraset of serageplus95%std.-deviation

Figure A.75: Comparison ofhe distribution of base shear forces (Vbasal GM sets and sets obtaimkwith the

cycleand-shift algorithm. The upper and lower amplitude tolerances are defined with £38ftts median
spectra. The frequency tolerance is from 0.50 H2@d® Hz. Five GMs per set are used” a6d 84" percentiles
are plotted with horizontal line markers. Medians are shown with cross markers. Means are demonstrate
the markers and colors in the legend box for corresponded GMPEs. The average fMsnpgiGet (a) is showr
The average with 95% of standard deviation per set (b) is also sfidwenrstructural responses of SDRE at 1.00
Hz are shown.

A.8 Amount of GMs per set

TableA.8.1: Change of mean estimates with respect to the values obtaif@dBT2003, +30%, 5 GMs/set, al
cycleand-shift algorithm The results of five GMs per set are used as a refereres; dre obtained with the
cycleand-shift algorithm and are selected with a target spectrum of BT2003 and £30% symmetric tolerar
Intraset variability is included.

In order to quantify the impact of using various amounts of GMs per set, statistical analysis is perfanched
changes iPSAY) 45}% U Vv s e« +3]Ju § « E PJ]A vPSAI4 3 GidMbasestintatey
experience a maximum decrease of 17%, 8%, and 8%, respectively. COV estimates usually decrease a
function ofthe numberof GMs per set. Overall, using more GMs per set decreases the mean estimates ¢
as much as 8% and the COV estimates as mué@%svhen intraset variability is used.

PSA at 1.00 Hz (cnfjs 48} % }( R2KEN)

GMs Amount of RSy a¢ A@‘?‘ . "‘ﬁ:mg‘; EF“@L
per set " GM Sets L R ¢ El&caz®?¢
Mean COV| Mean cov Mean COV| Mean cov
5 0.95 21942 119 0.13 73 0.31 2.7 0.14 4.1 0.22
7 0.73 31431 |119|(0% | 0.12|79|(8%| 0.41 |2.8| (4% | 0.14|4.1| (% | 0.24

11 0.55 | 31382 |119((0% |0.10|77|4%| 0.41 |2.8| (6% |0.12|3.8| (-8%9 | 0.20
13 0.49 | 31911 |120|(19%|0.10|78|(®6%| 0.40 |2.8| (799 | 0.11|3.8| (-8%9 | 0.18
19 0.38 | 27501 |122((3% |0.09|76|(3%| 0.27 |2.9|(10%|0.09(3.7|(-11%| 0.14
23 0.34 | 25000 |125|(5% |0.08|77|(5%| 0.25 |3.0|(12% |0.08|3.7|(-11%| 0.11
29 0.34 | 20009 |127|(79%9|0.07|78|(6%| 0.22 | 3.0|(15% | 0.06|3.7| (-:9% | 0.08
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(cm/)

Figure A.8.1:48}% +S]u § < -Reat 108 Hawhen different amount of GMs per set is useslane-event
and samestation records in a sedre allowed because there are not any available sets for 11 GMs per se
more.

D v 45}% +3]uthgfust}¢ 3 E +Z}Av Jv E }o}E v ]*SE&] us]}tv }( 4
shown in black color foa different amount of GMs per set. Estimates without and with intraset variability
given. Medians are shown with aoss marker. Means are shown with triangle markerd? a6d 84" percentiles
are marked witha horizontalline.

(a)Intrasetof average (b)Intrasetof average plus percentilef std. deviation

Figure AB.2.48}% +S]Ju § e« -Reat1K&Hzavhen different amount of GMs per set is used.
Sameevent and samsestation records in a sedre allowed because there are not any available sets for 11 (
per set and morelntraset variability is determined as stated in ASN/2/01 (2006) such as avedage, pf
standard deviationwhere ,,is calculated according tEsherf student method. , is 95%, 73%, 55%, 49%, 38
34%, and 34% for 5, 7, 11, 13, 19, 23, and 29 GMs per set, respectively.

D v 43}% <3]uthsdfust}¢ 3 E +Z}Av v E }Jo}E v ]eSE] psSl}v }( 4
shown in black color foa different amount of GMs per set. Estimates without and with intraset variability
given. Medians are shown with a cross marker. Means are shovwntrangle markers. 18and 84" percentiles
are marked witha horizontalline.
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B.1 Refinement of Spectrum -Matched Ground Motions (Methods C and D)

(a) TimeHistories (b) Response Spectra (c) Modification Process
The goal is to match the unscaled re
record within *20% of the targe
spectrum from 0.30 Hz to 33.00 H
RSMatch09is used with a@nvergence
damping factor of 1.0, a group size
60, and a linear PGA scaling.
After the spectrum matching
(i) Themaximum reported misfit is 149
by the software and the apparent
misfit is above the limit around 22.0 H
which is tolerated.
(i) Residual displacement of 1.5 cm
observed.
ConclusionThe generated waveform i
not eligible.

Figure B.1.12 Time and frequencydomain characteristics ofthe unscaled earthquake recordand the tightly
spectrummatched GM with the residual displacement in Method.DO'he record is from the Petrolia earthqual
(89509station) in California with Mw 7.0,R, 39 km and Vs30 519 m/s. Method BR$RIatch09) modifies the GMs
with respect to the target, which ihe median 0fAK2014 for the scenario of M7.0R40 avis¥50.Column (a) shows
the acceleration, velocity, and displacement tihistories of the unscaled recoid black and the spectrummatched
waveform in redIn column (b), the manipulation of the spectral shape is shown.

The goal is to match the unscaled re
record within +20% of the targe
spectrum from 0.30 Hz to 33.00 H
RSMatch09 is used with a @nvergence
damping factor of 1.0, a group size of €
and a linear PGA scaling.

After the spectrum matching

(i) The maximum misfit is 19%, less th
20%.

(i) The timehistories havezero units at
its both ends.

(iii) The dange in Arias i6.21, below the
permitted lower limit, 0.30.

(iv) The IMs are within the observe
range.

Conclusion:The generated waveform i
not selected due to the extreme decrea:
in Arias intensity.

FigureB.1.2:Time and frequencydomain characteristics ofhe unscaledearthquake recordand the uneligibletightly
spectrummatched GM in Method D The record is from the Hawaii earthqual29061510 070,/station 02810) with
Mw 6.7, and Ry, 35 km. Method D modifies the GMs with respect to the target, whithésnedian ofAK2014 for the
scenario of M7.0R40 ands450.Column (a) shows the acceleration, velocity, and displacement-tisteries of the
unscaled record in black and the spectrumatched waveform in redn column (b), the manipulation of the spectr
shape is shownThe added wavelets (by the softwarg result in the significant change in the acceleration and
velocity histories The reason why the displacement history is slightly affected is the frequency content ¢
displacement history (0.190.20 Hz) being below the lower limit. In column (c), the modification process is expl:
along with the justification.
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The goal is to match the unscaled re
record between 20% and 200% of tt
target from 0.30 Hz to 33.00 H:
RSMatch09 is used with a @nvergence
damping factor of 0.15, a group size of €
and a linear PGA scaling.

After the spectrum matching

(i) The spectrum is within the allowe
PSAs highlighted with the blue dashi
lines.

(i) There is no residual in the time
histories.

(i) Changdn Ariasintensity is 0.07, less
than the lower limit of 0.30.

(iv) The IMs are within the observe
range.

Conclusion:The generated waveform i
not selected due to the extreme decrea:
in Arias intensity.

Figure B.1.3 Time and frequencydomain characeristics ofthe unscaled earthquake recordand the uneligible
loosely spectrurmmatched GM in Method CThe record is from the Loma Prieta earthquake (station 47381) with
6.9, Rypo 36 km, and Vs30 278 m/s. Methods C modifies the GMs with respect ttatbet, which ishe median of
AK2014 for the scenario of M7.0R40 avis50.The allowed PSAs are plotted with the blue dashed liGedumn (a)
shows the acceleration, velocity, and displacement tinitories of the unscaled record in black and #pmectrum

matched waveform in redn column (b), the spectral shapes are compared. The changes in spectra ardsiongs
are extreme; in other words, the characteristics of the unmodified GM are not conserved. In column (¢
modification process iexplained.
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B.2 Parameters used in RSPmatch09

The explanation of the technical parameter required by spectrum matching is provided in the user manual of
RSPMatchO9Al Atik and Abrahamson, 2010Jhe folders and files are organized in a certain wayatmch the

spectrum matching. The main folder includesaaget specS Epu ~]v Ju% 3] o (}EuU 3§ A]SZ am AES ve]
unscaled earthquakeecord (in a compatible format with an extension @ ~X), and the main code tocall
RSRIatch09 (labeledas All_Files.inp X o0+}U 3A} (Jo @&« v(lv o WR%}uE ~Xpekadedat « 5}
each pass v " K Saving the spectrum matched waveforms at each pass created. In Methods @nd D, the

following parameters are used:

X improved tapered cosine function (method 7),

PGA scaling only at the first phase,

group size of 30,

spectral matchindpetween 0.30 and 33.00 Hz,

convergence damping factor of 0.15 and convergence tolerance of id¥%ethod C, and
convergence damping factor of 1.00 and convergence tolerance of 20% for Method D.

