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ABSTRACT

LOGIC TREE FOR GROUND MOTION CHARACTERIZATION OF THE
VERTICAL COMPONENT: A CASE STUDY BASED ON UPDATED
TURKISH GROUND MOTION DATABASE

Agha Alipour, Nima
Master of Science, Earthquake Studies
Supervisor: Assoc. Prof. Dr. Zeynep Gulerce
Co-Supervisor: Assist. Prof. Dr. Mustafa Abdullah Sandikkaya

September 2019, 81 pages

Two approaches are used to develop the vertical design spectra in Probabilistic
Seismic Hazard Assessment (PSHA): performing the PSHA for the vertical
component using vertical ground motion models (GMMs) and utilizing the V/H ratio
GMNM s to scale the horizontal spectrum during or after the hazard calculations for the
horizontal component. This study intends to develop a new framework for building
the vertical ground motion logic tree that combines both vertical and V/H ratio GMMs
in the PSHA analysis. The main objectives of this study are: (i) to compile a reliable
and up-to-date strong ground motion database for Turkey (TSMD), (ii) to choose the
V/H ratio and vertical GMMs that are consistent with the magnitude, distance, depth,
and site amplification scaling of the updated TSMD, and (iii) to combine the selected
vertical GMMs with the V/H ratio models to provide the ground motion
characterization logic tree for vertical ground motion component in Turkey. For this
purpose, the TSMD is updated with the recordings from the earthquakes occurred
between 2008 and 2015, including the Mw=6.1 Elazig and Mw=7.2 Van earthquakes.
Updated TSMD contains 2698 recordings with the earthquake metadata, source-to-
site distance metrics for the recordings, measured shear wave velocity profiles for the

recording stations, and spectral accelerations for horizontal and vertical components.



Four candidate V/H ratio GMMs (Gulerce and Abrahamson, 2011; Gulerce and
Akyuz, 2013; Akkar et al., 2014; Bozorgnia and Campbell, 2016) together with four
candidate vertical GMMSs (Bozorgnia and Campbell, 2016; Stewart et al., 2016; and
Gulerce et al., 2017 and Cagnan et al., 2017 model) are selected and the model
predictions are compared with the actual data in the updated TSMD using the analysis
of the residuals and data-driven techniques. Analysis results of V/H ratio GMMs
showed that the median predictions of the V/H ratio GMMs proposed by Gulerce and
Akyuz (2013), Akkar et al. (2014), and Bozorgnia and Campbell (2016) are
compatible with the V/H ratios in the updated TSMD. Analysis results of vertical
GMMs depicted that the magnitude scaling of Cagnan et al. (2017) model and the
depth scaling of the Bozorgnia and Campbell (2016) model are inconsistent with the
updated TSMD. Additionally, small magnitude (SM) scaling of Stewart et al. (2016)
and Gulerce et al. (2017) GMMs should be modified for a better fit with the Turkish
dataset. Trellis plots of SM-modified Stewart et al. (2016) and SM-modified Gulerce
et al. (2017) vertical GMMs and selected VV/H ratio models multiplied by NGA-West
2 and TR-adjusted NGA-W1 horizontal models are used to determine the logic tree

weights for the proposed vertical ground motion characterization logic tree for Turkey.

Keywords: Updated Turkish Strong Motion Database, V/H Ratio Ground Motion
Models, Vertical Ground Motion Models, Compatibility Analysis, Logic Tree Weight

Factors
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Oz

DUSEY BILESEN iCiN YER HAREKETI KARAKTERIZASYONU
MANTIK AGACI: GUNCELLENMIS TURK YER HAREKETI
VERITABANINA DAYALI BiR VAKA INCELEMESI

Agha Alipour, Nima
Yuksek Lisans, Deprem Calismalari
Tez Danigmani: Dog. Dr. Zeynep Giilerce
Ortak Tez Danismani: Dr. Ogr. Uyesi Mustafa Abdullah Sandikkaya

Eylil 2019, 81 sayfa

Olasiliksal Sismik Tehlike Analizi (OSTA)'da dikey tasarim spektrumunu gelistirmek
icin iki yaklagim kullanilmaktadir: ilk yaklagimda dikey yer hareketi tahmin modelleri
(GMM'ler) kullanarak dikey bilesen icin OSTA'y1 gergeklestirilir, ikinci yaklagimda
ise yatay bilesen i¢cin OSTA hesaplamalar1 sirasinda veya sonrasinda yatay spektrumu
Olceklendirmek i¢in V/H oran1 GMM'lerini kullanilir. Bu ¢alisma, Tirkiye i¢in OSTA
icerisinde hem dikey hem de V/H orani tahmin denklemlerini birlestiren bir dikey yer
hareketi mantik agacini olusturmay1 amaglamaktadir. Bu ¢alismanin temel hedefleri:
(1) Turkiye i¢in gilivenilir ve giincel bir kuvvetli yer hareketi veritaban1 (TSMD)
derlemek, (i1) glincellenmis TSMD'nin deprem biiyiikliigii, mesafesi, derinligi ve
zemin blyitme Olgeklemesi ile tutarli olan V/H orami ve dikey yer hareketi
modellerini segmek, (iii) Tiirkiye'de dikey yer hareketi bileseni icin bir yer hareketi
karakterizasyonu mantik agaci olusturmaktir. Bu amagla, TSMD, 2008-2015 yillar
arasinda meydana gelen depremlerin kayitlar ile (Mw = 6.1 Elaz1g ve Mw = 7.2 Van
depremleri de dahil olmak iizere) gilincellenmistir. Giincellenmis TSMD, deprem
verisi, kayitlar i¢in kaynak-saha mesafesi Ol¢limleri, kayit istasyonlar1 i¢in Olgiilen
kayma dalgas1 hiz1 profilleri ve yatay ve dikey bilesenler icin spektral ivmelenmeler

ile birlikte 2698 kayit icermektedir. Dort aday V/H orant modeli (Gulerce ve

vii



Abrahamson, 2011; Gulerce ve Akyuz, 2013; Akkar ve digerleri, 2014; Bozorgnia ve
Campbell, 2016) ve dort aday dikey yer hareketi modeli (Bozorgnia ve Campbell,
2016; Stewart ve digerleri, 2016; ve Gulerce ve digerleri, 2017 ve Cagnan ve digerleri,
2017 model) secilmis ve model tahminleri, artiklarin analizi ve veriye dayali teknikler
kullanilarak giincellenmis TSMD'deki gergek verilerle karsilagtirilmistir. V/H orant
modellerinin analiz sonuglarina gore, Giilerce ve Akyiiz (2013), Akkar ve dig. (2014)
ve Bozorgnia ve Campbell (2016) V/H oran1 modelleri, giincellenmis TSMD'deki V/H
oranlar1 ile uyumludur. Dikey GMM'lerin analiz sonuglarina gore, Cagnan ve dig.
(2017) modelinin buytkluk o6lgeklendirmesi ve Bozorgnia ve Campbell (2016)
modelinin derinlik 6l¢eklendirilmesi, giincellenmis TSMD ile tutarsizdir. Bunlara ek
olarak, Stewart ve dig. (2016) ve Gulerce ve dig. (2017) GMM'lerinin kiiciik
depremler i¢in deprem biiyiikligii (SM) 6l¢eklendirmesi , TSMD’ye daha iyi uymalari
icin degistirilmelidir. Tiirkiye i¢in Onerilen dikey yer hareketi mantik agacinda, SM-
degistirilmis Stewart ve dig. (2016) ve SM-degistirilmis Gulerce ve dig. (2017) dikey
yer hareketi modelleri ile se¢ilmis V/H oran1 modelleri ve bu modeller i¢in belirlenmis

mantik agact agirliklar yer almaktadir.

