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ABSTRACT

TOWARD STHE NON-ERGODIC GROUND MOTION MODELS OF
TURKEY: ASSESSMENT OF SYSTEMATIC SITE, SOURCE AND PATH
EFFECTS

¥ n d, Eatih Mehmet
Master of ScienceCivil Engineering
Supervisor: Prof. DiZeynep G¢l er ce
Co-SupervisorAssoc Prof.Dr.A. Ar da ¥zacar

August 2022128 pages

Ground Motion Models (GMMs) and their standard deviatignsare the most
significant contributors of the median ground motions and their variability that are
estimated in Probabilistic Seismic Hazard Analysis (PSHA). Mosh®fGMMs

used in the current practice were derived from the datasets that include recordings
from multiple sites attenuating from different seismic sources; therefore, the standard
deviation of these GMMs includes the spatial and temporal variability cafngr
motions based on the ergodic assumption. In the last decade, several attempts were
made to decompose the sigma of GMMs into different components such-tas site

site, pathto-path and soureto-source variability in regions with wedlstablished

grourd motion datasets. The primary objective of this study is to evaluate the
systematic site, source and path effects in the Turkish strong motion dataset in order
to provide the necessary tools to develop a fully-eaodic GMM for Turkey. To

this end, theipdated Turkish Strong Motion DatabaseTNs MD, Akbak et al
that contains 23019 recordings from 748tlequakes recorded at 904 stations is

utilized. The site term§ (Y and the related standard deviations () for the



stateof-the-art NGA-West2 GMMs are calculated for each station in tREMD

and 15% reduction in total sigma is achieved, which is consistent with the previous
studies in literature for other regions. Spatial distribution of calculated site terms are
assessed to identifegional differences and underlying reasons such as basin effects
and uncertainities in shear wave velocity profile. In addition to the systematic site
effects, repeatable source effects mapped into the event terms are also investigated,
which may resultn a further reduction in total sigma for selected regions. Finally,

the site and source corrected witléwent termsi( QY ) are examined for

systematic path effects on a sHgecific basis to observe any remaining bias

Keywords: Ground motion mdels, norergodic GMMs, Turkeyadjusted GMMs,
single station sigma

Vi



¥Z

T! RKKYE K¢KN ERGODKK OLMAYAN YER HARI

MODELLERKNE DOJRU: SAHADAN SAHAYA, KAY

KAYNAJA VE ROTADAN ROTAYA SKSTEMATK
DEJKKKENLKKLERKN DEJERLENDKRMESK

¥ n d, Batih Mehmet
Y¢ ksek,Kniksaaants M¢g hendi sl i i
Tez Y°%°neti ZieyinepPIGgl erbDre.
Ortak Tez ¥neticisi: Do - . ADr Arda ¥zacar

AJ ust o,428a¢a? 2

Yer hareketi modelleri ve bu modellere ait standart sapmalar (Ol as él é ks all S
Tehli ke Analizinden (OSTA) el de edil en
dejikkenlijine en -ok katké sajlayanl ard
hareket. model l erinin -oju, birdele fazl a
ol ukmuk kayeéetlaré i -eren veri tabanl ar én
model |l erinin standart sapmal ar e, ergodi k
uzamsal ve ge-icCi deji kkenliJini i -er mek
ver i setl eri kull anél arak yer hareketl er

kaynaktan kaynaja ve rotadan rotaya si st ¢

ayéer mak i -in bir-ok girikimde bul unul mt
Teée¢rkiyeodtyem@men eregodi k ol mayan yer harek
ger ekl i ara-|larée sajlamak amaceéeyl a, Terk
i -1in sahadan sahaya, kaynaktan kaynaj a
Ol - ¢l mesidir. Bu amMa-daepreBO0oie Ravéeti,st

gée¢ncell enmik Tegrkiye Kuvv-@BMD, YARKb&HKar e H «
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2022) kul | anél mg My eeilgili staadara sagmalasi( mlere r i (

géncel-WeNGAR yer hareket. moldep | esii gma d cha khie
yakl akék %15 azal ma, l iterat¢rde mevcut ol @
uyumlu bulunmuktur. Hesapl anan saha teri ml
farkl el éklarée ve bu farkl el ékl ar&n basen ef
belirsizlikler gi bi muht e mel sebepl erini b
sahaya sistemati k dejikkenlije ek olarak, s
da azal maya vyol a-abilecek olan ve deprem t
etkilern belirlenmiktir. Son ol arak, saha ve kay
terimler{ &Y) si stemati k rota etkileri ©°zelinde,

incel enmi Ktir

Anahtar KelimelerYer hareketi modelleri, ergodic olmayan yer hareketi

modelleri, T, r ki yedye uyarl anméstwseyomar ket i simgda
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CHAPTER 1

INTRODUCTION

Standard deviations ground motion modelSJMMs) are one of the most
important parameters thadffect the resulk of probabilistic seismic hazard
assessmenPSHA). The contribution of standard deviations to PSHA is especially
crucial for long return periods, which correspond to seismic design levels of nuclear
power plants and other important structuFeglowing the ergodic assumption, most
of the available GMMs in the current literature provide a stable estimate for median
but inherit the standard deviations related to the recordings from multiple global sites
and seismic sources. In other words, they do not provide a site or source specific
stardard deviation model and assume that the standard deviation does not spatially
vary for a specific earthquake scenario. As a result of the ergodic assumption, the
global GMMs that were developed using recordings from different host regions that
have high tandard deviations and their standard deviation models may not be

suitable for every target region.

Thanks to the availability of extensive and wedtablished strong motion
datasets, an effective way of reducing the standard deviation of a GMM iskfigpund
relaxing the ergodic assumption by removing the systematic site, source and path
effects and treating them as epistemic uncertainty instead of aleatory variability.
Several attempts were made in the last decade to develop partially (where only
systemat site effects are separated) and fully +eogodic GMMs for different

regions around the world.

Moving from ergodic to partially or fully neergodic GMMs requires
expertise in ground motion modelling and unfortunately does not guarantee a
reduction in tle estimated ground shaking levels (elanzano et al.2017 and
Abrahamson et gl2019. Moreover, despite the numerous attempts, substantial



computational efforts are necessary to integrate fullyargodic GMMs into PSHA
applications, due to the comegity of implementation of spatially changing path
terms and standard deviations. Nevertheless, the ground motion modelling practice
is moving towards this direction and the rengodic GMMs will possibly be the

industrystandard in the next decade.

1.1 Research Statement

Systematic site, source and path characteristics in emprical ground motion
datasets were studied and patrtially or fully 1ewvgodic GMMs were developed for
Western United States (e.gAtkinson 2006 for Los Angeles; Villani and
Abrahamson 2015 and Abrahanson et al. 2019 for Southern California), Japan
(RodriguezMarek et al.2011andMorikawa et al.2008), Taiwan (Lin et al., 2011),
Europe (e.g., Luzi et al., 2014 and Lanzano ¢t2817 for Italy; Ktenidou et al.,
2018for EUROSEISTEST in Greegerd Iran (ZafaranandSoghrat, 2017)Other
thanthe ground motion characterization studi@snuclear site evaluatigorojects
scientific publication®n ground motion neergodicity are quitémited for Turkey.
Gulerce et al. (2016) had developed tinst fpartially norergodic median GMMs
for Turkey by adding Turkegpecific small magnitude, large distance, and stiff site
terms to the Next Generation Attenuation West 1 GMM=siglasandAochi (2016)
had focused on the systematic path effects for Mat8aa Region using a simulated
ground motion dataset. a ] raadékkar (2019)have complemented the Gulerce
et al. (205) study by addingeventcorrected singlstation standard deviation and
sourcecorrected betweeavent standard deviation modéts the median GMMs

developed for Turkey.

The Turkish ground motion datasets used in these previous efforts were quite
limited as described in numerous publications by Akkar et al. (2010), Akkar et al.
(2014), Kale et al. (2015), Gulerce et al. (20Sandikkaya (2017), and Alipour et
al. (019. Substantial increase in the strong motion recordings after 2017, especially

with two Ma7 events occurred 2020 under |

ne:



and update of the Turkish Strong Motion Database (WIpihat complies with
international standards. The N@GWS MD provi ded by Akbak et
more than 23,000 recordings from 743 earthquakes recorded at 904 stations and is
suitable for an irdepthassessmemf the systematic source, site andnpeffects for

Turkish ground motionsThese systematic characteristics and the limitations of the
dataset should be thorduyg evaluated to move towards developing fully non

ergodic ground motion models for Turkey.