X X X X X

Two parameters cause the differences between Methods C andthB: convergence damping factor anthe
convergence tolerance. In FigurBs21, B.22, B.23, B.24 andB.25, an example of Method C with the main code
loading four sukcodes at each pass are provided. Target spectrum is obtained by BT2003 for M7.0R40 a%i0Vs30
m/s. It is labeled as™ diiiizu PO6Xiz J+501zs YOEAM P 20061510 0707__0281Chan01_36acc_ |-
the unscaled earthquake record.

4 I Total number of passes
INp/RUNL1.inp

INp/RUNZ2.inp

INp/RUN3.inp

INp/RUNA4.inp

FigureB.21: The script inAll_Files.inp

20 \Maximum no. of iterations

1.0 \Tolerance for maximum mismatch (in fraction of target)

0.15 \Convergence damping

7 \Model (1, 6 or 7)

1.250.251.04.0 \Alpha model, al, a2, f1, f2 (not used for models 1 or 7)

2 0. \Scale flag, scale period to PGA (=0 no, =1 yes, =2 yes but once)
1 \Interpolate to 1/dtFlag of the input time step

1.0e04 \Minimum eigenvalue

60 \Group size

34. \Max freq

0.00.04 \FBand, nPole (deactivated for model 7

0 \Mod PGA (1=yes) (deactivated for model 7

0 0.0 \Randomize target? (iSeed, ranFactor)

1.0 33 \FreqMatch

0 \Baselinecor flag (1=yes) (deactivated for model 7.
1.0 \Scale factor

BT2003_mag7.0_dist40_Vs450.tgt

CESMD___ 20061510_0707__02810__Chan01_360.acc
Out/Runl.acc

Out/Runl.rsp

Out/Runl.unm

FigureB.22: The script innp/Runl.inp
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20 \Maximum no. of iterations

1.0 \Tolerance for maximum mismatch (in fraction of target)

0.15 \Convergence damping

7 \Model (1, 6 or 7)

1.250.251.04.0 \Alpha model, al, a2, f1, fdot used for models 1 or 7)

0 0. \Scale flag, scale period to PGA (=0 no, =1 yes, =2 yes but once)
1 \Interpolate to 1/dtFlag of the input time step

1.0e04 \Minimum eigenvalue

60 \Group size

34. \Max freq

0.00.04 \FBand, nPole (deactivated for model 7

0 \Mod PGA (1=yes) (deactivated for model 7

0 0.0 \Randomize target? (iSeed, ranFactor)

0.75 33 \FreqMatch

0 \Baseline cor flag (1=yes) (deactivated for model
1.0 \Scale factor

BT2003_mag7.0_dist40_Vs450.tgt
Out/Runl.acc

Out/Run2.acc

Out/Run2.rsp

Out/Run2.unm

FigureB.23: The script innp/Run2.inp

20 \Maximum no. of iterations

1.0 \Tolerance for maximum mismatch (in fraction of target)

0.15 \Convergence damping

7 \Model (1, 6 or 7)

1.250.251.04.0 \Alpha model, al, a2, f1, f2 (not used for models 1 or 7)

0 O. \Scale flag, scale period to PGA (=0 no, =1 yes, =2 yes but once)
1 \Interpolate to 1/dtFlag of the input time step

1.0e04 \Minimum eigenvalue

60 \Group size

34. \Max freq

0.00.04 \FBand, nPole (deactivated for model 7

0 \Mod PGA (1=yes) (deactivated for model 7

0 0.0 \Randomize taget? (iSeed, ranFactor)

0.5 33 \FregMatch

0 \Baseline cor flag (1=yes) (deactivated for model
1.0 \Scale factor

BT2003_mag7.0_dist40_Vs450.tgt
Out/Run2.acc

Out/Run3.acc

Out/Run3.rsp

Out/Run3.unm

FigureB.24: The script innp/Run3.inp
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20 \Maximum no. of iterations

1.0 \Tolerance for maximum mismatch (in fraction of target)

0.15 \Convergence damping

7 \Model (1, 6 or 7)

1.250.251.0 4.0 \Alpha model, al, a2, f1, f2 (not used for models 1 or 7)

0 0. \Scale flag, scale period to PGA (=0 no, =1 yes, =2 yes but once)
1 \Interpolate tol/dtFlag of the input time step

1.0e04 \Minimum eigenvalue

60 \Group size

34. \Max freq

0.00.04 \FBand, nPole (deactivated for model 7

0 \Mod PGA (1=yesjiéactivated for model 7

0 0.0 \Randomize target? (iSeed, ranFactor)

0.3 33 \FregMatch

0 \Baseline cor flag (1=yes) (deactivated for model
1.0 \Scale factor

BT2003_mag7.0_dist40_Vs450.tgt

Out/Run3.acc

Out/Run4.acc \End result: Spectrum matched waveform
Out/Run4.rsp

Out/Run4.unm

FigureB.25: The script innp/Run4.inp
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B.3 Impact of Ground Motion Modification in Intensity Measures

TableB.3.1: Intensity measures in Methods A, B, C, and D.

Intensity Method A Method B at 100 Hz | Method B at 2.9 Hz Method C Method D

Measure (73 Records) (52 GMs) (45 GMs) (24 GM3g (14GM3g
Mean COV Mean cov Mean cov Mean COV | Mean COV
PGA (g) 0.18 0.58 0.21 0.79 0.13 0.43 0.12 0.08 | 0.11 0.09
PGV (cm/s) 19.0 0.1 16.7 0.41 13.5 0.52 105 034 | 11.7 0.14
PGD (cm) 8.1 1.71 5.8 0.59 5.8 0.82 35 0.43 4.3 0.32
Arias (cm/s) 61.0 1.11 89.6 1.73 37.6 0.93 309 046 | 29.0 0.15
SCAV (gs) 059 0.76 0.66 0.70 0.50 0.57 0.48 054 | 045 0.20
ASI (cm/s) 161 0.56 195 0.74 118 0.29 119 0.12 104 0.01
Housner (cm) 649 0.71 56.0 0.26 48.9 0.48 42.3 034 | 48.0 0.01
PSAat1.0Hz (g 0.18 0.81 0.14 0.00 0.14 0.57 0.13 045 | 0.14 0.04
PSAat2.5Hz (g 0.41 0.68 0.49 0.99 0.26 0.00 030 0.24 | 0.27 0.05

Method B at 1.0 Hz is scaled to the target PSA at 1.0 Hz. Method B at 2.5 Hz is scaledrgetitSia at 2.5 Hz. Tt
target isthe medianof AK2014 for the scenario of M7.0R40, Vs450, and normal fambunt of ground motions i
noted for each method.

The observed IMs in MBhavea consideralg variability: the largest for PGD with a COV of 1.71 and the least fo
with a COV of 0.56. MB and MC reveal comparable variability with MA except for PSAs at the scaling freqt
1.00 Hz and 2.50 Hz) imB and PGA in MC. (e.g., the COVs range &etwD.09 and 0.32).

Figure B.3.1 Thechangeof intensity measures(IMs) of ground motions (GMs) in Methods B, C, and D w
respect to Method AThe change is defined as a ratio of IMs of the modified ground motion (GM) an
unmodified GM. Values greater than 1.0 represents an increase in IM with respect to the unscaled real re
Method A and vice versa. TH&" and 84" percentiles of thedistribution are shown with the horizontal bar:
The median and the mean of the distribution are shown with the cross marker andrifiéed circle. The
modifications in Methods B, C, and D are applied accordinthéomedian ofBA2011for the scenario
M7.0R40, Vs450, and normal faNMethod B at 1.0 Hz is scaled to the target PSA at 1.0 Hz. Method B at 2.!
scaled to the target PSA at 2.5 Hz.

For Metlod B, the refinement is applied with staling factotimit between 0.5 and 2.0. For Methodsa@d D,
the refinement is applied with ahangelimit of Ariasintensity between 0.3 and 1.7The mean change of IMs
between 070 and 110. The durationbasedIMs such as Arias and SCAV are amplified the most by MB at 5.t
On average, thehangeof the IMs is the least with MB &.68 HzMC has the most consistent dispersion in t
changesin the IMs.
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B.4 Complex Structural Models
B.4.1 S1 Model: 8-Story RCStructure

(a) 3D Approach (b) 2D SimplifiedApproach
Figure B.4.1The fnite model of the S1 model (Saez et al., 2012 simplified approacfwith the moment
resisting frame and the elastic fixdxhse) is used in this study.

(a) Elastidixed-base transfer function modulus (b) Capacity curve
Figure B.4.2Verification of a 2D equivalent model of S1 (Saez et al., 2012p approach (with the momen
resisting frame) is used in this study. The oscillation frequencies at the first and second modes are 1.00 Hz
Hz, respectively.