Anahtar Kelimeler: Giincellenmis Tiirk Kuvvetli Hareket Veri Tabani, V/H Orani Yer
Hareketi Modelleri, Diisey Yer Hareketi Modelleri, Uyumluluk Analizi, Mantik Agaci
Agirlik Faktorleri
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CHAPTER 1

INTRODUCTION

Ground motion characterization efforts in Turkey and across the globe, have generally
included horizontal component of strong ground motion and paid less attention to
vertical component due to less damaging nature of it. However, in recent years,
multiple studies (Bozorgnia et al.,, 2016) have been issued and shed light on
importance of vertical ground motion in seismic design of: (i) critical structures like
nuclear power plant and dams, (ii) tall and base-isolated buildings and long-span
bridges and (iii) short period ordinary structures with short source-to-site distance on
soil sites. The ground motion models (GMMs) for the horizontal component for
Turkey have been developed since 1990s (Douglas, 2011) and detailed discussions
related to previous horizontal predictive models can be found in Kale et al. (2015).
Recent studies by Gilerce et al. (2016), Sandikkaya (2017), and Kale (2019) discussed
the compatibility of the strong motions recorded in Turkey with the global horizontal
GMMs, using the initial or re-visited versions of Turkish Strong Ground Motion
Database (TSMD) by Akkar et al. (2014a). Incompatibilities between the global
GMMs and Turkish strong motion dataset in small-to-moderate magnitude scaling,
large distance scaling, and site amplification scaling were encountered during the
evaluation of the residuals, indicating that the GMMs for the vertical ground motions
or vertical to horizontal (\V/H) ratio should be compared to the Turkish dataset for
building a ground motion characterization logic tree for the vertical ground motion

component.

To obtain the dependable results, having reliable strong ground motion database is a
necessity in order to utilize it for testing the compatibility of V/H ratio and vertical
GMMs in terms of magnitude, distance, site amplification, and depth scaling. Strong

ground motions recorded during the earthquakes that occurred between years 1976



and 2007 in Turkey were gathered and compiled together with the relevant earthquake
and site metadata as the Turkish Strong Ground Motion Database (TSMD) by Akkar
et al. (2010) and Sandikkaya et al. (2010). During the compilation of the Reference
Database for Seismic Ground-Motion in Europe (the RESORCE database), Akkar et
al. (2014a) revisited the earthquake metadata provided in TSMD (re-visited TSMD).
Between years 2008 and 2018, a considerable amount of strong motion accelerograms
from low-to-moderate magnitude events have been recorded and these recordings are
available in AFAD’s website (The Republic of Turkey Ministry of Interior Disaster
and Emergency Management, last accessed in August 2018). However, provided
waveforms are not processed nor are the earthquake metadata compiled for these
recordings. A preliminary effort to add these recordings to the re-visited TSMD was
presented in Sandikkaya (2017) and horizontal components of the recordings from
3.5<Mu< 6 shallow crustal (depth < 30 km) earthquakes that occurred between 2008
and 2015 were compiled to investigate the magnitude scaling of Turkish GMMs for
the horizontal component. One of the main goals of this study is to finalize what
Sandikkaya (2017) has started: to update the TSMD for covering the recordings until
the end of 2015, both for the vertical and horizontal ground motion components in a
consistent manner with the re-visited TSMD.

Two approaches have been used commonly by developers for creating vertical
models; developing model independently for prediction of the vertical component of
ground motion or by using existing V/H ratio GMM to scale horizontal GMM.
Therefore, this study intends to develop a framework for building the vertical ground
motion logic tree that properly captures the epistemic uncertainty considering the
center and the range of the model predictions by evaluating the differences in the
median predictions of the candidate vertical and V/H ratio GMMs with the regional
ground motion datasets using analysis of model residuals and data-driven approaches.
We have chosen the updated TSMD for data-driven evaluation of the candidate
GMMs mainly because it is an independent dataset (as defined by Mak et al., 2017)
for most of the candidate models and it includes sufficient amount of data from small-



to-moderate magnitude earthquakes for a range of source-to-site distances and site

conditions.
1.1 Research Statement and Problem Significance

Several up-to-date vertical and VV/H ratio ground motion models (GMMs) for different
shallow crustal and active tectonic regions were proposed in the last recent years.
These efforts considerably increased the number of available models and may lead to
a change in the ground motion characterization logic trees utilized in the probabilistic
seismic hazard analysis (PSHA) for the vertical ground motion component. When sets
of vertical and V/H ratio GMMs are combined in PSHA, differences in the median
predictions of selected models might have a substantial impact on the ground motion
estimates, depending on the horizontal GMMs utilized in the PSHA. Because the up-
to-date vertical GMMs are only recently proposed, median vertical spectra based on
recent vertical GMMs and V/H ratio models multiplied by horizontal GMMs were not
compared and the differences were not discussed elsewhere. Also, ongoing feasibility
and site licensing studies for the Akkuyu and Sinop Nuclear Power Plant sites clearly
underlined the need for the guidelines of estimating the vertical design spectrum in
the Probabilistic Seismic Hazard Assessment (PSHA) studies conducted in Turkey.
Overall objective of this study is to propose a ground motion characterization
framework to be used in the PSHA studies in Turkey for the vertical ground motion
component. There are four main components of the proposed framework: (i) the
updated strong motion dataset for Turkey, (ii) selection of the V/H ratio GMMs that
are consistent with the Turkish strong motion dataset (iii) choosing the vertical GMMs
that are compatible with the Turkish strong motion dataset and selected V/H ratio
model predictions and (iv) providing a complete logic tree with weights at different

period bands.
1.2 Limitation of Previous Studies

Several alternative vertical and V/H ratio GMMs were developed for shallow crustal

and active tectonic regions in the last decade. Table 1.1 (Cagnan et al., 2017 and