The objective of this study te developpartially norergodic median GMMs
for Turkey that include the repeatable source and site terms in the aletory variability
model using NTSMD. For this purpose, a statistically stable subset®SNID and
the stateof-the-practice NGAWest2 GMMs are utilied. The bias in the depth
scaling and constant terms of two GMMs developed by Abrahamson et al. (2014)
and Chiou and Youngs (2014) are corrected by the selected subset of ground
motions. These partially neergodic median GMMs may be utilized in ground
motion characterization studies of Turkey along with Turkpgcific betweervent
variability model. In addition, neergodic betweemvent variability models are
developed for Marmara, Western and Southwestern Turkey, East Anatolian Platoue,
and MarasHatayBlock. For each ground motion recording stain the datasethe
site-to-site variability and its standard deviation (a.k.a. the siatigon sigma) are
calculated. These results are used for developing partialhergmdic withirevent
variability models for Turkey. Another important contribution of this study is the
discussion on the spatial distribution of higaquency siteo-site variability and its
relation with surface geology and site stiffness. Finally, a preliminary evaluation of
repetabd path effects in site corrected witkement residualsare provided for
selected stations to deliver valuable guidance for fully -erxgodic GMM

developmenattempts for Turkey



1.2  Organization of Thesis

Chapter 2lescribes the ergodic assumption, clarifies the terminology used in
the fully and partiallynonergodic approach in ground motion modelling and
summarizes thprevious attempts to develop fully and partiatnergodic GMMs

that are availabla theliterature.

Chapter 3 presents the Turkish strong ground motion dataset used in the
regression analysis. Four candidate GMMs are selected, their predictive
performances are tested and necessary pieces of two selected models are modified to
make sure that thevarage event terms are unbiased. Details of this regionalization
process and the partially n@ngodic median GMMs are given in Chapter 3. This
chapter also discusses #ystematic source effeatsapped into the event terms and
provides the nowmrgodic béwveenevent variability model for Turkey.

Systematic site and path effedisserved in the withievent residualsre
discussed within the scope of Chaptebie-to-site variability and the singlstation
sigma values are calculated and presented doh etation in the Turkish strong
ground motion datasebpatial distribution ofhesite termsand single station sigma
values for high frequencies, their possible correlation with site geology and shear

wave velocity profile is examined in this chapter

Finally, the conclusions of this study are presented, and possible
future works are addressed in Chapter 5. This chapter also provides a couple

application examples to underline the findings of this study



CHAPTER 2

DEFINITION AND EVALUATION OF NON -ERGODIC APPROACH IN
GROUND MOTION MODELLING

Ground Motion Models (GMMs) and their standard deviations (also known
as the sigma or total sigma) are the biggest contributors of the estimated design
ground motions in Probabilistic Seismic Hazard Analysis (PSHA) (e.g. Strasser,
2009; Kuehn & Abrahamsor2019). Stateof-the-practice global GMMs were
developed using large global datasets that include recordings from multiple sites,
attenuating from different seismic sources (e.g., the Next Generation Atteriuation
NGA models- https://peer.berkeley.edu/ngaest or the Pafuropean GMMs
developed for the RESORCE projedhttps://www.resorcgortal.eu/). Therefore,
the standard deviations of these GMMs include the spatial and temporal variability
of ground motions due to the ergodic assumption. Ergodic gégumwas defined
by Anderson & Brune (1999) as a fArandom
random variable in space equals to the distribution of the same variable at a single
poi nt when sampled as a function of tiom
asumption by assuming that the standard deviation of the ground motion predictions
from a particular earthquake scenario does not vary spatially (or from region to
region). Consequently, the global ergodic GMMs have statistically stable estimates
of the medan ground motion, but they are penalized with a high variability (or a
large total sigma). This substantial total sigma value significantly influences the
PSHA results, especially for long return periods which correspond to the hazard
levels for importantstructures such as nuclear power plants (e.g., Bommer &
Abrahamson (2006)).



Several alternative approaches were proposed, and many attempts were made
to reduce the standard deviations of ergodic GMMs. A relatively strioghard
way of reducing the vability is to use local or regional ground motion datasets. A
decrease in total sigma i s expected, assumi
effects are more accurately modelled in local datasets (reduction in the aleatory
variability), but the reduabin in total sigma may also be achieved due to the smaller
size of the dataset (decrease in the epistemic uncertainty). Regional GMMs typically
have smaller standard deviations (e.g. Scherbatral., 2009); however, these
models are developed using a liedtground motion database that usually suffer
from the lack of neafield recordings from large magnitude events. Thus, the
magnitude and distance scaling of the regional GMMs are typically less established
and the median estimates of the GMM are stadiftyitess stable.

2.1 Repeatable Site Effects and Partially NotkErgodic Ground Motion
Models

Another promising approach followed over the last decade is developing
fully or partially non -ergodic GMMs using large regional or global datasets.
Utilizing nonergodic terms decreases the aleatory variability in the ergodic GMMs
by removing the systematic site, path, and source effects and treating them as
epistemic uncertaintyAl Atik et al., 2010) This approach leads to a GMM with
smaller aleatory variability in general, but the epistemic uncertainty would be large
in regions with sparse data, and it would be small where recordings from past

earthquakes are available.

2.1.1 Theoretical Background

Following the notation commonly used in the literature, a GMM may be

expressed by using the following form:



1T Q0 h— Y (2.1)

whereis the actual recording of the ground motion parameter of intégast, h—

is the estimation of GMM using the model coefficiertsand predictive parameters

(& ), andY is the residual of the GMM for these set of predictive parameters. In
other words,Y represents the misfit between the actual ground motion and the

model 6s medi an esti mati on.

It is possible to decompose this misfit, a.k.a. the residual, into be®vesn

(or interevent) and withirevent (or intraevent) terms:

Yy 16 16 (22)

whereY s the residual belongs to the earthqugee sitei ,1 6 is betweerevent
residual associated with earthquakeandi w is within-event residual for
earthquakeQ and sitei . As shown inFigure 2.1, betweerevent residual] (6 )
represents the average difference between the aettaabiings associated with that
earthquake and the median estimates from the GMM. On the other hand; within
event residual (® ) is the misfit between actual recording related to a specific site
and eventorrected median estimate from the GMMtheergodic GMMs, the total

standard deviation is calculated as follows:

. T (2.3)

wheree is the standard deviation of the withéwent residual§ (o ) andt is the

standard deviation dfetweerevent residual§ © ).
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for two earthquake case (Al Atik et.,£2010)

To separate systematic site effects, average waliant residual for each station
may be calculated as shown below:
1Y = 16 (24
0o

where] Y (the site term, hereafter) is the average of the wiglhient residuals

( w ) atthe statiom and0 ‘O is the total number of recordings at the statiohhe
standard deviation of the site tefm ¢/Y) is e and it is a measure of tisge-to-

site variability that cannot be explained by the GMM (Luzi et al., 2014). Using the

site term, the siteorrected withirevent residual is calculated as:



TOY T0 1 Y (25

The associated standaddviation of the siteorrected withirevent residual for a
singlestation is given in EQ. (2.6) and the total sigma forcieected withirevent

residuals is shown in Eq. (2.7), wheéréYs the number of stations:

B T

- (2.6)
00 »p

. B B 1a% 2.7)
B 00 p

Finally, the secalled single station sigma, or single station standard deviation is

computed, in a similamanner to Eq. (2.3) as:
” ° T (2'8)

The above explained process is visualized in Ktenidou et al. (2018) for a
dataset that includes relatively small number of statiBitgi(e2.2). The top figure
shows the distribution of withievent residuals and their standard deviation (

& x dor this particular dataset, the middigure presents the site term for each
station|( ’Y) and their standard deviation ( ), and the bottom figure shows the
distribution of sitecorrected withirevent residuals and their standard deviation
( @ o @It should be underlinedhat the single station sigma () calculated

by ¢ represents the partially nargodic case, where onthe systematic site
effects are taken into consideratiorand the systematic source and path effects are

not evaluated.
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Figure2.2. Calculation of sitecorrected withirevent residuals and their standard

deviations (taken frorKtenidou et al., 2018)

2.1.2 Ground Motion Models with Systematic Site Effects

The first step towards the fully nargodic GMMswas the development of

partially nonrergodic GMMs that remove the systematic-sppecific effects from

the aleatory variability without changing the median. Atkinson (2006) proposed that
the sigma for individual recording stations was less than the dv&gmha of the
GMM by using 21 stations in Los Angeles area with measuggelVdlues Figure

2.3). In this pioneering workitkinson (2006)suggested that the sigpecific sigma

can be taken as approximately 90% of the total sigma of the GMM, when the site
amplification of a specific 8 has been estimated based on either an empirical

correction or s

After 2006, several attempts were made to estimate the single station sigma
values for different regions around the world and these studies generally included a
complementary site amfitation analysisRodriguezMarek et al. (2011¢stimated

the single station sigma values using a subset of the Japanesetkidtabase and

10



proposed 16% reduction in total sigma. An important feature of theniétlatabase

is the availability of twarecording instruments, one at the surface and the other at
depths of 10200 m, for every recording station. The difference in the single station
sigma values estimated at the ground surface and within the borehole was found to
be significantly smaller #n the difference obtained from the ergodic approach,
underlining the poor representation of site amplification effects in the ergodic
GMMs. The availability of two separate recordings at the same site enabled the
authors to investigate the site amplifioateffects and to decompose the single site
variability. In the analysis, the betweerent terms were forced to be same at both
levels for each station so that souretated variability is not included in single site
standard deviation. Analysis resusfisowed that the reduction in the total standard
deviation corresponds to only 10% when the amplification was predicted using a

siteresponse analysis.