(a)First Modal Shape at fO= 1.00 Hz (b) Second Modal Shape at f1= 3.00 Hz
Figure B.43: First two modal shapes of the S1 model
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B.4.2 S2 Model: 7-Story RCStructure

(b) Traverse section properties

(a) Geometry (c) Mechanical properties

Figure B.44: Description of the Sthodel (Adapted fromSaez, 2009)

Figure B.4.50Dbtained spectral ratios fothe S2 modebn elastic fixedbase (Adapted from Saez, 2009
Elastic fixeebase shown irthe grey dashed lines is the concern of this stutlige oscillation frequencies &
the first and second modes are 1.B2 and4.35Hz, respectively.
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Vbase(kN)

4§}%o ~ u-e 4§}%o ~ u-e
| (a)S1 Model (b) S2 Model
Figure B.46: Pushover curves for the S1model in (a) and the S2 model in (b).

B.4.3 S3 Model: 2-Story RCStructure

(b) Traverse section properties

(a) Geometry (c) Mechanical properties

Figure B.47: Description of the $model (Adapted fromSaez, 2009)

Figure B.48: Obtained spectral ratios for the S3 modelith the elasticfixed base
(Saez, 2009klastic fixeebase shown in grey dashdides is the concern of thigugly.
The oscillation frequencat the first modeis4.17 Hz
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B.4.4 S4 Model: 2-Story Masonry Structure

FigureB.49: Geometry andmodeledelements of the S4 model (Lop€aballero et al., 2011).

(a) S1: SStory RMuilding (b) S2: 7Story RC Building

(c) S3: BStory RC Building (d) S4: 2Story Masonry Building

Figure B4.10: Evaluation of damping ratiosunder an unscaled earthquake recordrhe x-axisrepresents the
time lag in secondsThey-axisis the crosscorrelation Thered curve represents therosscorrelation of roof

]* %o 0 u vS§.FHebjue dashed curve represents fitted u % ]vP E BHe recbfKis théoma Prieta
Earthquake (station 047009 with Mw 7.1, Rhypo 34 km, and Vs30 780s. For the given record, the dampin
ratios are 4%, 0.5%, 1%, and 6% for the S1, S2, S3, and S4 models, respectively.
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B.4.5 S5 Model: 1-Story RC Structure

Figure B.411: Geanetry of the model(CEA Report 2007Units are in mmCompression strength of the concrete
iIi DW X "% 0]SS]vP § ve]o ¢SE& vPSZ ]e 1X0A DW TKezédipfoledment}detailg arg give
in the reference.

Figure B.412: Comparison othe experimental results in blue and thaumerical modeling results in red (CE
Report 2007).
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(a) S1: 8Story RC Building (b) S2: 7Story RC Building

(c) S3: Story RC Building (d) S4: 2Story Masonry Building

(e) S5: 1Story RC Building

Figure B4.13: Response histories of theomplexmodel underan unscaled earthquake record hex-axisrepresents
§Z E}}( ]*%o0 uvse E o 3]A &} yAxisB B sum of-bhsd ¥heat fardes (Vbase). The color o
curve relates to the period of time given in the legend: tagker colors represent the initial part, and the lighter colc
represent the final partPositive and negative values signify the direction of the movemEm record is the Duzc
Earthquake (station of 4103104 with Mw 7.1and Rhypo 34 km
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B.5 Structural Responses of Simple Structural Models

(c) S8aSDOFEHARR1 atl.00Hz (d) SBbSDOFEHARR? at 100Hz

FigureB.5.1: Comparisorof the ratio of Arias intensity (rAl) in Method D and the corresponding change in structt
responses of the simple model$he x and y-axesare in logarithmic scale. The change in Vbase at the correspor
rAl is plotted with the black ] E o X dZ Z v & thgvcodrégdonding rAl is plotted with green circles. 1
change is defined according to Equation 2.3.1, the ratio between a structural response in Method D a
corresponding response in Method A. rgdeater than the unityimplies an amplification of Arias intensity and vi
versa. The ratio of the responggeaterthan the unity implies an increase in the structural response and vice v
Each data represents a tightly spectrumatched GM according tde target the medan of AK2014 for the scenario «
M7.0R40, Vs450, and normal faulthe permitted level of rAl is between 0.3 and 1.7. The S8a model is desr
resist the lateral design forces linearljhe S8b model is designed for half of the lateral design forcgéseghibits an
inelastic behavior at the lateral design forces.

févat lec

FigureB.5.2 Thechange in structural responses of simple mod&sMethods B, C, and D with respect to Method
The change is defined as a ratio of the structural response of the modified ground motion (GM) and the unm
GM in Method A. Values greater than 1.0 represents an increase in structural response with respect to Metho
vice versa. Tha6" and 84" percentiles of the distribution are shown with the horizontal bars. The median anc
mean of the distribution are shown with the cross marker and uhélled circle.The target ishe median 0fBA2011
for the scenario of M7.0R40, Vs450, and normailltfaThe changes in maximum absolute of the base shear fo
(Vbase) and the aximum absolutefthe E}}( ]*% 0 u Y &re shé®)Taere are about 50 GMs in Metha
B, 24 GMs in Method C, and 14 GMs in Method D.
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(a) S6: SDOR2at 0.60 Hz (b) S7: SDOGR2 at0.80 Hz

(c)S8a:SDOMR1at 1.00 Hz (d) S8b:SDOMR2at 1.00 Hz

(e) S9:SDOFR2at 2.50 Hz

Figure B.5.3: Structural responses of the simple models underscaled earthquake records (Method A)The
structural responses are shown with red circléfe x-axisshows the maximum absolute of the lateral structur
d]e%o0 u vse ~4gdMssnowdtie maximum absolute of the base shear forces (Vbase). The amount of
is given in thdegend box. The yielding limit and] * %0 o uvd p38]o]3C o A osU ..U 3§ 1TU «
verticaldashed lines.
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B.6 Structural Responses of Complex Structural Models

(a) S1: 8Story RC Model (b) S4: 2Story Masonry Model

(c)S5: 1Story RC Model

Figure B.6.1: The comparison of scaling factor (SF) in Method Bnd the corresponding changes in structur
responses of the complex modelBhe x andy-axesare in logarithmic scale. The change in Vbase at the correspor
SFisp)38 A]J8Z 3Z o | JE o +X dZ Z VP ]v 45}% 3§ 3Z }EE *%}v JVF
and 2:1 lines are shown with the solid black lines. Each data represents GM scaled to the target PSA at f(
greaterthan the unity mply an amplification of the signal characteristics and vice versa. The ratio of the res
greaterthan the unity implies an increase in the structural response and vice versa. The base shear forces (Vt
obtained at the time of maximum absolute(0 §Z @&}}( ]*%0 UvSe ~48}% X dZ Z VF
Equation 2.3.1, the ratio between a structural response in Method B and the corresponding response in Méfthec
target is the median of AK2014 for thecenario of M7.0R40, Vs450, and norrfallt. The permitted level of SF

between 0.5 and 2.0 as shown with the vertical dashed lines. The models (described in Section 2.4@phave0
Hz in (a), 4.17 Hz in (b) and 5.68 Hz in (c).

fgvaf_lec

FigureB.6.2 Thechange in structural responses of complex modielsviethods B, C, and D with respect to Methc
A. The change is defined as a ratio of the structural response of the modified GM and the unmodified GM in |
A. (Continued)
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Values greater than 1.0 represents an increase in structural response with respect to Method A and vice ve
16" and 84" percentiles of the distribution are shown with the horizontal bars. The median and the mean c
distribution are shown witithe cross marker and thenfilled circle.The target ishe median ofBA2011for the
scenario of M7.0R40, Vs450, and normal falifte changes ithe baseshear forces (Vbase) are obtained at the tir
of the maximum absolutefthe E}}( ]J*% 0 u Y.Fheredid soout 50 GMs in Method B, 24 GMs in Mett
C, and 14 GMs in Method D. Thst8ry RC model is labeled as Public Building.