Douglas, 2018) lists, in brief, the name of vertical and ratio GMMs which have been
published so far. However, the number of up-to-date vertical and V/H ratio GMMs for
shallow crustal and active tectonic regions is rather limited, especially when compared
to the number of horizontal GMMs for the same tectonic regime. Therefore, to finalize
the selection of candidate GMMs, emphasis put on most recent global models with
available predictive variables and period range up to ten seconds. Also, GMM
selection criteria proposed by Cotton et al. (2006), Bommer et al. (2010), and Stewart
et al. (2016) for horizontal GMMs are utilized to select candidate models for this
study. Only one of early-stage GMMs developed for Turkey, the Gulkan and Kalkan
(2002) model, predicts for the vertical ground motion component. The accompanying
V/H ratio model (Kalkan and Giilkan, 2004) was developed using the VV/H ratios from
100 ground motions recorded during 47 events that occurred in Turkey between the
years of 1976 and 2002. Kalkan and Gulkan models was eliminated because (i) model
coefficients were provided only up to 2s, (ii) generic site classification (site dummies)

were utilized for the site amplification scaling.
1.3 Scope of the Thesis

Figure 1.1 shows the scope of thesis as a flowchart. First Chapter is dedicated to
general overview of current study. Second Chapter explains the compilation process
of updated TSMD, filtration of raw strong motions and statistical information of
metadata. In Chapter 3, candidate VV/H ratio ground motion models are selected and
their consistency with updated TSMD, regarding the magnitude, distance, depth, and
site amplification scaling are tested using the analysis of the residuals and other data-
driven techniques. In Chapter 4, candidate vertical ground motion models are selected
and their consistency with updated TSMD, regarding the magnitude, distance, depth,
and site amplification scaling are tested using analysis of the residuals. Also, small
magnitude correction of selected vertical models are presented in this chapter. In
Chapter 5, final selected V/H ratio and vertical GMMs are combined to provide the
ground motion characterization logic tree for vertical ground motion component in

Turkey to be implemented in the PSHA studies.
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Table 1.1 Published Vertical and V/H ratio GMMs

Vertical Ground Motion Models

Year Publishers Data Source
1982 | Campbell, K.W. W.U.S. & Global
1989 | Abrahamson, N. A., & Litehiser, J. J. W.U.S. & Global
1989 | Trifunac, M.D., Lee, V.W. W.U.S. & Global
1993 | Bozognia, Y., Niazi, M. W.U.S.
1996 | Sabetta, F. Italy
1997 | Abrahamson, N. A., & Silva, W. J. W.U.S. & Global
1998 | Ansary, M. A., Yamazaki, F. Japan
2003 | Campbell, K. W., & Bozorgnia, Y. W.U.S. & Global
2003 | Berge-Thierry, C., Cotton, F., et al. Europe & California
2003 | Ambraseys, N. ., & Douglas, J. W.U.S. & Global
2004 | Kalkan, E., & Giilkan, P. Turkey
2005 | Ambraseys, N. N., Douglas, J., Sarma, S. K., & Smit, P. M. Europe & M.E
2008 | Cauzzi, C., & Faccioli, E. Japan
2016 | Bozorgnia, Y., & Campbell, K. W. Global
2016 | Stewart, J. P., Boore, D. M., Seyhan, E., & Atkinson, G. M. Global
2017 | Gulerce, Z., Kamai, R., Abrahamson, N. A., & Silva, W. J. Global
2017 | Cagnan, Z., Akkar, S., Kale, O., & Sandikkaya, A. Global
Vertical to Horizontal Ground Motion Models
Year Publishers Data Source
1996 | AMBRASEYS, N. N., SIMPSON, K. A., & BOMMER, J. J. Europe & M.E
2003 | Ambraseys, N. ., & Douglas, J. W.U.S. & Global
2004 | Bozorgnia, Y., & Campbell, K. W. W.U.S. & Global
2004 | Kalkan, E., & Giilkan, P. Turkey
2011 | Gulerce, Z., & Abrahamson, N. A. (GA2011) Global
2011 | Edwards, B., Poggi, V., & Fah, D. Japan & Switzerland
2011 | Bommer, J. J., AkKar, S., & Kale, O. Europe & M.E
2013 | Gulerce, Z., & Akyuz, E. ( Turkey-Adjusted GA2011) Global
2014 | Akkar, S., Sandikkaya, M. A., & Ay, B. Europe & M.E
2016 | Bozorgnia, Y., & Campbell, K. W. Global

*W.U.S= Western United States, M.E= Middle East




CHAPTER 2

EXTENDING THE TURKISH STRONG GROUND MOTION DATABASE (TSMD)

Strong ground motions recorded during the earthquakes occurred between 1976 and
2007 were gathered and compiled together with the relevant earthquake and site
metadata as the Turkish Strong Ground Motion Database (TSMD) by Akkar et al.
(2010) and Sandikkaya et al. (2010). In 2014, Akkar et al. (2014) revisited the
earthquake metadata of TSMD and added only the moderate-to-high magnitude
earthquakes occurred after 2008 (e.g. 2010 Elazig (Mw=6.2), 2011 Simav (Mw=5.9),
2011 Van (Mw=7.1) and Edremit (Mw=5.9) earthquakes) to TSMD within the context
of Reference Database for Seismic Ground-Motion in Europe (RESORCE) which is a
product of Seismic Ground Motion Assessment project (SIGMA). Between years
2008 and 2015, a considerable amount of strong motions recorded during low-to-
moderate magnitude earthquakes in Turkey were accumulated. These recordings are
available in AFAD’s (The Disaster and Emergency Management Presidency of
Turkey) website but the provided waveforms are not processed nor are the earthquake
metadata compiled for these recordings. In this chapter, the data compilation
procedure is explained in step by step manner, mostly focusing on the efforts for
extending the TSMD.

2.1 Compilation of Strong Ground Motion Database

AFAD’s Strong Motion Database of Turkey contains 479 earthquakes My > 3 that
occurred between years of 2008 and 2015 with the spatial distribution given in Figure
2.1. All recordings from these earthquakes are gathered; however, events or records
with following characteristics are eliminated: (i) events with focal depths more than
30 km, (ii) events with My < 3.5, (iii) events with unknown style-of-faulting, (iv)

records with source to site distance greater than 200 km, (v) stations with unknown



average shear wave velocity profile of the top 30m (Vs30) and (vi) events with less
than three recordings. After this preliminary elimination, 1189 recordings from 162
earthquakes are compiled and added to TSMD. Additionally, 268 recordings from the
recent Ayvacik earthquake swarm (between 2015 and 2017) that satisfies the
conditions above are included, leading to 1457 strong motion recordings from 184
events. The event location information (epicentral coordinates and focal depth) is
obtained from AFAD’s database. Magnitude values and the fault plane solutions are
retrieved from Global CMT (http://www.globalcmt.org/CMTsearch.html), Regional
Centroid Moment Tensor (http://rcmt2.bo.ingv.it/) and GFZ Moment Tensor
(http://gfzpublic.gfz-potsdam.de) databases. The style-of-faulting is determined by
applying of P- and T-axes definitions provided by Boore and Atkinson (2007, Table
2.1). Source to site distance metrics calculated from the fault plane solutions based on
methodology offered by Akkar et al. (2014): (i) finite-fault distance metrics computed
by double couple solutions, (ii) nucleation point assumed at the center of the fault, (iii)
fault dimensions determined by Wells and Coppersmith (1994) equations, (iv) Joyner-
Boore and Rupture distances calculated by Kaklamanos et al. (2011) procedure
proposed for two planes, (v) arithmetic average of the distances computed from 2
planes calculated. Figure 2.2 shows the distribution of the earthquakes and records
attributed to the normal, reverse and strike-slip earthquake mechanisms. Majority of
the earthquakes were found to have normal and strike-slip mechanisms; whereas, only
a few reverse events were determined, consistent with the spatial distribution of

events.