ShakeMap Events and Selected LA Stations
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Figure2.3. Earthquakes and stations in LA tare analyzed in Atkinson (2006)

Studies performed after 2011 have suggested similar sstafien sigma
values for different tectonic regimes. For example, Lin et al. (2011) have used a
dataset derived from the recording stations in Taiwan and estia#¥ reduction
in the total sigma at different spectral periddszi et al. (2014haveutilized three

different datasets from ltaly, largest one including 2805 recordings from 658 events
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recorded at 254 stations. The authors proposed that it is lgasstiecrease the total
standard deviation by 15%, when the ergodic assumption is relaxed by removing the
repeatable site effects. The reduction in sigma for three different datasets after
removing the ergodic assumption partially is showrkrigure 2.4. In Figure 2.4,

black dots represent the total standard deviation wittetgedic assumption and
black triangles represent the standard deviation after the removal of systematic site
effects. Additionally, white dots correspond to witlevent and gray dots between
event standard deviation. On the other hand, results of thesstad/ed that the total
standard deviation may decrease further (up to 30%) when a comparably smaller
area that includes only one seismic source was examined.
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Figure2.4. Reduction in sigma by the separatiof site terms using three different
datasets (taken from Luzi et al. (2014))

Zafarani & Soghrat (2017aveestimated the single station sigma values
using the Iranian strong motion stations. Their dataset consists of 1837 recordings
from 374 earthquakes recorded at 370 stations. Six GMMs were used in this study
and 15% decrease in total standard deviation e@wrred Figure2.5 shows that the
ratio of single station sigma to sigma (total standard deviation with ergodic
assumption) varies between 0-8®9 for different GMMs for Iranian dataset.
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Figure2.5. The ratio of single station sigma and sigma in different GMMs (each
bar represents a different GMiMe.g. Aeal4 is for Akkar et al. (2014) model).

The studies specific to Turkey are limited to the scientific putitina by
¢ajnan & Akkar (2019) and Douglas & Aoct
motion characterization studies of ongoi
had developed evewbrrected singkstation standard deviation and sodrce
corrected betweeavent standard deviation models that are specific to Turkey. For
this purpose, they decomposed the residuals from 11 global and regional GMMs,
which were assumed to be applicable to Turkey, and derived separate standard
deviation models for each componeiftis study had utilized the strong motion
dataset developed for the EMME Project (Akkar et al, 2014) with 1190 recordings
from 203 events recorded at 304 stations. However, the number of data points was
reduced further in regression, due to the inclusianrecording threshold (minimum
5 recordings per station)Figure 2.6). The authors have also proposed an

approximately 15% reduction in sigma, when the systersdticeffects are taken

into consideration.
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2.2 Repeatable Path Effects and Soure®-Site Variability

In addition to the repeatable site effects that are removed from the-within
event residuals in partially neergodic GMMs, repeatable source and path effects

are also considered fally non-ergodic GMMs.

2.2.1 Theoretical Background

Like the separation cfystenatic site effectérom thewithin-event residuals
( w ), systematic source effects can be isolated from the beteasam residuals

as shown in Eq. (2.9):
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— 29
o) 16 (2.9)

1 @0
whergl Q0 (the location term hereafter) is the average of betvesent residuals
at Regioni ( 6 ) and0 O is the total number of earthquakes at Rediofhe
standard deviation of the location tefm g0 ) is T and it is a measure of the
locationto-location variability that cannot be explained by the source parameters in
the GMM. Using g0 hthe locationcorrected betweeavent residual is calculated

as shown below.
165 16 1 @b (210

The standard deviation of the locaticarrected betweeavent residual for each
region is given in Eq. (2.11) and the total sigma for locatimmected betweeavent
residuals is shown in Eq. (2.12)hare( 'Yis the number of source regions in the

dataset:

B B 16

h (2.12)
B 00 p

The final step ofdeveloping the noergodic GMMs is the separation of

systematic path effects as follows:
180 —— oY (213
00
where$ 'O is the number of recordings from siteand region and] @0 (the

path term hereafter) is the average of-siierected withirevent residual at a travel

path { @Y ), which is a representation of how travel path characteristics differ
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from the median predictions of the GMM (Lanzano et al., 2017). Hence,grath

site-corrected withirevent residual is calculated as
T o 1 @Y 1 @O (2.14)
The associated standard deviation vpighth- and sitecorrected withirevent

residuals is:

) B <]()\)ﬁ
h 00

(2.15)

Subsequently, for the whole dataset, the standard deviatiopattthand site

corrected withirevent residuals is given by:

. B B B 1®r (519
p

B B 00

Finally, the fully norergodic standard deviation is calculated as follows:

.t (217)

2.2.2 Ground Motion Models with Systematic Location and Path Effects

In a ground motion database, there exist many site/path pairs from different
sourceto-site azimuths, which leads to an exhausting number of parameters for
evaluating the repeatable location and path effects. One way to overcome this
problem is to define head source regions based on the geometry of the seismic
sources and to calculate the residuals for ray paths that originate from one source
region and end at a particular site. The pioneering studitkimson (2006)also
investigated the repeatable Ipaffects for a relatively limited dataset. Sigma at a
particular station due to a specific seismic source was evaluated and it was concluded

that around 40% of the total sigma of the ergodic GMMs is associated with
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systematic site and source/path effe@tsis observation indicates that systematic

path effects contribute more to the total sigma than the repeatable site effects.

Another study was conducted Morikawa et al. (2008using the KNET
and KiK-net records to investigate the effects of magnitdg#ance, and amplitude
on the uncertainty. They identified six areas, smaller than 50 km x 50 km, with at
| east five earthquakearear siartreafadhemnso
motions recorded at individual stations coming from each spacificce area were
calculated. It should be noted that the estimated s@wezesite factors were specific
to the station and depended on the source area. Aleatory variability was reduced by
approximately 50% by averaging the sodatea site factorsatdac st at i on. ¢aj
& Akkar (2019) attempted to evaluate the location term by limiting the database to
the events originating from North Anatolian Fault Zone (NAFZ). Due to the lack of
extensive souresite pairs, repeatable path effects were not includdteiscope by
¢ajnan and Akkar (2019). However, standa

15% in some period ranges, by only considering the earthquakes from NAFZ.

A more robust way for modelling the repeatable site effects is to use the
firegion-les® ppoach. As the name suggests, it is not necessary to define broad
source regions in this approach. Instead, theargodic site, source and path effects
are captured by imposing spatial correlation between these terms. Thelesgion
approach was mostgdapted in the development of rergodic GMMs built in the

last decade.

An introductory application of the regidass approach was presentedlim
et al. (2011)or Taiwan. Their dataset consists of 4756 recordings from 64 events
recorded at 285 stations after limiting the rupture distance as 200 km and restricting
ground motion recording stations to the ones with more than 10 recordings. In this
study, the norergodic source and path terms were assumed to be spatially correlated,
and the site terms were assumed assgiezific; although, it was mentioned that they
are also likely to bespatially correlatedThe spatial correlation between the site

source pairs wa parametrized by a closeness index, which is a measure of the
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closeness of siteource pairs. The equation of the closeness index and its

components is shown Figure2.7.

EQ1

EQ2
STA K

ClLy=—-L —
TR+ Ry)/2
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Figure2.7. Components and the equation of the closeness index defined by Lin et
al. (2009)

Considering the closeness indmsures that the correlation between alpsghs is
stronger in comparison to therapart paths. At the end, rather than developing a
nonrergodic GMM, theauthorsinvestigated the reduction the standard deviation

by removing systematic site, source and gatmponentsThe results revealedah

it is possible to reduce the total standard deviation by D8%o for a single sitasing

thesingle station sigma, and by 387% for a single sitpath combination.

Villani & Abrahamson (2015havestudied repeatable site and path effects
using the empirical residualdataset fromAbrahamson et al. (2014MM and a
synthetic sebf ground motionggeneratedy CyberShakeimulations The study
was performed only for 3 econd spectrabccelerationsdue to the frequency
limitation of simulations. In thease othesite terms, the results from both dats
were generally consistenthile the variability resulted frorthe synthetic datavas
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bigger Path effectsvereevaluated using two methodke first methodlefinedgrid-
based source regions all over California and the latdsthe regionless approach
proposed by.in et al. (2011)Unlike thesite terms, empiricalataand CyberShake
simulationshad a negative correlation for more than half of the sites. Thiy stlso
guestioned the applicability of the path tereserminedrom moderatanagnitude
earthquakes to larger magnitude events. The results indliteteit is possible to
apply these path termsio < 7.5 events, however for very large magnitude esvent

(b > 8) other factors also should be considered.

Douglas & Aochi (2016wasthe only study that examidehe systematic
path effectsn GMMs for Turkey. The assessment focdsen the Marmara Sea
Region, where Kst an simulated grouhdanotens eegultingl n t h
from 156 events (all = 5), thatweresimulated at 70 stations the Marmara Sea
Region (200 x 120 kA, totaling to 10,920 ground motion time histonesreused
to derive a GMM for PGVCalculated residualwereportioned into site, source and
pathcomponentaising the methodology presentedLin et al. (2011) Theyhave
found comparably lowestandard deviations fdretweerevent and withirevent
components, probably due to the use of simulated ground motionge@anal
findings for Marmara Sea Regi@m addition to Istanbul) werelso discussednd
edges of the Marmara Sea and islands within found to produce ground motions

higher than the average.