© ©
11 ”3
(a) S1: SStory RC Building (b) S2: 7Story RC Building
© <
Il 13
(c) S3: BStory R@uilding (d) S4: 2Story Masonry Building

.=10

(e) S5: 1Story RC Building

Figure B.63: Structural responses of theomplexmodels underunscaled earthquake recorddviethod A). The
structural responses are shown with red circles. Xrexisshows the maximum absolute of the lateral structul

]*% 0 u vSe ~4 §F¥issKovdsZthe maximum absolute of the base shear forces (Vbase). The amoi
GMs is given in thiegend boxThe yielding limit andlisplacement ducto ]3C o A o+U ...U &refplotied)
with the vertical dashed lines.
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B.7 Impact of Ground Motion Prediction Equation on Variability

(a)S1: 8StoryRCModel (b) S2: #StoryRCModel (c) S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) $b: 1-StoryRCModel (f) S6:SDOFR2at 0.60Hz
(g) STSDOMR2at 0.80Hz (h) SBSDOFR2at 1.00Hz (i) S9:SDOMR2at 2.50 Hz

FigureB.7.1: Theu Vv }( Jv% pd W~ « & (1 A Eepe $Z u Vv }( }ud3%pus o 3 E m
Methods A, B, C, and D for seven GMPHex-axisillustrates the coefficient of variance (COV) of maximum absolute
E}}( ]*%0 u vse yafijhustkatabZLZ0V of input PSAs at f0. The solid black line is the equality line
earthquake scenario is M7.0R40, Vs450, and normal fault. GBIRIBsasAB2014, AK2014, BA2011, BD2014, BT2
CB2014, and CY20&a4e drawn as in the legend/ethods A, BC, and D are represented with black, blue, green, |
red.GMs in MA and MC are selected if they are with80%of the target PSA at fO (horizontal dashed line). GMs in
are refined to have a scaling factor betwe@rY and 1.3 GMs in MD have PSAs attitween +20% of the target PSA
f0. Mean is showrif there areat least 9 data
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(a)S1: 8StoryRCModel (b) S2: #StoryRCModel (c) S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) &: 1-StoryRCModel (f) S6:SDOMR2at 0.60Hz
(g) STSDOMR2at 0.80Hz (h) S8SDOMR2at 1.00Hz (i) S9SDOMR2at 2.50 Hz

FigureB.7.2: Theu Vv }( Jv%oud W~ ¢« & (1 A Eepe 3Z u Vv }( }HU3%puS o 8 E io
Methods A, B, C, and D for seven GMPH®x-axisillustrates the coefficient of variance (COV) of maximum absoli
Y} E}}( J]*% 0 u v S e y-adisijistraesdOV of input PSAs at fO. The solid black line is the equality lin
earthquake scenario is M7.0R40, Vs450, and normal f@lMPEsuch asAB2014, AK2014, BA2011, BD2014, BT2
CB2014, and CY20&a4e drawn as in the legend/ethods A, B, C, and D are represented with black, blue, green,
red.GMs in MA and MC are selected if they are withR0%of the target PSA at fO (horizontal dashed line). GMs in
are refined to have a scaling factor betwe@® and 1.2 GMs in MD have PSAs at fO betwe@®%of the target PSA a
f0. Mean is showiif there areat least 9 data




ADDITIONAL ELEMENTS FOR PART 2 |

(a) S1: 8StoryRCModel (b) S2: #StoryRCModel (c)S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) b: 1-StoryRCModel (f) S6:SDOMR2at 0.60Hz
(g) STSDOFR2at 0.80Hz (h) S8SDOMR2at 1.00Hz (i) S9:SDOFR2at 2.50 Hz

FigureB.7.3: Ks }( Jv% pu3d W" ¢« & (i A Eepe Ks }( }ud%pus o 3 E io MétlBqs A, BEC
and D for seven GMPESdhe x-axis illustrates the coefficient of variance (COV) of maximum absolutes of

]* %00 u vsSe ~43%53}8kisHustiates COV of input PSAs at f0. The solid black line is the equality line
earthquake scenario is M7.0R40, Vs450, and normal fault. GBIRIBsasAB2014, AK2014, BA2011, BD2014, BT2
CB2014, and CY20a4e drawn as in the legend/lethods A, BC, and D are represented with black, blue, green, i
red.GMs in MA and MC are selected if they are withR9%of the target PSA at fO (horizontal dashed line). GMs in
are refined to have a scaling factor betwe@® and 1.2 GMs in MD have PSAs abitween+20%of the target PSA a
f0. COV is showif there areat least 9 data
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B.8 Alternatives to Methods B, C, and D
B.8.1 Alternatives of Linear Scaling (Method B)

The linear amplitude scaling to the target P&#the natural frequency of a struttire, f0, (Method B) may not be
advantageous due to the higher mode effettie elongation of the periodand the analysis of the components in a
structure. Therefore, two alternatives dhe linear scaling aréested (1) scaling to the peak ground acaalion (PGA),
Method B (MB) at PGA, and (2) the twpoint scaling, MB at 2PThe average otcaling factors at 0(bHz and at 20.0
Hz(frequency limit3. The GM modification criterian Section 2.2.1 (i.e., 0.50<scaling factor<2.00) are exactly applied.

The spectral distributions of GMs are shown in Figure B.8.1. In MB at PGA, the spectral variability is not homogenous,
i.e., reduced variability at high frequencies and wide variability in the low frequencies. In MB at 2PT, the spectral
variability is reltively more homogenous and comparable with the PSA dispersion observed in unscaled earthquake
records (shown in Figure 2.3.1.a).

(a) MB at PGA: Scalé&iMsat PGAyget (b) MB at PT ScaledsMsat averageP SAygets

Figure B.81: Distribution of spectra of structure-independent alternatives of MB.The modifications are applie
according to the target, which is theedian ofBT2003 for the earthquake scenario of M7.0R40 and soil Bite red
dashed lines show £30% around the median of BT20B3at PGA scales the GMs to the target PGA in (a). MB a!
scales the GMs to the average of scaling factors at 0.50 Hz and 20.0 Hz. There are 50 GMs in MahdtiEAare
56 GMs in MB at 2PT.

As illustrated in Figure B.8.2, MB at 2PT (in purple) reveals consistent dispersions for the shown intensity measures
(IMs), which are relatively less than MB at 1.00 Hz (in blue) except for the scaling point (PSA at 1.00 Hz). MB at PGA (in
dark gold) demastratesa comparabldevel of dispersion with MB at 2PT with the exception of the scaling point.

Overall, MB at PGA and MB at 2PT preserve the spectral variability around the interest of the structure and the
variability in IMs, which has the indicatidhat they can replicate structural response dispersions obtained by the
unscaled earthquake records better than MB at fO.
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FigureB.8.2: Intensity measures obtained by Method B at 1.00 Hz in blue color, Method B at 5.68 Hz in turq
color, Method B at PGA in dark golden color, and Method B at 2PT in purple cbiamy-axesplot intensity measures
(IMs). Thex-axesthe linear scaling méiods. The 16th and 84th percentiles of the distributions atgown with the
horizontal bars The mean of the distribution is shown with th&filled circle.The median is plotted with the cros
marker. The target is the median &8T2003or the scenario oM7.0R40and Vs450The linear scaling is limited wit
scaling factors between 0.50 and 2.00.
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B.8.2 Alternatives of Spectrum Matched Waveforms (Methods C and D)

Spectrum matched waveforms are obtained with the PGA scaliiog to the spectrum matching, which is a common
practice. In order to partially test the effect of PGA scaling, siectrum matchings performedas explained in Section
2.2.2. The criteria on whether or not reject spectrum matched waveforms in Sezon are applied. The PGA scaling
in spectrum matchingffects the spectral variability at higherfrequency in MC and insignificanily MD as shown in
Figure 2.8.1. There are more GMs retrieved if PGA scaling is not applied.

(a) LooselspectrumMatchingwithout PGAScaling (b) Looselyspectrum Matchingvith PGAScaling

(c) TightlySpectrum Matchingvithout PGAScaling (D)TightlySpectrum Matchingvith PGAScaling

Figure B.8.3 Distribution of gectra of alternatives of Methods C and D with and without PGA scalifithe
modifications are applied according to the target, which is thedian ofAK2014 for the earthquake scenario
M7.0R40, Vs450, and normal faulthe looselyspectrum matchingand tightlyspectrum matchingare applied with
and without PGA scaling. The amount of GMs is noted on each subfigure.