Table 2.1 Boore and Atkinson (2007) Procedure

Fault Type P-axis Plunge T-axis Plunge
Normal Ppi >40 T <40
Reverse Ppi<40 Tpi>40

Strike-slip Ppi<40 Tpi<40

*: plunge of the P- and T-axes of the double-couple fault-plane solution




When the recording stations are classified into NEHRP site classes (BSSC, 2015); it

is observed that more than 90% of the records and stations belong to Class D
(180<Vs30<360) and Class C (360< Vs30<760) (Figure 2.3).
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2.2 Strong-Motion Data Processing

Raw strong ground motion recordings contain a certain amount of noise due to
multiple reasons. These noise-contaminated recordings must be evaluated and
corrected before using it in any earthquake engineering application. It is impossible to
eliminate the noise completely in order to recover the original signal, but the noise-
inclusion can be reduced to an acceptable amount. Douglas (2003) mentioned that the
noise has two separate origins; non-standard and standard errors. Noise related to non-
standard errors could not be cured by common processing techniques and must be
analyzed by visual inspecting of each time history. Non-standard records include
signals from multiple shocks (MS), high-frequency spikes (SP), S-wave trigger (SWT)
issues, insufficient digitizer resolution (IDR), insufficient sampling rate, early
termination of coda, and clipping of accelerograms (Douglas, 2003). MS, SP and IDR
were the most encountered errors during the visual inspection of the recordings added
to TSDM. MS-related errors were fixed by visually selecting and separating the main
shock signal from the afteshock signal. SP-related errors were treated by replacing the
acceleration ordinate of the spike with the average of the accelerations on either side

of the spike. 25 recordings were eliminated from the compiled dataset because of
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insufficient digitizer resolution. Figure 2.4 shows an example of the recordings

eliminated from the database due to insufficient digitizer resolution.
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Figure 2.4 Example of the recordings eliminated from the database due to insufficient
digitizer resolution (Raw Record# 20111029222-4902; N-S: north-south, E-W: east-west,
U-D: up-down).

Same procedure which was employed for processing of TSMD (Akkar et al., 2010) is
also followed in the processing of the compiled dataset for consistency. After the
visual inspection of each recording for non-standard errors, zeroth-order correction is
applied to each recording. The low-cut (high pass) and high-cut (low-pass) filter
values are determined by an iterative procedure that monitors the behavior of the
Fourier amplitude spectrum as well as the velocity and displacement time series
(Boore and Bommer 2005; Akkar and Bommer 2006; Douglas and Boore 2011).
Figure (2.5) displays the acceleration, velocity and displacement time series for an
example recording (east-west component of Record# 20080112150644-1005). The
unphysical appearance of velocity and displacement time series is a sign of the

existence of standard errors in the recording. Low-cut and high-cut filter values were
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chosen as 0.15s and 40s, respectively. Figure (2.6) presents raw and processed (band-
pass filtered by chosen filter values) FAS for the same record and Figure (2.7) depicts
the band-passed time series of the same record based on chosen filter corners. Low-
cut filter values are selected carefully because they directly affect the usable spectral
range and inappropriate low-cut filter values may lead to the loss of the major part of
the accelerometric information. Theoretical corner frequency line (ASO0 line)
proposed by Atkinson and Silva (2000) is used to check the selected low-cut filter
values. Figure (2.8a) shows that all points are located below the ASOO line and the
preferred low-cut filter values are in expected correlation with magnitude. Please note
that the majority of recorders are modern digital instruments which provide a

significantly good match with the theoretical line.
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Figure 2.6 Raw and processed FAS for the East-West component of Record#
20080112150644-1005.
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20080112150644-1005.
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The maximum usable period for each recording is calculated by taking the inverse of
1.25 times the low-cut filter value. Figure (2.8b) presents the number of recordings as
a function of maximum usable period. It is observed that the number of records
reduces significantly for periods larger than 3s. The response spectra of vertical and
two horizontal components are calculated and the geometric average of horizontal
components are used in calculations (Akkar et al., 2006, Boore et al., 2005, Douglas et
al., 2011).
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Figure 2.8 (a) Distribution of low cut filter values with magnitude and comparison with the
theoretical corner frequency line, (b) period dependence of number of ground motions
based on the lowest useable frequency (compiled dataset).

2.3 Discussion of the Updated TSDM (Merged Database)

When the TSMD is updated with the additional recordings summarized above, the final
updated database contains 2698 recordings from 672 earthquakes. The magnitude-
distance distribution of the updated TSMD for peak ground acceleration (PGA) is given
in Figure 2.9. Figure 2.9 shows that the majority of strong ground motion recordings in
the original TSMD belonged to 5<Mw<6.5 events recorded at distances more than 30
kilometers; therefore, near-field recordings of large magnitude events which are critical
from engineering design point of view were limited. Also, the number of recordings for

Mw<5 earthquakes, which play an important role in defining the regional magnitude
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scaling were not sufficient (Giilerce et al., 2016; Sandikkaya, 2017). Updated TSMD
includes substantially more recordings from small magnitude events and the number of
near-field recordings is improved in the moderate magnitude range. Figure (2.10a) and
(2.10b), show the number of recordings in each magnitude and distance bin for the post-
and pre-2008 recordings and the merged database. These figures confirm that there is a
significant enhancement in distribution of data in moderate magnitude range together
with an increase in near-source recordings which is suitable for testing the applicability
of V/H ratio and vertical GMMs in Turkey.
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Figure 2.9 Distribution of magnitude-distance pairs for PGA (original TSMD and new
recordings are represented by blue triangles and red circles, respectively).
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Figure 2.11 displays the number of recordings as a function of maximum usable period
for the updated TSMD, pre-2008 recordings (original TSDM), and compiled dataset
(2008-2017). It is observed that the maximum usable period for original TSDM has a
significant drop at around 2 seconds spectral period. This drop is observed at 3 seconds
in the compiled dataset and at 4 seconds for updated TSMD. Therefore, the maximum
usable period range is significantly improved resulting in almost 117 percent increase

in the number of recording.