Lanzano et al. (201 8eparated the residuals of a regional\bfdr Northern
Italy into systematic sitgpecific, locatiorspecific and patspecific components
using both regiofbased (Figure 2.8) and regiodess approach following the
methodology introduced byin et al. (2011) Their analysis included 2241
recordings from 88 events recorded at 168 sites. As 90 stations in their dadaset ha
recordings from only one source region, almost half ofthgonsverenot included
in the regioAbased analysis. The results from two methods eldd@mnilar trends
despite the use of different datasets. The lowest contribution to the totalvsagma

found to come fronthe locationto-location term, since the dataset is dortedaby
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a single seismic sequence. Average reduction with respect to total standard deviation
was37% for the regiordependent approach and 40% for the re¢gass approach,

while the maximum reductiowas 60% at 0.1 s period. Moreover, a fully Ron
ergodicPSHA for three sites based on the results of the redgpendent approach

was conducted. However, the epistemic uncertainty related to theengmalic

adjustment term#asnot accounted fan the PSHA
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Figure2.8. Events, stations and regions used in the study by Lanzano et al. (2017)

Abrahamson et al. (2018eveloped a neergodic GMM for Californighat
considerghe systematic effects explicithyA fully non-ergodic PSHAwas carried
out including the uncertainty associated with systematic effectgeali@ations for
the base (and ergodi€yMMs were derived from five NGAWest2 GMMs to
incorporate epistemic uncertainty in PSHA by placing each one of théralogic
tree. Adgustment terms, that added on top of the ergodic base GMblgtaken
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from two previous studies. In addition to the adjustment terms fakeriandwehr

et al. (2016) an additional path term, anelastic attenuation term, whnek
calculated similar t®awood & RodriguezMarek (2013)andKuehn et al. (2019)
wasincluded in this study. The newly developed fsvgodic GMMwastested with

the 2016 South Napa earthquake, whietsnot included in the database. The model
fittedthe data bettahanNGA-West2 GMMs at all distance ranges. Moreover, the
results of the PSHA calculations, the¢reperformedn three different locations in
California, one of them having very limited graimotion data and another having
relatively larger dataset, suggested important concluskmsthe sitesvhere the
number ofobserved ground motion dakasparse, the uncertainty associated with
the hazard may be even larger than ergodic motleésebre,moving from ergodic
GMMs to nonergodic ones does not ensure a decrease in the hazard. A further
conclusion or recommendation regarding the use ofangadic GMMs in PSHA, is
theinclusion of the epistemic uncertainty in rergodic GMMs. One of thpossible
improvements for the implementation of rergodic GMMs to PSHA, stated in the
articlewasthe use of integrated analysis instead of using the results of other studies.
Besides, itwas assumed that neergodic terms from small and moderate

earthqakes also apply for larger magnitudes.

Another approach is to develop a mremgodic GMM from scratch, i.e.,
without a backbone moddlandwehr et al. (2016Jeveloped a neergodic GMM
using a subset of the NGWest 2 database. In contrast to the aforeioeatl non
ergodic GMMs that adetl adjustment tersito the global models, in this studyew
model coefficientswere developed to include site, source and path effédts.
coefficients of this model viead smoothly with location, yet theywere similar for
nearby locations. The modelas based on varyingoefficient model (VCM)
regressionwhich assigaa Gaussian process (GP) prior to coefficibatsaus¢here
werenot enough data in every location to constrain the coefficients. A drawback of
this studywasthatthe path effectaverenot directional the coefficients including
path effects represent only an average distance attenuation for each event. Based on

the results and the validation with a global modekasconcluded that accounting
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for spatial effects improves the prediction and VCM is a superior alterrfative

developinga nonrergodic GMM.

The nonergodic GMMs discussed up to this pomere developed fothe
response spectral acceleration (PSayegre@applicable for the commaearthquake
engineering application®Recently Lavrentiadis et al. (20219leveloped a ncn
ergodic GMM for effective amplitude spectrum (EAS) for California. The
motivation behindhe study was interestingnlike PSa, the scalingf EAS is not
affected bythespectral shape, which enables the use of small magnitude records for
the estimation of neergodic terms for large magnitudgsvrentiadis et al., 2031
The backbone modelas selected akeBayless & Abrahamson (2018)gadic EAS
GMM to profit from its relatively large databas8imilar to Abrahamson et al.
(2019) nonergodic source and site termsere calculated following the
methodology presented randwehr et al. (2016nd norergodic path term as cell
specific anelagc attenuation followingDawood & RodriguesMarek (2013)and
Kuehn et al. (2019)

2.3 Application of Non-Ergodic GMMs in Hazard Calculations

Once the ergodic assumption in a GMM is relaxed, it is not possible to use
the ergodic mearthe specific deviations belong to a particular site, source and path
combination should be incorporated hazard calculationgLin et al., 2011)
Relaxing the ergodic assumption does not necessarily lead to a reduction in the
hazard, since not only signiaut also mean prediction modified (Lanzano et al.,
2017; Villani & Abrahamson, 2015)anzano et al. (201 @ompared the results of
PSHA for three sites in Northern Italgingergodic, partially norergodic and fully
nonergodicGMMs. The analysisvasconducted only for spectral accelerations at
0.2 and 2 s. As shown Kigure2.9, the results exhibited a strong variation from one
siteto another. The shift from ergodi@MMs to the partially or fully norergodic
GMMs resulted in a decreasehazard values at short perispectral accelerations

for all three sites. At longepectraperiods, the difference between three approaches
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for two sites was very smalUnlike these two sitesn the case of thether sitethe
results of partially and fully neergodic approaches differed significantly. In
general, moving to partially ergodic PSHA from ergodic one led to bigger changes
in hazardcurve than moving to fully neargodic PSHA fronthe partially non
ergodic oneHowever, a important drawback of this analysis is that epistemic

uncertainty associated with the rergodic terms are not considered.
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Figure2.9. Comparison of PSHA resul{sanzano et al., 2017)

Abrahamson et al. (2019) implemented a logic tree with 100 bran€iyesg2.10)

in PSHA in order to capture the epistemic uncertainty associatedtivaithor
ergodic GMM.Applied logic treeincluded100 branchesuchthat each of them is

an ergodic base GMM. The constarand coefficients of each GMM were derived
from the original base GMM.Using this approaghthe authors computed non
ergodic hazard for three sites for spectral periodof2s Figure2.11). The hazard
results for NE California site, where the data is sparse showed only a small change

because the high epistemic uncertainty eliminates the reduction in aleatory
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variability. The other two sites exhibited hazard curvegh steeper slopes,
indicating the reduction in aleatory variability. Nergodic PSHA for San Luis

Obispo site resulted in higher values for short return perkidsie2.11).
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Figure2.11. Ergodic and notergodic PSHA results for three sitgaken from
Abrahamson et al., 2019)
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CHAPTER 3

PARTIALLY NON -ERGODIC MEDIAN GROUND MOTION MODELS
AND BETWEEN EVENT VARIABILITY MODEL FOR TURKEY

A well-established ground motion database with all necessary metadata is
vital to develop fully or partially noergodic ground motion models. Therefore, the
first part of this chapter briefly summarizes the new Turkish Strong Motion Database
(N-TSMD)devé oped by Akbak et al. (2022) and p
this study. Ground motion datasets may be utilizeddevelop a norergodic
ground motion modelorto add the nonergodic terms to the median predictions
and standard deviations of arexisting model In this study, the second approach
is preferred, four NGANest2 GMMs (Bozorgnia et al., 2014) are selected as the
candidate GMMs, their predictive performances are tested using the selected subset
of Turkish ground motions, and relevantqae of the models are adjusted to ensure
unbiased median predictions. Second part of this chapter discusses this
Ar egi on apracessa Whiclo sihauld be considered as the first step of making
thesemodeld p ar t i alrlgyo.dtectiie regionalizatin, the betweervent
residuals (hereafter the event terms) arealeulated, and the spatial distribution of
the event terms is analyzed in the last part of this chapter. Based on the analysis
results, norergodic betweesevent standard deviations areoyided for different

seismetectonic regions of Turkey

3.1  NewTurkish Strong Motion Database (NTSMD)

The N-TSMD, an extensive strong ground motion database,developed
by Ak b ak . (2022) talbe used inengineering seismology and earthquake
engneering applicationdN-TSMD includes 23,018trong motios disseminated by

Disaster and Emergency Management Presidency of Turkey (AFAD) through
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https://tadas.afad.gov.tr/maftast accessed on Feb 1, 202Bat were recorded

between 883andJanuary 202and comply with théollowing criteria:

Recordings from events of o),

1
1 Recordings from events with hypocentral depths shallower than 30 km,
1 Recordings with epicentral distan@:r)) less than 200 km,

1 Recordings from events that were recorded by at least 5 stations within

RepC200 km.