The tests are extended toertain IMs in Figure B.8.4.h€ IM dispersiors in Method C are all affectedby the PGA

scaling, and PGA, PGV, PGD, Arias, SCAV, and ASI and PSAs at higher frequencies show larger dispersion, which c
indicate that the structural response dispersions will be better replicated for the structures with a natural frequency
higher than 2.00 Hz. For Method D, PGA scaling affects the meslidihtly. Dispersion of Arias and SCAV increase
slightly.
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Figure B.8.4 Intensity measures obtained by Method C with PGA scaling (in green color), Method C without
scaling (in green olive color), Method D with PGA scaling (in red color), and Method D without PGA scaling (il
red color). The y-axesplot intensity measwes (IMs). Thex-axesthe linear scaling methodsThe 16th and 84th
percentiles of the distributions arshown with the horizontal barsThe mean of the distribution is shown with tr
unfilled circle.The median is plotted with the cross mark@ihe target is the median diK2014for the scenario of
M7.0R40and Vs450
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C.1 Symmetric Tolerances: GMSM Methods Considering Interset and Intraset Variability

C.1.1Impact on Input PSAs at fO
~ ¢ J*3E] p8l}v }(  Z " 3[- A ~ ¢+ J.SE] pS]v }I(  Z " S[- "8

PSA at 0.80 Hz PSAat 0.60 Hz

PSA at 1.00 Hz

PSA at 1.32 Hz

T Figure C1.1, Continued, 1/2
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~ 1-8E] pSl}v }(  Z "~ 8[- A ~ ¢+ JeSE&] pSliv (. Z " S[- "8

PSA at 4.17Hz PSA at 2.50 Hz

PSA at 4.34 Hz

PSA at 5.68 Hz

Figure C.1.1Distribution of pseudespectral accelerations (PSA) at fO (in rawise) with all GM sets considering

Z *«38[+ AEP ]v }opuv ~ « v Z + §[+ «3 v E tha}ysietri¢tolerhoges.
Each set includes five ground motions. The upper and lower amplitude tolerance®08teand +30% of the targe
for Methods A, B, and C, abetween5% and +5%f the targetfor Method D. The frequency rangefism 0.50 Hz
and 20.0 K. The targetis obtained forthe scenario of M7.0R40, Vs450, and normal fasltexplained in Sectio
1.4. Meansare demonstratedwith the markersand colors irthe legend boxor correspondedGMPE. Medians are
shown withthe cross markersThe16" and 84" percentiks are plotted with the horizontal bars
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C.1.2Impact on Roof (or Lateral) Displacements (  —
~ + JeSE] p3lv I Z "~ 8[« A ~ -« ]e8E] uS]iv }(  Z-Plusds%SignE

Yielding Yielding

1.32H{ S1: 8Story RC Building (f1.00Hz)

Yielding
Yielding

4.17H{ S2: 7Story RC Building (fO

Yielding
Yielding

S3: 2Story RC Building (fO

4.34Hz)

(fO

Yielding Yielding

S4: 2Story Masonry Building

T FigureC.1.2 Continued, 1/3
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]*SE] psSItv }(

Z ~NE[e A ~ e« ]e8E] us]lv }(  Z-PusdmeSignE

5.68 H

‘ S5: 1Story RC Building (fO

S6:SDOMR2 at 0.60 Hz

S7: SDOR2 at 0.80 Hz

S8a: SDOR1 at 1.00 Hz

Al Al
Yielding
Yielding
L ADd ..ADd
LAT
AT
Yielding Yielding
. Ad ...Ad
Al Al
Yielding Yielding
AT Al
Yielding
Yielding

1 FigureC.1.2 Continued, 2/3
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~c 1-8E] pSl}v I( Z ~8[+ A ~ - ]-8E] pSl}v }(  Z-Plusds%SynE
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Figure C.1.2: ]*S@E] ps]}v }( &}}( ~}E 0 § E 0+ ][*%0 U v3e ~43}% e A]3Z <
with the symmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolere
are -30% and +30% of the target for Metds A, B, and C, armttween5% and +5%f the targetfor Method D.

The frequency range fsom 0.50 Hz and 20.0 HEhe targetis obtained forthe scenario of M7.0R40, Vs450, al
normal faultas explained in Section 1.l columnA]e U ]¢S3E] usdl}ve }( Z « 3[e inAa)@ndP
the distributions of Z « &yerageplus95%standard-deviationare shownin (b). In rowwise, the responses o
structural models are listedMeans are demonstratedwith the markers and colors inthe legend boxfor the

correspondedGMPE. Medians are shown witthe cross markersThe 16" and 84" percentiles are plotted with
the horizontal barsThe yelding limisandducs]o]5C u v e« ~.. arg howrvwitbhorizontalsolid lines of

black, grey, and blyeespectively.
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C.1.3 Impact on Base Shear Forces (Vbase)
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@ J-3E] psl}v3i( Z "8+ AE ~ -

1°8E] psl}v }(  Z-Plusgs%Sgna

5.68 H

S5: 1Story RC Building (fO

S6: SDOR2 at 0.60 Hz

S7: SDOR2 at 0.80 Hz

S8a: SDOR1 at 1.00 Hz

Yielding

Yielding

Yielding

Yielding

Yielding

Yielding

Yielding

. AO

Yielding

FigureC.1.3 Continued, 2/3
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Figure C.1.3Distribution of base shear forces (Vbase) with all GM sets considering intraset variability thih
symmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolerance®0&se
and +30% of the target for Methods A, B, and C, hativeen5% and +5%f the targetfor Method D. The
frequency range igrom 0.50 Hz and 20.0 HZhe targetis obtaned for the scenario of M7.0R40, Vs450, al
normal faultas explained in Section 1.l columnA]e U ]¢SE] usd]ive }( Z « §[e inAa)@ndP
the distributions of Z < &yerageplus95%standard-deviationare shownin (b). In rowwise, the responses o
structural models are listedMeans are demonstratedwith the markersand colors inthe legend boxfor the

correspondedGMPE. Medians are shown witthe cross markersThe 16" and 84" percentiles are plotted with
the horizontal barsThe yielding limit and thep $]0]5C u are<stdown Witha horizontalsolid lineof black

Vv E U E *% S3]A oCX s « ]e} 8 ]v § 8Z € *%}ve 3Ju AZ v 8z
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C.1.4 Impact on Intensity Drift Ratio (IDR)
~ + JeSE] p3lv I Z "~ 8[« A~ ]+8E] psl}v }(  Z-Pusd%SignE

1.00Hz)

S1: 8Story RC Building (fO

1.32Hz)

S2: 7Story RC Building (fO

Figure C.1.4Distribution of interstory drift ratio (IDR)with all GM sets considering intraset variability witthe
symmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolerance30&f¢
and +30% of the target for Methods A, B, and C, hetveen5% and +5%f the targetfor Method D. The
frequency range ifrom 0.50 Hz and 20.0 HEhe targetis obtained forthe scenario of M7.0R40, Vs450, and norn
fault as explained in Section 1.th columnrA]e U ]J*3E] psd]lve }( Z < [+ irA(2Eam thed
distributions of Z -« 3Hperageplus95%standard-deviation are shownin (b). In rowwise, the responses o
structural models are listedMeans are demonstratedwith the markersand colors inthe legend boxfor the
correspondedGMPE. Medians are shown witthe cross markersThe16" and 84" percentikes are plotted with the
horizontal bars/ Z ]« } § ]v § 8Z € *%}ve 3Ju AZ v §Z e}ous u AlJupu }
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C.1.5 Impact on Global Damage Index (DI)
~ + J-SE] p3IvI(  Z "BEMs)A ~ - 1-8SE] pS]}v }(  Z-Plusds%SigntE

1.00 Hz

S1: 8Story RC Building (fO

4.34 Hz)

S4: 2Story Masonry (fO

Figure C.1.5Distribution of global damage index (DI) with all GM sets considering intraset variability vl
symmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolerance30&fe
and +30% of the target for Methods A, B, a@d andbetween5% and +5%f the targetfor Method D. The
frequency range ifrom 0.50 Hz and 20.0 HEhe targetis obtained forthe scenario of M7.0R40, Vs450, and norn
fault as explained in Section 1.th columnA]e U ]3@E] ps]}ve }( rageZare $HowrirA(a) and the
distributions of Z -+ Zperageplus95%standard-deviation are shownin (b). In rowwise, the responses o
structural models are listedMeans are demonstratedwith the markersand colors inthe legend boxfor the
correspondedGMPE. Medians are shown witthe cross markersThe16" and 84" percentikes are plotted with the
horizontalbars'o} o [/ ]« } § ]v § 8Z @& *%}ve 8Ju AzZ v 3Z *}ous u AJ

C.1.6 Comparison of Mean of Output Distributions with Mean of Input Distributions

Mean of All
gegueag

Figure C.1.6Mean of PSA distributions at f@/{axis) versus mean of structural response distributionsgkxis) such
as 4§}, %base, and IDR for the S1 mod8iStory RC)The means of all set distribution are obtained from Figu
XiXiU XiXfu XiXiu v XixaX Z %}]v8 & % & « v+ §Z u VvV 43}%o

the legend box. Methods B, C, and D are plotted with blue, redreashdrespectively.
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C.1.7 Comparison of Dispersion in Input and Output Distributions

1: 8-Strory RC 2: 7-StoryRC 3: 2-StoryRC 4: 2-Story Masonry 5: 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz f0O =4.34 Hz f0=5.68 Hz
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FigureC.1.7 }u% E]*}v }( ]Jvd E+* 8 A E] ]0]3C (JE }u%o £ «SEu SPE o0 u)

v Z « 5[« Al@EIPesigma in column (b)inrow-Ale U WA o § (IU 45}%U v s =

data point is the COV of all set distribution illustrated in Figures C.1.1, C.1.2, and C.1.3. Each GMPE (7 o
plotted for the structuralmodels. The markers are shown with the ID of the structural model given in the box ¢
the figure. Methods A, B, C, and D are shown with black, blue, green, and red, respectively.
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6: SDOFR2 7. SDOF=R2 8(a): SDOIR1 (8)b: SDOMR2 9: SDOFR2
f0=0.60 Hz f0=0.80 Hz f0=1.00 Hz fO=1.00 Hz f0=2.50 Hz
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FigureC.1.8 Comparison offlvd €+« 3 A E] ]0]5C (}E *Ju%o *3EM SUE o u} o+ A

v Z « §[« Apl@BE9esigma in column (b)in ron-Ale U WA « § (iU 48}%U v s =

data point is the COV of all set distribution illustratedFigures C.1.1, C.1.2, and C.1.3. Each GMPE (7 of th
plotted for the structural models. The markers are shown with the ID of the structural model in the box abo
figure. Methods A, B, C, and D are shown with black, blue, green, and red,tresiyec
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C.1.8 Quantification of Impact due to the Intraset and Interset Variability