Figure 2.12 shows that more than 90% of events and relevant recordings in the updated
TSMD belong to strike-slip and normal style of faulting classes and only less than 5%
of the events can be classified as reverse events, in correlation with the major tectonic
structure of Turkey. According to Figure 2.13, majority of recordings, events or
stations are classified as Class D (180<Vs30<360) and Class C (360< Vs30<760).
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Figure 2.11 Number of recordings as a function of maximum usable period for updated
TSMD (Merged Database), original TSMD and compiled dataset.
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CHAPTER 3

EVALUATION OF VERTICAL TO HORIZONTAL RATIO GROUND MOTION
MODELS

The ground motion models (GMMs) for the horizontal component ground motions for
Turkey have been developed since 1990s (Douglas, 2011) and detailed discussions
related to previous horizontal predictive models can be found in Kale et al. (2015).
Recent studies by Giilerce et al. (2016), Sandikkaya (2017), and Kale (2017) discussed
the compatibility of the strong motions recorded in Turkey with the global horizontal
GMMs, using the initial or re-visited versions of TSDM. Incompatibilities between
the global GMMs and Turkish strong motion dataset in small-to-moderate magnitude
scaling, large distance scaling, and site amplification scaling were encountered during
the evaluation of the residuals, indicating that the GMMs for the vertical ground
motions or vertical to horizontal (\VV/H) ratio should be compared to the Turkish dataset
for building a ground motion characterization logic tree for the vertical ground motion
component. Therefore, four candidate vertical GMMs proposed by (Gulerce and
Abrahamson, 2011; Gilerce and Akyiz, 2013; Akkar et al., (2014b) and Bozorgnia
and Campbell, 2016) are selected and their compatibility are tested utilizing the
updated TSDM in terms of above mentioned scalings. Different data testing
procedures based on the analysis of model residuals are employed to evaluate the

performance of the selected candidate models.
3.1 Selection of Candidate Ground Motion Models

Only one of early-stage GMMs developed for Turkey, the Gllkan and Kalkan (2002)
model, predicts for the vertical ground motion component. The accompanying V/H
ratio model (Kalkan and Giilkan, 2004) was developed using the V/H ratios from 100

ground motions recorded during 47 events that occurred in Turkey between the years
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of 1976 and 2002. On the other hand, several alternative VV/H ratio GMMs were
developed for shallow crustal and active tectonic regions in the last decade. Table 1.1
lists, in brief, the name of vertical and ratio GMMs which have been published so far.
The GMM selection criteria proposed by Cotton et al. (2006), Bommer et al. (2010),
and Stewart et al. (2016) for horizontal GMMs are utilized to select four candidate
V/H ratio models for this study. Global VV/H ratio models proposed by Gilerce and
Abrahamson (2011; GA2011) and Bozorgnia and Campbell (2016; BC2016,
superseding the Bozorgnia and Campbell, 2004 model) were built using the NGA-
West 1 (Chiou et al., 2008) and NGA-West 2 (Ancheta et al., 2014) databases,
respectively. The pan-European model proposed by Bommer et al. (2011) was updated
by Akkar et al. (2014b; ASA2014) using the RESORCE database. Gilerce and Aky(iz
(2013; GA2013) proposed the Turkey-adjusted version of the GA2011 V/H ratio
model; the functional form of the model is the same as that of GA2011 model but
some of the coefficients were adjusted using the original version of TSDM. Models
proposed by Edwards et al. (2011) and Poggi et al. (2012) do not cover the full range
of site conditions: they are developed only for rock and soft sites, respectively.
Therefore, these models are not included in the candidate model list. Kalkan and
Gulkan (2004) V/H ratio model was also eliminated because: (i) model coefficients
were provided only up to 2s, (ii) generic site classification (site dummies) were
utilized for the site amplification scaling. Eventually, four candidate GMMs (GA2011,
GA2013, ASA2014, and BC2016) are selected for testing within the scope of this
study. Tables 3.2 and 3.3 summarize and compare the main features of the candidate
models; e.g. datasets used for development, applicability ranges, independent
parameters, etc. The spectral shapes for the median estimates of the candidate GMMs
for M6 and M7 earthquakes at 30 km for generic rock (Vs30=800 m/s) and soft
(Vs30=180 m/s) sites are compared in Figures 3.1 and 3.2, respectively (the other
descriptor parameters are given in the figure captions). According to Figures 3.1 and
3.2, the variability in the median predictions of the models is more pronounced for
rock sites, especially for the short periods. In the middle period band (0.1-1 sec), the
median estimates of each model are closer to each other.
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Table 3.1 Functional Forms of the Candidate VV/H Models

+fhyp +fdip +fatn

Candidate General Functional Form (for median) Development Method
GMM
GA 2011 |4 Regression on V/H ratio
In (E) = fMag,Rrup + fflt + fsite g values
GA 2013 AN . Only the adjustment
In (ﬁ) = frtagrrup ¥ Jrie + Jiee coefficients are regressed
for
ASA 2014 |4 Regression on V/H ratio
In <ﬁ> = fMag,ij + fflt + fiite g values
% Vertical and horizontal
BC 2016 In (E) = fMag + erup + fflt + fuw t fsite T fsea models were developed

individually, ratio was
calculated and regressed

Notes: Abbreviations used in the table are: Mag: moment magnitude, Site: site amplification, flt:
faulting mechanism, Ryp: rupture distance, Rj»: Joyner-Boore distance, HW: hanging wall effect**,
sed: basin response effects, hyp: hypocentral depth, dip: dip angle, atn: large distance attenuation.

*Same functional form but some of the coefficients are TR-adjusted (TR.Adj).
**Hanging-wall effects included in this model are neglected in our study.

Table 3.2 Properties and Applicability Ranges of the VV/H Models

General Information Applicability Range
Distance SIPECETE]
Candidate D Number of Number period
GMM il recordings of events N TR range range
(km)
(sec)
GA 2011 PEER-NGA W1 2684 127 5-8 0-200 0-10
Built by PEER-
2684
GA 2013 NGA W1, 127 (288) | 5-8(4-8) | 0-200 0-10
(Modified by (1142)
TSMD)
ASA 2014 RESORCE 1041 221 4-8 0-200 0.01-4
BC 2016 PEER-NGA W2 6989 282 3-8 0-300 0-10

* Numbers in parenthesis represents the number of events and recordings that were used to modify

GA2011
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For rock sites, the amplitudes of GA2011 and ASA2014 models are pretty similar and
the GA2013 and BC2016 models give the highest and the lowest estimates,
respectively (Figure 3.1). The GA2013 model represents the upper bound because the
constant term of the GA2011 model was modified with a positive shift in the short
periods due to the trends observed in the original TSMD (Gllerce and Akytiz, 2013).
Figure 3.2 shows that the median estimates of GA2011 GMM, which includes a
significant non-linearity in the site amplification model, is lower than the median
estimates of GA2013 and BC2016 models. An interesting observation is related to the
peaks of the spectral shapes: the peaks are observed at 0.06-0.07s spectral periods for
GA2011 and GA2013 models, while the peak is shifted to higher periods in ASA2014
model, especially in soft soil conditions. The tendency of the peak of BC2016 model
is completely opposite, the peak is around 0.1s for hard rock sites but it shifts to shorter
periods (0.07s) for the soft soil sites. Differences in the shape of the V/H ratio at high
frequencies and the periods of the peak could be related to the differences observed in
the high frequency attenuation parameter (kappa) in the vertical and horizontal
components (Ktenidiou et al., 2014). However, the number of studies that provide
kappa values for vertical and horizontal components is too limited to draw general
conclusions for the tendency of the peak in the VV/H ratio models.