Almost 85% of the743 earthquakescludedin N-TSMD may be considered as
small magnitudesvents(0 U ; however, an important portion of these events
are inthet 0 v range.Approximately half of the earthquakes are classified
asstrike-slip (SS and 30% are classified as nornfdM) events whereas thetyle
of-faulting (SoF) of almost 16% of the earthquakes in the datatsaseknown.For
accurate estimations of event location and depth, the information gathered from
AFAD were compared tdhe relocated earthquake catalogue of International
Seismological Center (ISClhis praess resulted in the updatespicentral location
and hypocentral depthformation of197 0 ¢ events Further information on

this database and compiled earthquake metadata may be faukdbna k (2@22) a |

Thed @ earthquakes (16 events indt) were evaluated cadwy-case for the
field observations of surface rupture,-sgismic slip distribution by waveform
inversion or geodetic datandthe aftershock distribution to define the finite fault
geometry The sourcégo-site distance metrics sl as rupture distance g&) and
JoynerBoore distance (R) for O @ earthquakesvere calculated based on the
eventspecific rupture planes determined by these evaluations. OFor @
earthquakes the sourcdo-site distance metrics were estimated lksing the
procedure given iKaklamanos et al. (2018nd the average values for conjugate

fault planes were provided in the database.

875 of 904 strong motion statiomscluded in NTSMD are operated by
AFAD. For these stations, station coordinates and-time¥aged shear wave velocity

atthetop30meterss( ) were compiled from AFADOGS
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that the shear wave vel oci-motiongtabmdarel es f o1

measured, wellocumented and open to public &ttjs:/tadas.afad.gov.tr/list

statior); however, the site characterization is not yet performed for relatively new

(located after 2017) statios . I n addi t i cmotioh statiohs; gelletals st r o
temporary stations that were operated by
otheri nt ernati onal organi zations had recort
earthquakes. The site characterizationsfume of these stations was performed and

the w value is available; therefore, strong motion recordings (15 records for
Kocael/ and 21 records for D¢ NETEBND. from t
Approximately 71% of the 904 stations have meastreuofiles, while thew  of

the remaining statiorsreunknown.

Figure 3.1 (a) shows the spatial distribution of the stromgtion stations
included inN-TSMD with measured or unknowm values As expected, the
network is quite dense in Marmara region, around the North Anatolian and East
Anatolian Fault zongsand in western TurkeyStations with unknowrw are
generally concentrated around the Adapazgion.Number of stations in each site
classdefined bythe new Turkish Building Earthquake Code (TBDY, 2019) is
presented irFigure3.1(b). Majority of the stations in the database are classified as
site clas«B, ZC or ZD 18071 760 m/s)and there are only a few stations in
the siteclass ZA and ZE.

Only a subset oN-TSMD is utilized in this study since some events and
recordings are eliminated due to different concerns. Recortliatgid not passhe
visual checkof Ak b a k et ard kthe ecdrdih@sar@n) eventwith unknown
SoF are removed.In addition, ecordings from events ofd 0 181 are
removed because most of these earthquakes have incomplete (or estimated) event
metadata that would result in a higher uncertainty in regression analysis. This
elimination hasreduced the number of gerdings in the dataset to ,584 and
removed 54 stationsThe number of recordings at the remaining 850 stai®ns
presentedn Figure3.1(c). Almost half of the sttions have less than 10 recordings
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therefore a stableestimation of the systematsite effects may not be possible for

these stations (¢ajnan and Akkar, 2019; Lart
Because of this concerstations with less than X8cordingsareexcludedand the

datasets further reduced td5,956 recordings from 445 strong motion recording

stations associated wiiB8 earthquakes.
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Figure3.1: (a) Spatial distribution of strong motion stationdNATSMD (with
measured and unknown Vs profile), (b) the distribution of stations among
classes according BDY, 2019 and (c) mmber of recordings per stati@N).
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The final magnitudé distance Y ) distribution of the study dataset is
shown inFigure3.2(a). Although the neasource recordings{ <10km) and large
magnitude events are rare in the dataset, it is still very extensive, especially when it
is compared with the datasets uglizin the similar studieg\kbas et al. (2022) has
provided the minimum useable frequency values for each recording, based on the
filter cut-offs used in data processinip the regressionanalysis,this minimum
usable frequencvalue istaken into considation a recording is only used in the
regression for frequencies higher than the minimum useable frequzuneyo this
limitation applied the number of recordings in tlmegressionanalysis decreases
sharply after 1s as shownkingure3.2(b) and the regression results are statistically

less stable afte8sspectral periods.
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Figure3.2: (a) Magnitudei distancel ) distribution of the study dataset
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3.2 Regionalization of Selected GMMs for Turkey

Four NGAWest2 GMMs (Abrahamson et al., 2014; hereafterKAg,
Boore et al., 2014; hereafter, BSSA14, Campbell and Bozorgnia, 2014; hereafter,
CB14, and Chiou and Youngs, 2014; hereafter, CY14) are selectemhdslate
models for this studyJsing the selected subset of ground motions freifiSWID,
the residual®f baseGMMs arecalculated and separated iftetweerevent( 0 )

and withirevent residual§ w ) (with reference to definitions given in Mtik et
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al., 2010) by employinga single randomeffects regressiorf{fAbrahamson and
Youngs, 1992)Distribution of betweerevent residuals for the ASK14, BSSA14,
CB14 and CY14 models with magnitude, depth to the top of the ruptise) (And
rake anglarepresentedn Figure3.3 throughFigure3.14 for the spectraberiodsof
0.01s, 0. and l1srespectively

Figure 3.3 - Figure 3.14show that the event terms are generally negative
(indicating ovefprediction) at high #quencies (for T=0.01 and T=0.2s plots) as
expected, while they are centered on the zero line at longer periods (T>0.75s). This
significant ovefprediction at high frequencies does not show a clear trend with
magnitude and rake angle. The events termdidree ss negati veo compar e
analysis results of Gulerce et al. (2016) for N@A models, showing that the small
magnitude scaling implemented in N&&Xest2 model fits better with the magnitude
scaling on Turkish strong ground motions. A similar obsemaior NGA-West 2
GMMs was also stated in Cagnan and Akkar (2019). On the other hand, there is a
strong trend in the distribution of event terms with=dor ASK14, CB14 and CY14
models. It should be noted that this trend is not visible in BSSA14 mbdel t
employs Rg as the sourceo-site-distance metric and does not have a separaie Z
term. The negative trend increases witlarZup to 20km and then stabilizes as the
Z7or scaling of shallow crustal models are typically capped at 20km.

This observation indicates that theog scaling implemented in NGAVest
2 models is not compatible with thec scaling in NTSMD and the base models
should be modified (or regionalized for Turkey) before analyzing the systematic
source, site, and path effects. The underlying reason for this incompatibility is not
clearly recognizable, however, might be relatethtostress drop quhe effect of
U gronnd motion variability has gained increased attention in the last decade
(e.g., Baltay et al., 2013; Cotton et al., 2013): recent studies relate the stress drop
with the depth of the rupture area and betweemt residuals (Satoh and Okazaki,

2016; Oth et al., 2017), findirgclear regional correlation betwgeth a n d. U

Thed  scaling of theASK14 model is given by
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QO C T
GO YQE D ¢ QA

(3.2
where @ “Y is the perioedependentregression coefficients and the period
dependency ab Y is shown inFigure3.15. A similar functional form is selected
for the®  adjustment for Turkey as shown in Eg. (3.2) and the new regression
coefficient @0  "Y) is estimated for 21 spectral periods varying betweenr001
sec(please seFigure3.15(a)for an exampldt at T=0.1 sec residuals of the ASK14
mode). Estimatel coefficients are smoothed to maintain a smooth spectral shape as
shown inFigure 3.15 (b). Figure 3.15 (c) compares the original and estimated
regression coefficients for the  scaling. According to this figure, the ; Y
coefficient tries to reverse the appliéd scalirg for the ASK14 modeland the
total®  scaling of the modedfter the adjustment is very close to zero. In the light
of this comparisorinstead of adding Eq. (3.2) to the ASK14 modelhe scaling
implemented by the original model is remowennpletely
Q@ )
@ W5 YQ D ¢ QA (3.2
CTm O YQE® ¢ TG

Thed  scaling of the CY14nodel has the following functional form:

. @ o
© XTRET A® tom O (3.3)

Unlike the ASK14 mode| the ® and magnitude effects were not treated
independently in regression for the CY14 model. Because the amount and linearity
of the negative trend in the residual plots of ASK14 and CY14 models were quite
comparablethe @  scaling implemented by the original CY14 model is also
removed After these modifications, the distribution of event terms with magnitude,
@ and rake angle is glotted and presenteth Figure 3.16 - Figure 3.21 for
ASK14 and CY14 models. It should be noted that no corrections are applied to the
BSS14 and CB14 modelBor further analysis, the regionalized ASK14 and CY14
models will be usedsathe base GMMs.