1: 8-Strory RC 2: 7-StoryRC 3: 2-StoryRC 4. 2-Story Masonry 5:1-StoryRC

f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz fO=5.68 Hz
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FigureC.1.9 Change in mean PSAs fft for seven GMPEs when Methods B, C, and D are used inste¢
Method A.The spectrum compatible selectionmede with each set including five ground motions. The upj
and lower amplitude tolerances ar80% and +30% of the target for Methods A, B, and C,babhdeen5%

and +5%of the targetfor Method D. The frequency rangefrom 0.50 Hz and 20.0 HEhe targetis obtained
for the scenario of M7.0R40, Vs450, and normal faslexplained in Section 1 columnwise, distributions
H( Z « 5[« AEP (Ehe feft JcAlumpvand the distributions of  Z « &jerageplus95%

standard-deviation are shownon right column. In rowvise, the responses of structural models are list¢
Each GMPE (7 of them) is plotted for the structural models. The markers are shown with the ID
structural model given in the boxbave the figure. Methods B, C, and D are shown with blue, green, ant
colors, respectivelyThe negative values represent the underprediction relative to Method A and vice ver:
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(a)S1: 8StoryRCModel (b) S2: #StoryRCModel (c)S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) b: 1-StoryRCModel () S6:SDOMR2at 0.60Hz
(g) S7TSDOMR2at 0.80Hz (h) S8bSDOMR2at 1.00Hz (i) S9:SDOMR2at 2.50 Hz

FigureC.1.10:Thedifference inthe median of input PSAs at fO versus thdifference inthe medianof output lateral
*SEMN SUE 0 ]*% 0 withwéapeetitd Metmod Afor seven GMPES hex-axisillustrates thedifference in the
u Vv }( 48}1% ]S EepXisiliusikatesthe differences in the mean ohput PSAs at fO. The solid black line
the equality line. The earthquake scenario is M7.0R40, Vs450, and normal fault. GMPEs such as AB2014
BA2011, BD2014, BT2003, CB2014, and CY20khame with the markeiin the legend Methods B, C, and D ar
represented withblue, green, and red, respectiveljhe spectrum selection lmade with each set including five groun
motions. The upper and lower amplitude tolerances &88% and +30% of the target for Methods By and Cand
between5% and +5% of the target for Method D. The frequency range is from 0.50 Hz and 2lhe Hegative value:
represent the underprediction relative to Method A and vice versa.
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C.1.9 Quantification with Logic Tree

Sl 8-Strory RC . 7-StoryRC 3. 2-StoryRC HA. 2-Story Masonry *: 1-StoryRC
f0 = 1.00Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz f0=5.68 Hz
~ e J((E v ¢ ]Jv Z}}( J*%0 u (b) Differencedn Base Shear Forces (Vbase)

Figure C.1.11 The difference in +SEU SUE 0 E *%o}Ve ]*$E] us]ve A]8Z §Z o0}P
average. The spectrum compatible selectionnsade as explained in the caption #igure 3.4.2The differences are
guantified according to Equations 3.41he labels iry-axisshow the ID of the structural model given in the lege
above the subfigure. Methods B, C, and D are shown with blue, green, and red colors, respéltiwategative
values represent the underprediction relative to Method A and vice versa. The GMP# aigns are provided in

Table 3.4.1.

$6: SDOR2 S7: SDOF=R2 SBa: SDOR1 S&: SDOR2 D: SDOR2
f0=0.60 Hz f0=0.80 Hz f0=1.00 Hz f0=1.00 Hz f0=2.50 Hz
K%
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©
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=
x
k)
(o
S
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O
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()
©
o
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n
~e J((E vV <]v Z}}( ]*%0 u (b) Differerncesin Base Shear Forces (Vbase)

FigureC.1.12 Thedifference instructural response distributions with the logic tree approach for simple structure
models.The similar graphical elements are used with the previous figure.
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C.2 Asymmetric Tolerances: GMSM Methods Considering Inter - and Intraset Variability

g6:59 "%,
g649 Y%,

Method A: Unscaled Earthquake Records Method B: Linearly Scaled Records to PSAGat4

g5 Y%

Method C: Loosely Matched Waveforms

FigureC2.1: Average spectra of akligible GM sets withthe asymmetrictolerances.The targetis shown with
solid blackline andis the median of AK2014 for the scenario of M7.0R40, Vs450, and normalEaah. set
includes five ground motions. The umpand lower amplitude tolerances are shown with dashed black 1#586:

and +50% of the target for Methods A, B, and C. The frequency rarfigemi€).50 Hz and 20.0 H&rey lines