3.2 Analysis of the Model Residuals

To evaluate the misfit between the model predictions and the actual ground motion
data, median estimations of each candidate model are computed using the predictive
parameters in the updated TSMD. The total residual, denoted by Rijk, is the difference
between the natural logarithm of the observed ground motion ajjx and the model
prediction, pij from the i event at the j™" station at period k (Eq. 3.1). Then, using the
two-step regression method, the total residuals are decomposed into three
components: the mean offset (ck) representing the average bias of the actual data
relative to the model predictions in each period, inter-event (@) and intra-event (Tjik)
residuals (e.g. Scassera et al. 2009; Al-Atik et al. 2010).
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Rij = In(aijx) —In(pij) = cx + Djic + Tiji (3.1)
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To check the compatibility of the magnitude and depth to the top of the rupture (Ztor)
scaling of the candidate models with the updated TSMD, the inter-event residuals are
plotted with respect to My and depth to the top of the rupture (Zwr) for PGA, T =0.07s,
0.3s, and 1.0s spectral accelerations in Figures 3.4-3.11, respectively. The analyses
were performed 12 other spectral periods but these periods are selected since they
(approximately) represent the positive and negative peaks of the VV/H ratio vs. period.
In each figure, the inter-event residuals for strike-slip, reverse and normal events are
given by red, black and green symbols; whereas, the average of the residuals is shown
by pink lines. Similarly, the distribution of the intra-event residuals with the record
parameters such as rupture/Joyner-Boore distance and Vszo is given in Figures 3.4-
3.11. Figures 3.4-3.11 show similar trends in the inter-event residuals vs. magnitude
plots for all candidate models except BC2016: negative residuals are observed for
Mw>6.5 events for periods up to T=0.3s, indicating the overestimation of short period
V/H ratios for large magnitude events. A similar trend was observed by Gtlerce et al.
(2016) for the horizontal ground motion component however, the dataset used by
Gulerce et al. (2016) had only a limited number of My>6.5 events. BC2016 model,
representing the lower bound in Figures 3.1-3.2, does not show any systematic
negative bias in the large magnitude scaling. Average residuals of the models are
generally positive for small magnitudes, especially for Mw<4 events. This tendency is
less pronounced in BC2016 and ASA2014 models. In general, the inter-event
residuals for all models lie very close to the zero line, especially after T=0.3s;
however, a slightly positive trend is observed in the residuals of GA2011 model after
T=1s for Mw<6.5 events. Distribution of the inter-event residuals with Ztor imply that
the depth scaling of all models are consistent for Zir <15km. An insignificant positive
trend is visible for Zwr >15km, which could be related to the cut-off values in the Zior
scaling of the models to avoid unconstrained extrapolation. However, the positive
trend in the residuals of BC2016 model is very noticeable after T=2s indicating a
significant difference in the Zwr scaling of the model from that of the updated TSMD
at long periods. Distribution of intra-event residuals with distance suggests no trends

within the applicability range of the selected models, except for a small negative trend
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in the 0-10 km observed between T=0.05-0.2s. It should be underlined that the data in
this distance range is very limited to indicate any systematic bias. The site
amplification scaling of all models are consistent; distribution of residuals indicates
no systematic bias in the distribution residuals. The residuals are slightly on the
positive side for T<0.75s, then becomes negative in very soft sites (Vs30=100-200m/s).
Amount of reverse events and recordings from these events in the updated TSMD are
limited; however, the distribution of the residuals with any of the model parameters
does not show a significant variation with style-of-faulting. The mean offset values
(ck) for the candidate GMMs are compared in Figure 3.3. The mean offset values for
GA2013, ASA2014 and BC2016 models are quite small through all spectral periods.
The maximum misfit is obtained in the GA2011 model, consistent with the
observations from the residual plots. The lower magnitude limit of the GA2011 model
(Table 3.2) is higher than all other candidate model, which has a negative effect on
the model’s performance for predicting the ground motions in updated TSMD that
mostly includes small magnitude events. GA2011 model’s constant term was
modified for GA2013 model based on the mean offsets calculated by using the original
TSMD; therefore, the mean offset values of GA2013 model given in Figure 3.3 is
smaller than GA2011 and close to that of ASA2014 model.
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Figure 3.3 Distribution of mean offsets for each candidate model
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3.3 Data Testing and Ranking Approaches

Inaccurate selection and ranking of ground motion models could have a substantial
effect on seismic hazard analysis results, especially because ranking scores are
generally used for assigning logic-tree weights. For sake of true interpretation of
candidate GMM’s performance, the residual analysis should be combined by data-
driven (ranking) approaches. Among these ranking methods, Likelihood (LH)
(Scherbaum et al., 2004), log-likelihood (LLH) (Scherbaum et al., 2009), and
Euclidean Distance-Based Ranking (EDR) (Kale and Akkar, 2013) methods have

been used in the recent international projects (e.g. the SHARE project).

The LH method was founded on the basis of likelihood concept. Since predictive
GMM s are lognormally distributed, the natural logarithm of each prediction made by
the candidate GMM and the normalized residuals (calculated by subtracting log of
model predictions from the log of the observed data and dividing by the candidate
model’s standard deviation) follow normal distribution. LH index calculates the
exceedance probabilities of residuals at a specific period. Median of the all LH values
at specific period, a.k.a. the ranking value or the LH index, is used for comparison
purposes. LH index value varies between 0 and 1 and for best case scenario it takes
the value of 0.5. The related formula is shown at Equation 3.2: Zo is the normalized
residual for a particular observation, u|Zo| is the likelihood of an observation to be
equal to or larger than Zo and ERF is the error function acronym (Scherbaum et al.,
2004). LH method results affected by sample size and personal decision making
regarding classes and thresholds and it is unable to quantify the eligibility of standard
deviation predicted by candidate GMMs (Scherbaum et al., 2009; Kale et al., 2013).