31



I
1

-
- - -
. -
o TS PR gt .
2 -
A BRI O E T
- "
1 R E TR R B -
2P fgia"2. 3.
'G 1 1 1 1 1 1 1 1 1
3 35 4 4.5 5 55 B 6.5 7 Ta 8
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Figure3.11: Distribution of ezent terms](6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor ASK14 atT= 1s

T T T T T T T T T

&0 =154 -120 -80 -60 =30 a 30 [2M] an 120 150 180
Rake (")
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Figure3.17: Distribution of ezent terms]|(6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor CY14 atT= 0.01s after the
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Figure3.19: Distribution of ezent terms]|(6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor CY14 atT= 0.2s after the
@  correction
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Figure3.20: Distribution of ezent terms](6 ) with moment magnitude)( ),
depth to the top of the ruptur@( ) and rakeanglefor ASK14 atT= 1safter the
@  correction

Figure3.21: Distribution of ezent terms]|(6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor CY14 atT= 1safter the
@  correction
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According to Figure 3.16 - Figure 3.21, removing the®

scaling

implemented in the riginal ASK14 and CY14 models resulted in a significant

improvement in theegative trenslin the residual§.heimprovements more visible

at smaller periods where the effectif

negative trend persistespecially for moderate to large magnitude events with

relatively smallerd

the style-of-faulting.

scalingis stronger. However, a sligit

values This negative trend still seems to ibdependent of

To ensure the unbiased dibuition of the event terms small additional
adjustmentis applied to ASK14 and CY14 models in form oflaght shiftin the

mo d e | constants.

Thi s

change

n

t he

similar to the regional constants applied tokl@A-West2 GMMs for regions other

than Western US. For this adjustmethte average of thevent termg] 6 ) are

calculated foreach periodblue dots inFigure 3.22) and smoothed as showvith

the red lines oFigure3.22. The positive values aft@=3s are ignoredsthe number

of recordings decreases significantly at these perfiter. this final adjustment, the
distribution of event terms of TRdjusted ASK14 and CY14 GMMs are-
calculated andoresented inFigure 3.23 through Figure 3.28, showing that the

distribution of between event residuals with magnitdagle, and rake angle arew

unbiased, especially for CY14 model. For ASK14 model, the residuals of small

magnitude (ando

>20km) events are now slightly positive.

Average of Event Terms

——Smoothed

Event Terms

——Smoothed

Average of Event Terms

Event Terms

10

(b)

Figure3.22: The adjustment applied to the between event residfiédy ASK14,
(b) CY14 models in form of a constant shift.
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Figure3.23: Distribution of ezent terms](6 ) with moment magnitude)( ),
depth tathe top of the rupturel{ ) and rakeanglefor TR-Adjusted ASK14 at
T=0.01s

Figure3.24: Distribution of eent terms]|(6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor TR-AdjustedCY14 at
T=0.01s
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Figure3.25: Distribution of ezent terms](6 ) with moment magnitude)( ),
depth to the top of the ruptureé ( ) and rakeanglefor TR-Adjusted ASK14 at
T=0.2s

Figure3.26: Distribution of eent terms]|(6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor TR-AdjustedCY14 at T=
0.2s
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Figure3.27: Distribution of ezent terms](6 ) with moment magnitude)( ),
depth to the top of the ruptureé ( ) and rakeanglefor TR-Adjusted ASK14 at
T=1s

Figure3.28: Distribution of eent terms]|(6 ) with moment magnitude)( ),
depth to the top of the rupture ( ) and rakeanglefor TR-AdjustedCY14 at
T=1s
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3.3  Spatial Distribution of Event Terms and BetweenrEvent Variability

Model for Turkey

To analyze the locatieto-location variability in regression that eaptured
by the betweemvent randoneffects groupthe colorcodedevent terms] (6 ) for
the regiomlizedGMMs are plottedver geology constructed from 1/500.000 scaled
geological mapof Turkeypublished by General Directorate of Mineral Exploration
and Research (MTA)n Figure3.29 throughFigure3.36, the spatial distribution of
1 6 for TR-Adjusted ASK14 and TRAdjusted CY 14nodelsatfour spectraperiods
(T=0.01s 0.2s 1s and 2Zs are provided with warm colors showing positive
(underestimation) and cool colors showing negative {egémation) event terms.

According to these figures:

1 The spatial distribution of event termg fi@gionalized ASK14 and CY14
models are very similar to each other for each spectral period, indicating that
the applied adjustments to the original models remove the rspdeific
source scaling effects.

! Majority of the event terms lies betweed25< 1 6 <0.25 (in In units,
shown by green points) for longer periods (T=1 and 2 sec); while the number
of 1 6 values out of this range is significant short periods This
observation is somehoin accordancevith the physics behind the ground
motion estimations: theource characteristics ameore dominant at higher

frequencies and not as controlling at longer periods.
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Figure3.34: Spatial distribution of event termis{ ) for TR-Adjusted CY14 at

period 1s
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24°E

1 Spatial distribution of short period event terms for both GMiMew some

noticeable geographic correlatiomased on thee observations, five main
domains asMarmara, Western Anatolia, Southwestern Anatolia, East
Anatolian Plateau, artievi ci ni ty of A ma rae defined d
(andnumbered afegion #,2,3,4 and Srespectivelyrs showrn Figure
3.37. Due to the sparse distribution of events,dwonains are defined for
Central Anatolia and Black Sé¢ocks

Marmara region and East Anatnli Plateawlominatedclearly by positve
and negative event terms, respectively. Most of the earthquakes in the
Marmara region are undestimated (in average, independent of the station)
by the TRadjusted ASK14 and CY14 models, even if these models are
unbiased for the complete Turkish dah Similarly, majority of the
earthquakes occurred in the East Anatolian Plateau areestigrated (in
average, independent of the station) by thealiRisted ASK14 and CY14
models.In general, the event terms lean towards positive in the vicinity of
Ma raaress \Bdsterc Anatoliaa attetin towards

Amanos and

negative in Southwestern Anatolia.
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Figure3.37: Main domains selected to represent the locatbelocation variability

in regionalized ASK14 and CY14 GMMs
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! The average valuesiob are calculated at 21 spectral periods for these five
domains and presentedfigure3.38(a) andFigure3.39%a) for TRadjusted
ASK14 and CY14 models, respectively. Estimated averages are in good
agreement with the visual interpretations. The averapefor Region#1
(Marmara) and Region#4 (Amasiaras Blocks) are quite positive at
shortto-medium periods (T<lsec) and reaches to almost zero at longer
periods. Region#2 (Western Anatolia) also has positive aveagealues
at shorter periods. For these regions, the ground motions will be
undeestimated if the regionalized T&ljusted ASK14 and CY14 models
are utilized in seismic hazard assessment. Theoretically, observed
underestimations within these regions can be linked to high earthquake stress
drops. It is worth to note that these regionteiact widely with older
geologic terranes such as metamorphic core complexes and ongoing
deformations are highly partitioned by active fault systems which may
explain the origin of high stress drop events.

1 The average 6 values for Region#3 Southwetern Anatolia and
Region#5 East Anatolian Plateaware negative for short periods, reaching
to zero after T>1sec. If the regionalized -&8Rjusted ASK14 and CY14
models are utilized in seismic hazard assessment for these regions, the
ground motions will b overestimated. Both East Anatolian Plateau and SW
Anatolia are controlled by dynamic mantle processes including slap-break
off and tearing that results in relatively hot and weak lithosphere displaying
high seismic attenuation. Thus, observed overesomsain these regions
can be linked to earthquakes with lower stress drops likely associated to
reduced stress state.

1 ComparingFigure 3.38(a) andFigure 3.3%a) shows that the average of
positive domains (Regions 1, 2, and 4) are higher folatdRsted ASK14
when compared to Tadjusted CY14. Similarly, the average of negative
domains (Regions 3nd 5) is more negative for FRdjusted CY14 when
compared to TRadjusted ASK14. This difference is related to the average
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1 6 values for the whole dataset: due to the slightly positive residuals of
regionalized ASK14 model in small magnitude eventstdte average 6

is not zero at shorter periods (broken black lind-igure 3.38(a)). This
observation underlines the need for using multiple GMMs in hazard

estmations to capture the epistemic uncertainty.
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Figure3.39: Regional averages of event term$ () for TR-AdjustedCY 14

Figure 3.40(a) andFigure 3.41(a) compares the betweement standard
deviations(a.k.a thet values) estimated from theeNSMD with the betweemvent
standard deviations of the original ASK14 and CY14 models. BdiMs have

magnitude dependent, linear and smoothetbdels with break points at M=5 and
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M=7, therefore, thg values for M>7 and M<5 earthquakes are provideBigure
3.40(a) andFigure3.41(a). The betweervent standard deviations calculated from
the full datasetd0.6 In units) are significantly higher than the betweeant
variahlity embedded in the original models (varying betweer@33In units). An

initial attempt of comparing the betweerent variabilities was made by in Gulerce

et al. (2016) for NGAWestl GMMs using a relatively small Turkish strong motion
dataset. Gulercet al. (2016) had calculated thealues varying between 0@8 (In

units) for four NGAWestl models with no clear magnitude dependence and not
applied any corrections to thevalues.Figure3.40(a) also compares the estimated

T values with the betweesvent standard deviations of Kale et al. (2015) GMM
(called hereafter KA15) (digitized from Cagnan and Akkar, 2019), showing that the
new t estimates are very similar to tffeestimates of Cagnama Akkar (2019),
especially at short periods. This reduction in the betvexemt variability over the

last 67 years is related to the improvements in the compiled event metadata and the
changes implemented in small magnitude scaling of N&Z&st 2 GMMs. Nw
estimates oft do not have a clear magnitude dependence as well; however, stable

enough for developing a betweewent variability model for Turkey.