represent the average spectra tie GM sets $““$* The 18 and 84" percentilesof eligible GM spectra
#4448 * are shown withsolid red lines. he median ofall 4

~~~~~~ $ *is shown with the solid blue lin€For Methods
A, B, and C, there are 34 174, 8 647, and 948 GM sets, respectively.
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C.2.1lmpact on Input PSAs at fO
~ + ]eSE] p3l}v I(  Z " 8[- A ~ * ]°SE] psS]iv }( Z N S[+ NS v

PSA at 1.00 Hz PSA at 0.80 Hz PSA at 0.60 Hz

PSA at 1.32 Hz

T Figure @.2, Continued, 1/2
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~ o JeSE] psS]1}v }Average (of $[GMs) ~ ¢ JeSC&E] us]}tv }( Z N §[e NS v

PSA at 4.34 Hz PSA at 4.17Hz PSA at 2.50 Hz

PSA at 5.68 Hz

Figure C.2.2Distribution of pseudespectral accelerations (PSA) at fO (in ramise) with all GMsets considering

Z « %[+ AEP ]v }opuv ~ e+ v Z ¢ 3[+ 3 v E thelasyhmetiivtoldrapces.
Each set includes five ground motions. The upper and lower amplitude tolerances¥ar@nd +50% of the target fc
Methods A,B, and C. The frequency rangdrizm 0.50 Hz and 20.0 HZlThe targetis obtained forthe scenario of
M7.0R40, Vs450, and normal faall explained in Section 1.Mleansare demonstratedwith the markersand colors
in the legend boxor correspondedGMPI. Medians are shown witthe cross markersThe16" and 84" percentikes
are plotted with the horizontal bardB is not available for PSAs at 0.60, 0.80, and 2.50 Hz.
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C.2.2Impact on Roof (or Lateral) Displacements (  —

(a)Average of Each Set (a) AveragePlus95%Sigma of Each Set

Method A: Unscaled Real
Records

Method B: Linearly Scaled
Records to PSA atQiHz

Method C:LooselyMatched
Waveforms

FigureC.2.3 All-eligible-set distribution of PSAs at 1.0 Hz versus the rdizplacements ofhe S1model (8StoryRC)
with the asymmetrictolerance. The target is the median of AK2014 for the scenario of M7.0R40, Vs450, and r
fault. The spectrum compatible selection is performed with a tolerance fi8tto +50% ofhte target. The nonlinea
dynamic analyses are performed to collect the maximum absolute roof displacerné@sStory RC the 8-story
reinforced concrete modelThe average values of five ground motions in a set are shown in the distribiien
mean andthe coefficient of variance (COV) of the-eligibleset distributions are printed over the subfigures.“ie
50", and 84’ percentiles and median of average values are plotite fequencyof sets is normalized to 1.@ tail
like distribution can bebserved for: $<3E rgw P mnd¢determined by MA and MBt suggests that there are nc
sufficient GM sets revealing structural responses in this range.
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(a) Method A (b) Method B

(c) Method C

Figure C.2.4 Comparisonof recurrence percentages of GMs and cumulative distribution functions (CDF) for
]* %00 U vsSe ~48}1% e }( $Btory R@ Mmoddllrhé spectrum compatible selection is performed
explained in the caption of Figure C.2.3. Thexis E %o E * vSe $Z @&E}}( ]*%0 uvse ~48]
the left-sidey-axis the reoccurrence percentages of GMs are shown, i.e., the frequency of GMs that are rej
among all GM sets. The vertical grey bars are related to thesigéty-axis Abng the rightsidey-axis cumulative
distribution function (CDF) is shown. CDF is the summation of reoccurrence frequencies. The solid lines
(Method A in @), in blue (Method B in b), in green (Methdd @, and in red (Method D in d) relate tbe right-side
y-axis The yielding limit of the S1 model is shown with the vertical black dashed lines.fhe] 0 ]S C  uof6 !

is shown with the vertical red dashed lines. The amount of GMs is noted in the legend box.

The GMs causingioresubstantial*SEW SUE 0 u P ~]Jv § Bue }( 48}%°* E % S ulC
the asymmetric tolerances than the symmetric tolerances (Figure 3.3.3).
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FigureC.2.5 Continued, 1/3
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J+8E] usl}v I} Z ~ 8[- A

1*SE] psltv }(

Z-Plusg5%SigniE

5.68 H

S5:1-Story RC Building (fO
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S7: SDOR2 at 0.80 Hz

S8a: SDOR1 at 1.00 Hz
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FigureC2.5, Continued, 2/3
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Figure C.2.5: 1«3 @E] us]iv }( €}}( ~}E 0 8 E 0+ ]*%0 U Vv3s ~45}%- A]3Z <
with the asymmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolere
are -5% and +50% of the target for Methods A, B, and C. The frequency raingmi8.50 Hz and 20.0 HZhe
targetis obtained forthe scenario of M7.0R40/s450, and normal faudts explained in Section 1k columnwise,
J*SE] puslive }( Z « §[+ Ainda)RndtkE distdbubions of Z < &yerageplus95%standard
deviationare shownin (b). In rowwise, the responses of structuralodels are listedMeansare demonstrated
with the markersand colors inthe legend boxXor the correspondedGMPE. Medians are shown witlthe cross
markers.The 16" and 84" percentikes are plotted with the horizontal bar3he yelding limit and the ductility
demands ~ ...« }( 7UG6 ard shewn witha horizontalsolid line with black, grey, blue, and red, respectively.
some simple structures, Method B selection is not available.
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C2.3 Impact on Base Shear Forces (Vbase)
(a) Distributionof Z ~ [« A E P ~} ~ ¢ ]e3E] us]}v }( Z-P\usgd5%Shgnia

T

8

—i LA
1

o

=

(@]

£

=]

=

m . -
O Yielding
@

P

2

N

[e1]

i

n

I

AN

™

< ..AO
e

(@]

£

S

=

ol

E:’ Yielding
-

2

N

N

N

n

I

N~

-

~ LAd
e

[@)]

£

S

=

o}

O L
14 Yielding
b

2

N

(9]

™

N
2 LA
=)
=
e}

>N

c

S5

g™
=¥

22 Yieldin N
s = elding Yielding
N
(9]
<
N

T FigureC2.6, Continued, 1/3




ADDITIONAL ELEMENTS FOR PARML3 |

e ]eSE] us]}v }( Z N S[e A ~ o JeSE] us]}v }( Z-P\usgd5% Shgnta
~
T
(o]
(o]
To}
1l
e .
o Yielding Yielding
£
=
8
o4
Py
8
N
Lol
Lo
N
N
T
3
S LA LA
©
N
& -
a Yielding
? Yielding
(o]
N
N
T ‘ .
o LA ..AQ
(e}
o
©
N
o
Q Yielding Yielding
N
~
n

LA A0

T
o Yielding
Q
H Yielding
©
—
x
(@]
a
n
©
(o]
N

FigureC2.6, Continued, 2/3




ADDITIONAL ELEMENTS FOR PARR3 |

~ ¢ 1-3E] p3l}v }(  Z "~ 8[+ A -~ ]-8E] pS}v }(  Z-Plusds%SignE

T

P Ao A0
o

—

©

N

04 N -
@) Yielding Yielding
a)

N

e

[e]

N

N

I

o

Lo

o

I -
N - Yielding
04 Yielding

o

a)

n

&

N

Figure C.2.6Distribution of base shear forces (Vbase) with all GM sets considering intraset variability thigh
asymmetric tolerances.Each set includes five ground motions. The upper and lower amplitude tolerancesai
and +50% of the target for Methods A, B, and C. The frequency raffigeni€.50 Hz and 20.0 Hthe targetis
obtained forthe scenario of M7.0R40, Vs450, and nornellf as explained in Section 1.4h columnwise,
J*SE] uslive }( Z « 3[+ Ainda)RndtkE dist@bubions of Z < &yerageplus95%standard
deviationare shownin (b). In rowwise, the responses of structural models are listbteansare demonstrated
with the markersand colors inthe legend boXor the correspondedGMPE. Medians are shown witlthe cross
markers The16" and 84" percentiks are plotted with the horizontal barghe yielding limit and ductility demand
~ .are shown witha horizontal solid line ofblack and red, respectively. Vbase is obtained at the response
Az v 8§z etousS u AJupu }( 48}% ]} S ]Jv X &}E *}u ¢Ju%oo *SEU S
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C.2.4 Impact on Intensity Drift Ratio (IDR)
~ + JeSE] p3lv I Z "~ 8[« A~ ]+8E] psl}v }(  Z-Pusd%SignE

1.00Hz)

S1: 8Story RC Building (fO

1.32Hz)

S2: 7Story RC Building (fO

Figure C.2.7Distribution of interstory drift ratio (IDR) with all GM sets considering intraset variability witre
asymmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolerancés/are
and +50% of the target for Methods A,dd C. The frequency rangdrem 0.50 Hz and 20.0 Hkhe targetis
obtained forthe scenario of M7.0R40, Vs450, and normal faalexplained in Section 14 columnwise,

]*3E] psdlive }( Z + §[+ Ain@)Bndth&distrbufions of Z « &ferageplus95%standard
deviationare shownin (b). In rowwise, the responses of structural models are listég@ansare demonstratedwith
the markersand colors irthe legend boxor the correspondedsMPE. Medians are shown witthe crossmarkers.
The16" and 84" percentiks are plotted with the horizontal bartDR is obtained at the response time when the

elous u AJupu }( 48}% ]} §$ ]Jv X
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C.2.5 Impact on Damage Index (DI)
~ + J-SE] p3l}v I Z " 8[« A (b) ]-SE] p8]}v }( Z "PR{995RSIGInP

1.00 Hz

S1: 8Story RC Building (fO

4.34 Hz)

S4: 2Story Masonry (fO

Figure C.2.8Distribution of global damage index (DI) with all GM sets considering intraset variability tfith
asymmetrictolerances.Each set includes five ground motions. The upper and lower amplitude tolerancés/are
and +50% of the target for Methods A, B, and C. The frequency rafigeif.50 Hz and 20.0 Hkhe targetis
obtained forthe scenario of M7.0R40/s450, and normal faudts explained in Section 14 columnwise,

J*SE] pus]ive }( Z + §[+ Ain@)Bndth&Edistribptions of Z < &yerageplus95%standard-
deviationare shownin (b). In rowwise, the responses of structunalodels are listedMeansare demonstratedwith
the markersand colors irthe legend boxor the correspondedsMPE. Medians are shown witthe cross markers.
The16" and 84" percentiks are plotted with the horizontal bar&lobal Dl is obtained at thesponse time when
§Z e}ouS u AJupu }( 45}% J* } S Jv X
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C.2.6 Quantification of Impact due to the Intraset and Interset Variability

(a)S1: 8StoryRCModel (b) S2: #StoryRCModel (c) S3: 2StoryRCModel
(d) S4: 2Story Masonry Model (e) &b: 1-StoryRCModel (f) S6:SDOMR2at 0.60Hz
(g) S7TSDOMR2at 0.80Hz (h) S8bSDOM2at 1.00Hz (i) S9SDOMR2at 2.50 Hz

FigureC.29: Thedifference inmean of input PSAs at fO versus tdéference inmean of output lateral structural

]*% 0 u vSe with¥espect to Method Aor seven GMPES hex-axisillustrates thedifference in the mean of
43} % ]eS & Theg-akisitlixstratesthe differences in the mean ofiput PSAs at fO. The solithbk line is the equality