LH(Zo]) = 2 x u(|Zo|) = ERF (@oo) (3.2)

LLH method is a modified version of the LH method for overcoming previously
mentioned drawbacks. This information-theoretic selection procedure makes use of
the log-likelihood method for calculating the Kullback—Leibler distance which

represents the amount of information loss between two candidate models (Delavaud
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et al., 2009). Therefore, LLH method calculates the average log-likelihood of
candidate GMMs together with the occurrence probability of the actual data using
GMMs’ distribution to produce related LLH index (Scherbaum et al., 2009). Lesser
LLH index means that candidate GMM has better prediction ability. Beauval et al.
(2012) showed by synthetic data analysis that LLH indexes within a range of 1.5 to
1.6, represent very good model performance, however, indexes greater than 3 to 4
indicate poor model performance. The LLH method might favor candidate GMMs
with larger standard deviation which could lead to misjudgment (Kale and Akkar,
2013). The related formula is shown at Equation 3.3 in which N is the number of
observed ground motion data, xi, and g(xi) is the probability density function of the

predictions (assumed as normal distribution).
1
LLH = 52?’:110g z(g(xi)) (3.3)

EDR method is constructed based on Euclidean distance concept in a way to overcome
the drawbacks of previous ranking methods (LH and LLH). For that reason, the
standard deviation (aleatory variability) effect is calculated by MDE (modified
Euclidean distance) index and model bias effect is determined by Kk (Kappa) index
separately. The optimum value for K is 1 and it means that misfit between observations
and predictions of candidate GMM is minimal. The EDR index is computed based on
both MDE and Kappa indexes. The separation of aleatory variability and model bias
effects from each other is useful for PSHA studies with different objectives (regional
or site-specific). Smaller EDR index means that candidate GMM has better
performance. Kale et al. (2013) show that the EDR method generally favors candidate
GMMs with simpler functional form. The related formula is shown at Equation 3.4,
where N is the number of observed ground motion data, K is Kappa parameter and

MDE is modified Euclidean distance.

EDR? = kx ~ X XN, MDE? (3.4)
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The LLH method of Scherbaum et al. (2009) and the EDR method of Kale and Akkar
(2013) are utilized to test the compatibility of the candidate models with the updated
TSMD and to support the findings from the analysis of model residuals. The period
dependent variation of the LLH and EDR scores of GA2011, BC2016, ASA2014 and
GA2013 models is provided in Figure 3.12. Figure 3.12 shows that the period-
dependent variation of the LLH scores of the candidate models are consistent with the
mean offset values obtained from the analysis of the residuals. The LLH scores of
GA2013, ASA2014 and BC2016 models are quite close to each other and vary
between 0.7-1.1, showing that all three models have a significantly good fit with the
updated TSMD. The performance of the GA2011 model in terms of LLH score is quite
different that the others; similar to the mean offset values, LLH scores also show a
bigger difference between the model predictions and observed data. The EDR scores
given in Figure 3.12 are not steady, indicating that the predictive performance of the
models is not the same for each period range. For example, GA2013 has the lowest
scores in period range of 0.01-0.15s whereas it gives the worst performance after 0.4s.
The performance of the ASA14 model is generally better than others for periods longer
than 0.2s; however, between 0.75s and 1.5s, GA2011 provides slightly better results
than ASA2014. In the range of 0.2s-0.5s and 2s-4s period bands, ASA2014 GMM has
the first rank. The performance of GA2013 and GA2011 is better than other GMMs
at periods shorter than 0.15s and 0.75s-1.5s period band, respectively. In order to
select the models with the best prediction performance at different period ranges, the
period-dependent EDR scores are divided into three period bands: the short-period
band (between 0.01s and the peak of V/H ratio - 0.07s, see Figure 3.1), mid-period
band (between the peak and the bottommost point as 0.07s-0.5s) and the long-period
band (0.5s-4s). The average EDR scores are computed for each period band and given
in Figure 3.13. The EDR scores of GA2013 and ASA2014 are the lowest and the
highest at short-period band, respectively. In this period range, BC2016 and GA2011
have similar EDR scores. ASA2014 yields to the lowest EDR scores for mid- and long
period bands. Although GA2013 gives the second lower scores for the long-period
band, it attains the highest score in the mid-period range.
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CHAPTER 4

EVALUATION OF VERTICAL MODELS

The main objectives of current chapter is to choose the vertical ground motion models
(GMMs) that are consistent with the magnitude, distance, depth, and site amplification
scaling of the updated Turkish ground motion database. Vertical GMMs going to
combine with the previously chosen V/H ratio models in Chapter 5 to provide the
ground motion characterization logic tree for vertical ground motion component in
Turkey by evaluating the differences in the median predictions of selected vertical and
V/H ratio GMMs. Therefore, four vertical GMMs (proposed by Bozorgnia and
Campbell, 2016; Stewart et al., 2016; and Gulerce et al., 2017 using the NGA-West 2
database and Cagnan et al., 2017 model based on the RESORCE database) are selected
and the model predictions are compared with the actual data in the updated Turkish

ground motion dataset using the analysis of the residuals.
4.1 Selection of Candidate Ground Motion Models

Number of up-to-date vertical GMMs for shallow crustal and active tectonic regions
is rather limited, especially when compared to the number of horizontal GMMs for
the same tectonic regime (Table 1.1). The PEER NGA-Westl project provided
improved horizontal GMMs that include recent large magnitude earthquakes, but the
models for the vertical component (Bozorgnia and Campbell, 2016, Stewart et al.,
2016, and Giilerce et al., 2017) were not developed until the end of NGA-West2
project. The NGA-West2 vertical model developers had used the subsets of the NGA-
West2 database and the same approach for developing the models: regressions were
performed directly on the vertical spectral accelerations. Cagnan et al. (2017, hereafter
CAKS2017), representing the only recent effort in Europe during and after the
RESORCE initiation, used the horizontal GMM of Akkar et al. (2014a) and vertical-
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to-horizontal ratio GMM of Akkar et al. (2014b) to develop the vertical model.
Because these models share the same functional form, the parameters of the vertical
GMM were not re-estimated, they were calculated by summing up the parameters of
the horizontal and V/H ratio models. Tables 4.1 and 4.2 summarize and compare the
main features of these four candidate models; e.g. datasets used for development,
applicability ranges, independent parameters, etc. It should be noted that regional
anelastic attenuation coefficients provided by Stewart et al. (2016, hereafter
SBSA2016) for Turkey and Gilerce et al. (2017, GKAS2017) for Middle East were
employed in this study.

Using the data that are independent of the candidate GMMs is the sensible choice to
test the predictive performance of the GMM. In this study, the overlap between the
updated TSMD and the dataset used by each candidate model is model-specific. Exact
amount of Turkish strong motion data that was included in the regression was not
specified in the papers of NGA-West 2 vertical models (BC2016, GKAS2017, and
SBSA2016). On the other hand, the amount of data from Turkey in the NGA-West 2
database is sparse (only 55 recordings). Consequently, the overlap between the
updated TSMD and the dataset used by BC2016, GKAS2017, and SSBA2016 models
are negligible. For the case of CAKS2017 model, the overlap between the evaluation

dataset and the dataset used in the model is significant.