Figure 3.40 and Figure 3.41 shows anincreasein the T at short periods
whichhasalsobeen observed in other datasets and has beentcadtleel 6 6td @ mp i n
(Abrahamson and Gulerce, 2022). As discussed in detail in Abrahamson and Gulerce
(2022), here is no clear physical reason for betweerevent variabilityto have a
large increase around T = 0.1s.is more likely that regional siteffects (e.g.
differences in the higfrequency attenuationpanifest itself in th¢ 6 term. It
should be noted that thie6 b u mig 6bsenved irFigure 3.40 andFigure3.41 are
much less prominent that the bump in the NG#4bduction dataset. Following the
simplification applied to thef-model by Abrahamson and Gulerce (2022), a
magnitude indegpndentt-model is proposed for TRdjusted ASK14 and CY14
models as shown iRigure 3.40(a) andFigure 3.41(a) with the red line, which is

applicable to Turkey in general.

54



In addition to thef-model applicable to Turkey, regi@pecific magnitude
independent neergodict-models are developedrf&egions 15 by smoothing the
data points irFigure3.40(b) andFigure3.41(b) and presented iRigure3.40(c) and
Figure3.41(c). Please note th#ie regiorspecifict values are generally lower than
the TRspecifict values.The level of reduction iri is different for every region: for
example, Region 5 has up 25% lower standard deviations at short periods as
compared to the values from thR-specific modelOn the other hand, no reduction
can be observed for Region 4 up to 0.1 sc@umlto the limited number of events in
this region the values exhibit abreormal behavior after 0.3s. Since the abnormal
values are caused by the lack of sufficient number of events, these values are ignored
at the smoothing stef\s discussed in the previous sectitim effect ofsource
parameterbecome lesprominent whichlimits the extent of the& reductionat long
periods The region specifi¢ values are equal to the T3pecifict valuesafter T=1s
spectral periodsof both models The regiorspecific T-model coefficients are

summarized imable3.1.
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Figure3.40: Standard deviation of betwearvent residualét) (a) for the whole
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Figure3.41: Standard deviation of betweavent residualét) (a) for the whole
dataset beforeemoving systematic source effeaiscomparison with the
original ASK14, CY14 and KA15 models based on EMME dataset (digitiz
from ¢aj nan an doreadhkdedimed regoi® aft&movirigb )
systematic source effts (c) smoothed modelsfor TR-AdjustedCY 14 model.

57



009°'0  |009°0 [009°0 [009°0 [009°0 |009°0 {0000 |000°0 {000°0 [000°0 {000°0 [000°0 |000°0 {0000 |000°0 [0000| OT
0090  |009°0 [009°0 [009°0 |009°0 |009°0 [000°0 |000°0 |{000°0 |000°0 |{000°0 [000°0 {000°0 {0000 {0000 [0000| S'Z
009°'0  |009°0 [009°0 [009°0 |009°0 (009°0 0000 |000°0 {000°0 |000°0 {000°0 [0000 |000°0 {0000 |000°0 [0000| S
0090  |009°0 [009°0 |[009°0 |009°0 [009°0 0000 |000°0 |000°0 |000°0 |000°0 |000°0 |000°0 [000°0 |000°0 [000°0| ¥
009°'0  |009°0 [009°0 |[009°0 [009°0 [009°0 [000°0 |000°0 |000°0 |000°0 |000°0 |000°0 |000°0 |[000°0 {0000 [000°0| €
009°'0  |009°0 [009°0 [009°0 |009°0 (009°0 [ETO°0- [ETO"0- [ETO°0- [ETO"0- [ETO°0- [000°0 |000°0 {0000 |000°0 [0000| ¢
009°'0  |009°0 [009°0 |[009°0 |009°0 |009°0 |SE0°0- [0T0"0- |SE0°0- [0T0"0- |000°0 |000°0 |000°0 [000°0 |000°0 [090°0| S'T
0090  |009°0 [009°0 |009°0 |009°0 |009°0 |S20°0- |SO0°0 |S20°0- |S00°0 |SS0°0 [000°0 |S20°0 |[000°0 |S20°0 [09T0| T
009'0 (2650 |009°0 |009°0 |[009°0 |009°0 |0TT'0- |0€0°0 |0TT'0- |0€0°0 |00T 0 [0TO"0-|SET'0 [0TO0-|SET'0 [0€2°0| S0
0090  |T8S°0|009°0 [009°0 [T65°0 |009°0 |06T°0- |T80°0 |SZT°0-|S90°0 |#9T°0 [090°0-|0TZ 0 [090°0-|002°0 [0ZE0| SO
0090  |S25°0|009°0 0090 |S85°0 |009°0 [TSZ'0- |STT'0 |0TZ°0- |080°0 |{002°0 (00T 0-|S22°0 [690°0-|SEZ°0 [08E0| ¥°0
009'0  |29S°0|009°0 [009°0 [6/5°0 |009°0 [92€°0- |¥2T°0 |S¥2'0- |S60°0 |0S2°0 [0ST 0-|08€°0 [690°0-|0.2°0 [087'0| €0
0090 (2950 |009°0 |S6S°0 |S/S°0 |S6S°0 |6¥77°0- |0TZ'0 |S92°0- |00T'0 |822°0 [82T°0-|09%°0 [690°0- |00€°0 [Z¥S0| G20
009'0  |9S5°0 [009°0 8850 [695°0 (885°0 |0€5°0- |092°0 |S82°0- |[TTT'0 |02€°0 [STZ'0-|0¥S°0 [690°0-|62€°0 [029°0| 20
0090  |6¥5°0|009°0 |085°0 |[£95°0 0850 |0T9°0- |0EE°0 |00€°0- |SZT°0 |0LE°0 [022°0-|0€9°0 [690°0-|S8E°0 [0£9°0| STO
009'0  |8€S°0|009°0 8950 |[€S5°0 (8950 |0S9°0- |S6E°0 [0TE'0- [8ET'0 |0TH'0 [89€°0-(899°0 [880°0- |#9€°0 [0S9°0| T'0
009'0  |0€S°0 [009°0 |6SS°0 |L¥S°0 |6SS°0 [009°0- (26€°0 |082°0- |T9T'0 |80%°0 [T2€0-{229°0 [220°0- |#9€°0 [LE9°0 | G200
0090  |6TS°0|009°0 |L¥S0|[LES0 |L¥S 0 [2TS0- |S9€°0 [22°0-|202°0 |TOV'0 [252°0-|025°0 [090°0- |#9€°0 [0T9°0| SO0
009'0  |S0S'0 [009°0 [2€S°0 |SZS'0 |2€S°0 |09%°0- |00€°0 [0TZ'0- |28T°0 |€8€°0 [SE2°0-|2TS 0 [£G0°0- |#9€°0 [¥6S°0 | €00
0090  |¥6%°0|009°0|02S°0 |9TS 0 |02S°0 |0S+°0- |262°0 [¥0Z°0-|28T°0 |08E"0 [€€2°0-|T8%°0 [050°0- |#9€°0 [T6S0| 200
009'0  |S/¥°0|009°0 |00S°0 |00S 0 [00S°0 [0S0~ |062°0 |002°0- |28T°0 |08€°0 [€€2°0-|SS¥°0 [050°0- |#9€°0 [TLS°0| TO0
G Bay ¥ Bay £ Bay [z oy [T bay |g by | Bay (€ Bay [z Bay [T Bay |5 Bay [ Bay |¢ Bay g Bay [T Bay
loyoads-y 1 poLed

¥TADVTHSY paisnlpe-y1

121 #TAD paisnipe-y1

127 #TIMSY parsnipe-y 1

AaxIn] 1o} sjapow AlljigelreA uoledo|-axoiedo] syl Jo SIUsIdIya0) T'Eajqel

58



CHAPTER 4

NON-ERGODIC GROUND MOTION MODELS FOR TURKEY -
ASSESSMENT OF WITHIN-EVENT RESIDUALS

This chapter focuses on thealysisof the within-event residual§ w ) of
TR-adjusted ASK14 and Tadjusted CY1l4models forsystematic site and path
effects. For this purposedistribution of1 w with Vs3o before and after the
separation okite terms|( ¢Y) is discussedfocusng on the availability ofthe
measured Y3 value for the statiariThe standard deviation sfte termga.k.a the
single station sigmas calculatedand compared with the findings of Cagnan and
Akkar (2019).Proposediecrease ithestandard deviatioaf within-event residuals
and consequently itotal sigma () due tothe separation of systematic site effests

presenteénd discussed

The dense strong motion station network in the study dataset enhéled
evaluation of a possiblerelation between thesstimatedsite termsand local
geological conditionswhich is provided in the second part of tbiepter Special
attention isgivento the regions with systematically positive or negasite terms
A susceptibility analysis for he identified regional trends in thsite termsis

conductedy assuming constadt  values for each station.