line. The earthquake scenario is M7.0R40, Vs450, and normal fault. GMPEs such as AB2014, AK2014, BA2011,
BT2003, CB2014, and CY2014stlm@vn with the markem the legendMethods B, C, and D are represented with blac
blue, green, and red, respectiveljhe spectrum selection imade with each set including five ground motions. The
upper and lower amplitude tolerances af&% and $0% of the target for Methods,B, and Cand betweenr5% and +5%
of the target for Method D. The frequency range is from 0.50 Hz and 20BoHgome simple structures, Method B
selection is not availabl@he negative values represent underprediction relative to Method A and vice versa.
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1: 8-Strory RC 2: 7-StoryRC 3: 2StoryRC 4. 2-Story Masonry 5: 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz f0=5.68 Hz
6: SDOMR2 7: SDOF=R2 8(a): SDORR1 (8)b: SDOMR2 9: SDOR2
f0=0.60 Hz f0=0.80 Hz f0=1.00 Hz f0=1.00 Hz f0=2.50 Hz

FigureC.2.10 Thedifference inmean of lateral *SE W SUE 0 J*% 0 U vSe ~43}% -+ ]JeSE]
averageplus-95%standard-deviation. The spectrum compatible selectionnsade as explained in the caption o
Figure C.2.9The markers are shown with the ID of the structural model given in the legend above the subfi
The differences are quantified according to Equation 3M&hods B, C, and D are shown with blue, green, a
red colors, respectivelf.he negative valuerepresent the underprediction relative to Method A and vice vers

1: 8-Strory RC 2: 7-StoryRC 3: 2-StoryRC 4: 2-Story Masonry 5: 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz f0=5.68 Hz
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FigureC.2.11Thedifference inmean ofbase shear force (Vbase) distributions witlsymmetric tolerancesThe
spectrum compatible selection msade as explained in the caption of Figure C.28e markers are shown with
the ID of the structural model given in the legend above the subfigdites differences are quantified according
to Equations 3.4.1 and 32.Methods B, C, and D are shown with blue, green, and red colors, respeciively.
negative values represent the underprediction relative to Method A and vice versa.
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1: 8Strory RG0 = 1.00 Hz 2: 7-Story RG0=1.32 Hz

FigureC.2.12Thedifference inmean ofinterstory drift ratio (IDR) distributions witrasymmetrictolerances.The
same graphical elements are used in the previous figure.

1: 8-Strory RG0 = 1.00 Hz 4. 2-Story Masonryf0 =4.34 Hz

FigureC.2.13 Thedifference inmean ofglobal damage index (DI) distributions witasymmetrictolerances.The
samegraphical elements are used in the previous figure.
C.2.7 Quantification with Logic Tree
1: 8-Strory RC 2: 7-StoryRC 3. 2-StoryRC 4. 2-Story Masonry 5. 1-StoryRC
f0=1.00 Hz f0=1.32 Hz f0=4.17 Hz fO =4.34 Hz f0=5.68 Hz

FigureC.2.14Thedifference instructural response distributions relative to Method A with the logic tree approac
and asymmetrictolerances.dZ ](( & v <« ]Jv ]*SE&] pusS]}tve }( Z+3%[« AEP &
compatible selection imade as explained in the caption of Figure C.2.9. The differences are quantified accordit
Equation 3.4.1The labels ig-axisshow the ID of the structural model given in the legend above the subfigure.
Methods B, C, and D are shown with blue, green, and red colors, respectikelpegative values represent the
underprediction relative to Method A and vice versa. The GMPEmwvejfgions are provided in Table 3.4.1.
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C.3 Perspective

C.3.1Code-Based Design Spectra and GMPE Spectrum

Figure C3.1. Response spectrum of GMs armdternative target spectra The AK2014 spectrum is shown by t
solid red line and théalf-sigmaaroundmedian spectra are shown with the dashed red lifess obtained for the
scenario ofM7.0, Rhypo 40.0 km, Vs30 450 m/s, and normal fauie EC8 spectrum is scaled to the PGA of
AK2014 spectrum. The ASGEO7spectrum is scaled the AK2014 spectrum at 1.00 Hz and 4.00 Hz.

The EC8 and ASCHU( spectra reach similar amplitudes with the AK2014 spectrum from the low frequenci
1.00 Hz. The EC8 and ASC&Bpectra are above the AK2014 speotrwith a sharp curve change atound2.00
Hz The ASCEID spectrum has the largestmplitudes at high frequencies (beyond 9.00 Hz). It is expected to
similar (andslightly higher) structural responsesistributions with the codebased design spectiar the structural
models in this study

C.3.2Earthquake Scenario of M5.5R20 and Vs450

A different earthquake scenario witM5.5R20 and Vs450 is tested in this subsection. cidtlected and modified GMs
are shownin Figure C.3.2ZThe median spectrum ithe unscaled earthquake recordslg) is mostly above the target

The loosely spectrusmatched waveformsNIC) resultin the median spectrm aroundthe targetwith reduced spectral

variability at higher frequencies (above 5.0 HEhe tightly spectrummatched waveforms (MD) reveahe closest

spectra to the target wh a peak &higher frequencies (out dfriteria). The Inearly scaling methot not considered.

The GMs, which are refined with respect to the PSAs at 4.34 Hz, are compared between the Agpat R34 Hz and

the roof displacements of the S4 modeéitfoduced inSection 2.4.2) in Figure C.3The structural responses mostly
remain in the elastic range and each method reveals similar responses. For MC and MD, the input PSA variability is
reduced, and the output structural variability is considerable.

Then, he spectrum compatible selection performed for the target spectrum of AK20khd the scenario The set
distributions of the IMs are given in Figure C.3.4. The variability in the GM térdstcs is reduced by MC and MD
except for SCAV. The means of the IM distributions are underpredicted by the modifiecelatdeto MA.

Theimpact on the set distributiomf the PSAs at 4.34 Hz and the structural responses are shown in FigurenQtiss. |
example, the upper and lower amplitude tolerances are tight between +20%-%#tdfor MA and MQwhich are
E}uPZoC SA v -iXiire v &]P pu)XHheiaié ¥détween +5% for MDhe set variability in the structural
responses remains smallherefore, a single set likelgpresentshe all-GM-set distribution. The differences among the
GMSM methods are slight.

The analyses areepeatedfor other GMPEs with the use dtfie equivalent GMPE parameteis Figure C.3.5. The
differences in PSAs and the structural responses are significant due to the choice of a GMPE. The use of intraset
approach with some standard deviation increases the mean of the response distributions about 50%. The structural
response remain mostly in the elastic range.
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(a)Method A: Unscaled Real Records

(c) Method CLoosely Matched Waveforms (d) Method DTightlyMatched Waveforms

Figure C.3.2 The median of AK2014 for the defined scenario and th& 160" and 84" percentiles of pseudo
spectral accelerations (PSAs) of ground motions (GMs) in Methods A, C, afithddGMs are obtained fromr
magnitude distance bin oM5.5R20and the signal processing is applied as explained in Section T.Rel
modifications in Method Cand D are appliedccording to the target, whiclis the median of AK2014 fdhe

earthquake scenario df15.5R20, Vs450, and normal faulhe red dashed lines shdvalf sigma around the media
of AK2014The amount of GMs givenfor the methods.

(e) S4: 2Story Masonry Model

FigureC.3.3: Distributionof PSAs at fGn Methods A, BG and D and the corresponding roof displacements4 § }
of the complexmodels.PSAs at f@are shownon the y-axis The target PSA at f0 is plotted in the horizontal dasl
line. Thex-axisillustrates the maximum absolut } ( 48}%. X dZ C Jisplojted wih thieSvertical dashed liree
The 16th and 84th percentiles of the distributions atewn with the horizatal bars (forPSAs at f0) and the vertici
barsfor 45}% X dZ u v }( 8Z ]*8E] us]}v ]* *Z}Av A]8Z §Z (]oAK201 Fordhe
scenario ofM5.5R®D, Vs450, and normal faulThe color code represents the method as lre tegend.GMs in MA
and MC ae selected if they are within £15% of the target PSA at 4.3thétzontal dashed line). GMs in MD ha
PSAs at fO betwen £20% of the target PSA at The amount of data is given in the legend.
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Figure C.3.4 Intensty measures obtained by Method A black, Method Cin green, and Method Din red. The

spectrum compatible selection is performed with +20% &% tolerances around the median target spectrionMA

and MC and £5% tolerances for MD. The frequeaatyge isfrom 0.50 Hz to 20.0 HEach GM set is composed of
GM. All possible GM sets are collectdthe target is the median & K2014for the scenario oM5.5R20 and Vs45C
They-axesplot intensity measures (IMsThex-axesshow the differentmethods. The 16th and 84th percentiles of th
distributions areshown with the horizontal barsThe mean of the distribution is shown with thefilled circle.The

median is plotted with the cross marker.

FigureC.3.5 Distribution of PSAs a#t.34Hz and 4 § }With a single set versus all sets for each GMSM methi
Thespectrum compatible selectiois explainedn FigureC.3.4 The single sets are obtained according to the R
distance in Equation 1.8.Each grey dot shows the value of a GlMe mean of the set distributioris plotted

with the unfilled circlesThe medianis shownwith the cross markersThe 16" and 84" percentilesare plotted

with the horizontal bars. Theolor code shows the method in the legend box.
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- 16" and 84" Perc.s Means of o AK2014 ¢ BD2014 CB2014

% Median 4 AB2014 > BA2011 A BT2003 v CY2014
Yielding

(a) PSAs at 1.00 Hz ~ o 43§ }the 34 model

Figure C.3.6 Impact of GMPEs othe distributions of PSAsat 4.34 Hz v 4§} %S4} Model The spectrum
compatible selections explainedin FigureC.3.4.The B" and 84" percentilesare plotted with horizontal line
markers. Mediansare shownwith cross markersMeansare demonstratedwith the markersand colors inthe
legend boxfor correspondedGMPE. The average of 5 GMs per detshown The average with 95% of standa
deviation per sets dso shownThe equivalent GMPE parameters are obtained in a similar way in Section 1.4.
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