The final step througlthe developmentof & f u |l |-/ gha@VIM i6
the analysis of systematath effectsTo capturehesystematic path effégarising
from particular seismic sources ttosely space@roup of recording stationghe
azimuthal distribubn of the site-corrected withirevent residuals] Y ) are
evaluatedwith the help of rose diagramghis chapter only includes a preliminary
analysis of systematipath effectsfor selected set of statioms Turkey (a.k.a the
Bodrum stations)and the caseswvhere thesite terms( &’Y) are significantly

negative or positiveDue to the computational complexity and the lack of clear path

59



effects in most of the stations, it is not attempted to separate path effects from the

site corected withinevent residual§  "Y ) in this study.

4.1  Systematic Site Effects in the WithirREvent Variability

The ste term 7 Y , in simple wordsjs the average athe within-event
residualg] w ) ata recordingstation.Therefore] Y is ameasure of thaverage
misfit of the recordings at a specific station from the ewentected median
predictiors of GMM. This misfit may beassociated with therror in thesite
parametershat are includeth the GMM (for this sudy, theerror in®w , may be
related to the site amplification scaling implemented in the modehay indicate
other local site characteristics that were nddflectedin GMMs with simple

predictive parametstike @

Out of the 45 recordingstationsin the dataset (se€hapter 3.1 for
details), theshear wave velocity profile &40 stations were measurég different
geophysical survey$or the remaining stations, theayvalueswereestimatedrom
the topographysing theA US GS Map Vi e wleased tool\Wwdd and
Allen, 2007)by Akbas et al. (2022)The ste termsestimated fronilR-Adjusted
ASK14 and TRAdjusted CY14 GMMs are plotted agairnst for 10 different
spectral periodsand given in Figure 4.1 through Figure 4.4. The error in the
estimated and measuredyvalues may be significantly different; therefore, the
distribution of site terms with 340 is evaluated separately in Figures-4.4 The
left columnin each figure belongs to the sites whose value was determined
based on a measurement, whereas the sites at the right columndhavestimate

only.

The ste terms both forthestationswith estimatecandmeasuredy , do not
exhibit a clear trend witlo  within the comfort zone of the GMMs230 m/s
>w > 800 m/s). Thesite termsare slightly negativefor w ¢ o7,

indicatingoverall (independent of magnitude and distamms&yprediction at softer
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sitesand positivdor @ >800 m/s, indicatingverallunderprediction for rock/hard

rock sites. Trends on the rock/hard rock sites are persistent for both measured and
estimatedw casesw >800 m/sis very close to the upper prediction limit of
USGS w Map Viewer wekbased toql therefore, it isnot clear if the
underpredictions related to an error ithew estimate or not. On the other hand,
trend in thesite termseems tancrease almost linearly after T=0.5s for the sites with
measuredv . It is possible that the scaling in he original ASK14 and CY14
models may be different than tlie scaling ofthe ground motions iN-TSMD. A

similar inconsistency was observed by Gulerce et al. (2016), but towards

overpredictiorfor NGA-W1 models
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T

5528
8525,
.

o

»!

oo 1000 2000

85525
s

8525,
s

oo 1000 2000 “foo 1000 2000

8528
s

6528,
s
L o
.
4
o 3,
.
P 20
e
.
. .
o® ®
.

5528,
5528,

‘oo 1000 2000 oo 1000 2000
\;'530 (m/s)

T=05s

8525,
s

8525,
s

_'100 1000 2000 _'100 1000 2000
\I_,JO (m/s) Vs:m (m/s)

Figure4.1: Distribution of site termg &Y with w; for TR-Adjusted ASK14 at
T=0.01s, 0.05s, 0.1s, 0.2s and 0.5s

The picture changes completely onceshstematic site effectse separated

from thewithin-event residual( w ) by simply subtracting the site teraif the
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corresponding statiofrom the within-event residualsThe distribution of site
corrected withirevent residuals] (Y ) are compared with thevithin-event
residualsbeforethe site correctionin Figure 4.5 throughFigure4.8. As shown in
thesefigures the d¢ight biasthat exised before the site correctiols completely
diminishedafter the systematic site effects are separdtetiould be noted théhe
slight positive trend invithin-event residual§ @ )vsw graphs Figure4.5 and
Figure4.6) is identical with thene detected in thgte terms] &Y vsw graphs
(Figure4.1 throughFigure4.4).

T=0.75 s (Measured Vs30) ; T=0.75 s (Estimated Vs30)
.

8525
8823,
L )
.

2
1
4}
1

“foo 1000 2000

8528
s

6528,
s

.
“foo 1000 2000 “foo 1000 2000
VS,30 (m/s)

T=15s

_-'--'“‘

., ". . & .

8528
s
8525,
s
=)

“foo 1000 2000
V530 (m/s)

T=2s

ealet ¢

5525,
8525,

“foo 1000 2000 “foo 1000 2000

8528

s
5528,

s
L o o N

“foo 1000 2000 “foo 1000 2000
Vﬁ‘ (m/s) sz (m/s)

Figure4.2: Distribution of site termg &Y with w;; for TR-Adjusted ASK14 at
T=0.75s, 1s, 1.5s, 2s and 3s

Standard deviationsf ste-corrected withireventresidualqa.k.a. the single
stationsigmaore ;) are calculated at each station and provided in Appekdiix
4 spectral periodDistribution ofe ; with @ is provided inFigure4.9 through

Figure4.12for different spectral periods and for two -Hdjusted GMMsAs shown
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in thesdfigures * | isindependentofth® anda | mo st dO&dnbeth farn t
sites with estimated and measuced valuesfor bothGMMs.

Figure4.13(a) andFigure4.14(a) compare thetandard deviatiaof within-
event residuals () calculated irthis study with the magnitle-dependent -models
of the original GMMs For the sake of comparison, only theeglars -models of the
original GMMs are used. The original ASK14 model has a magnitude and period
dependent mukliinear « -model with two break points at M=4 and M=6, whereas
the CY14 GMM has a more complex form for thenodel and two break points at
M=5 and M=6.5¢ values calculated in this stud®.6-0.7 In units)are larger than
thee values of originalGMMs (Figures 4.13(a¥.14(a)) as in the case of standard
deviations of betweeavent residual{t) (Chapter 3 Like the betweerevent
variability, thewithin-event variabilityestimated foiTR-adjusted A&14 and TR
adjusted CY14 models are very close to each dthhéd-TSMD. Estimatec values
for TR-adjusted ASK14areclose to the small magnitude values of the original
GMM, while theestimated values for TRadjusted CY14 modelresignificantly

larger than the values of the originahodel
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Figure4.3: Distribution of site term§ &Y with @y for TR-Adjusted CY14 at
T=0.01s, 0.05s, 0.1s, 0.2s and 0.5s

Cagnan and Akkar (2018pd also utilizedSK14 and CY14 models in their
study to calculatéhe+ values Figure4.13(b) andFigure4.14(b)) andthe results
from both studiesrevery similar, excepfor the contradicting trends after T=1s.
There is aeductionin « after T=1sin original modeldor small magnitudeas in
thecase of this study. On the other hand, for larger magnitudes Méleies increase
after T=1s similar to the findings ofCagnan and Akkar (2019). Since the study
dataset includes mostly small magnitude events, the proportion of the large
magnitude evestis probably lowethanthe EMME dataset. This might be the
underlying reason for the different trend2 imfter T=1s.

It should be underlined thdia separation of systematic site effects from the
aleatory variability enabled &% reductionin « at shortperiodsandup to 3@o

reduction atongerperiods, as shown igure4.13(c) andFigure4.14(c).» values
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are presented solely for comparison purposes, as for the fully or partiakyrgaadic
GMM prediction, the sitespecific withinevent standard deviation j should be

used The calculated values are in good agreement with the findings of Cagnan
and Akkar (2019).
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Figure4.4: Distribution of site termg &Y with @y for TR-Adjusted CY14 at
T=0.75s, 1s, 1.5s, 2s and 3s
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Figure4.5: Before the site correction: Distribution of with@vent residual§ @ )
with @y for TR-Adjusted ASK14 at T=0.01s, 0.2s, 1s and 5s
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Figure4.6: Before the siteorrection: Distribution of withirevent residual§ @ )
with wy for TR-Adjusted CY14 at T=0.01s, 0.2s, 1s and 5s
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Figure4.8: After the site correction: Distribution of site corrected withirent
residuals](w "Y ) with w, for TR-Adjusted ASK14 at T=0.01s, 0.2s, 1s and 5s
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Figure4.9: Distributionof site-corrected withirevent residualstandard deviation
(* r)withwp for TR-Adjusted ASK14 at T=0.01s, 0.05s, 0.1s, 0.2s and 0.5s

Figure4.10: Distribution of site-corrected withirevent residualstandard deviation
(* {)with oy for TR-Adjusted ASK14 at T=0.75s, 1s, 1.5s, 2 and 3s
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