Two different sets of median predictions of the candidate vertical models are
compared in Figures 4.1-4.2. Figure 4.1 shows the median estimates for M5 and M6
earthquakes at 30km for Vs30=360 m/s to display how the models compare to each
other in the center of the updated Turkish dataset, while Figure 4.2 shows the median
estimates for M8-R50km and M7-R100km scenarios for Vs3=360 m/s to evaluate
how the models extrapolate to large magnitudes and distances. Median estimates of
BC2016, SBSA2016, and GKAS2017 models given in Figure 4.1 are quite close to
each other with variability lying in the expected range. It is notable that the median
estimates of the BC2016 model given in Figure 4.1 are up to 20% smaller than the

other two models driven from the same dataset.
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On the other hand, median predictions of the CAKS2017 model differ substantially
from the others: CAKS2017 model shows approximately a factor-of-2-difference with

the other models in the short-to-medium period band (up to 1 sec spectral periods).

Figure 4.2 indicates that the candidate GMMs’ median estimates for the scenarios
extrapolated to large magnitudes and distances can be divided into two groups in terms
of amplitude and spectral shape. For these scenarios, median estimates of SBSA2016
and GKAS2017 models are 40-50% higher than that of BC2016 and CAKS2017
models. The observed difference in the peak of the VV/H ratio model of Akkar et al.
(2014) in Chapter 3 (Figure 3.2), is also visible in Figure 4.2: peak of the spectral
shapes are shifted higher periods in CAKS2017 model.

4.2 Analysis of the Model Residuals and Small Magnitude Correction

As explained in previous Chapter, analysis of residuals is used as the preliminary tool
to evaluate the misfit between the model predictions and the actual ground motion
data. Median predictions of each candidate model are computed using the predictive
parameters in the updated TSMD (Turkish Strong Motion Database, Akkar et al.,
2010) and the total residuals, the mean offset (ck) at each period, the inter-event (i)
and intra-event (tjik) residuals are calculated using Eqg. 3.1 given in Chapter 3. To
check the compatibility of the magnitude and depth to the top of the rupture (Ztor)
scaling of the candidate models with the updated TSMD, the inter-event residuals are
plotted with respect to My and Zir for PGA, T = 0.01s, 0.1s, 0.3s, and 1.0s spectral
accelerations in Figures 4.3-4.10, respectively. In each figure, the inter-event residuals
for strike-slip, reverse and normal events are given by red, black and green symbols;
whereas, the average of the residuals is shown by pink lines. Similarly, the distribution
of the intra-event residuals with the record parameters such as rupture /Joyner-Boore

distances and Vsao is given in Figures 4.3-4.10.
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Table 4.1 Functional Forms of the Candidate Vertical Models

Candidate General Functional Form (for median)
GMM
BC 2016 In(V) = fMag + frrup T+ fflt + fuw + fsite + fsea + fryp + faip
+ fatn
Eras 2y ln(V) = fMag,Rrup + fflt + fHW + fsite + fztor + fas + ﬁ”g
SBSA 2016 In(V) = fMag,flt + ijb,Mag + f:eite,Mag,flt,ij
CAKS 2017 ln(V) = fMag,ij + fflt + fsite

Notes: Abbreviations used in the table are: Mag: moment magnitude, Site: site amplification, flt:
faulting mechanism, Ryp: rupture distance, Rjp: Joyner-Boore distance, HW: hanging wall effect*,
sed: basin response effects, hyp: hypocentral depth, dip: dip angle, atn: large distance attenuation.,
Zror: depth-to-top-of-rupture effect, as: aftershock effect, rg: regional effect.

*Hanging-wall effects are neglected in our study.

Table 4.2 Properties and Applicability Ranges of the Vertical Models

General Information Applicability Range
Distance SIEEEITE]
Candidate Number of | Number Mw period
Database . range
GMM recordings | of events | range range
(e (sec)
BC 2016 PEER-NGA W2 15161 321 3-8 0-300 0-10
GKAS 2017 | PEER-NGA W2 15597 326 3-8 0-300 0-10
SBSA 2016 | PEER-NGA W2 17089 Not 3-8 0-300 0.01-10
provided
CAKS 2017 RESORCE 1041 221 4-8 0-200 0.01-4
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Figure 4.1 Spectral shapes for the median estimates of the candidate GMMs for the center
of the data (a) Mw =5, Vs30 =360, R=30, Zi=5.36 (b) Mw =6, Vg3 =360, R=30, Z,=5.36
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Figure 4.2 Spectral shapes for the median estimates of the candidate GMMs, showing how
the models extrapolate to large magnitudes and large distances (a) Mw=8, V:3=360 m/s,
R=50km, Ztorzo (b) MW=7, V530:360 m/S, Rzlookm, Ztor:2.29
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Distribution of the intra-event residuals with distance suggests no trends, except for a
small negative tendency in the 0-10km range; however, data in this distance range is
very limited to indicate any systematic bias. The site amplification scaling of all
models are consistent; Figures 4.3-4.10 present no systematic trends in the distribution
residuals, except that the intra-event residuals are slightly on the negative side for very
soft sites (Vs30=100-200m/s) at short spectral periods. Trends observed in the inter-
event residuals vs. magnitude plots are different than the findings of Chapter 3: no
bias or slightly negative trends were observed in the V/H ratio model predictions,
especially for Mw<6.5 events. On the other hand, Figures 4.3-4.10 show that the NGA-
West2 vertical GMMs have the tendency to underestimate the small magnitude events
(Mw<4.5); however, no systematic bias exist in the model predictions for Mw>4.5
earthquakes. Distribution of inter-event residuals of CAKS2017 model with
magnitude is different than the NGA-West2 models, showing significant
underestimation for Myw>4.5 earthquakes in each period. These results are consistent
with Figures 4.1 and 4.2: comparison of median curves displayed that the CAKS2017
model predictions are significantly smaller than other candidate models for each
scenario. Updated TSDM may be used to apply a small magnitude correction to the
NGA-West2 models; however, the number of data points above Mw>5.5 is not
sufficient for the attempt of modifying the moderate-to-large magnitude scaling of
CAKS2017 GMM. Therefore, this GMM is eliminated from the candidate model list.
Distribution of the inter-event residuals imply that the Zir scaling of CAKS2017,
GKAS2017, and SBSA2016 models are consistent with the updated TSDM, especially
for Zi<15km. However, inter-event residuals of the BC2016 model are
systematically positive in this range, especially for normal earthquakes (blue dots).
Similar trends for the V/H ratio model of Bozorgnia and Campbell (2016) were
observed at the longer periods in Chapter 3. Gilerce et al. (2017) showed that the
style-of-faulting and Zir parameters interact with each other in the regression analysis;
therefore, a modification in the Zr scaling of BC2016 for Turkey is not proposed.
Instead, this model is eliminated from the candidate model list, leaving only two
vertical GMMs (GKAS2017 and SBSA2016) in the final logic tree.
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The small magnitude scaling of GKAS2017 and SBSA2016 models are modified for
Turkey based on the updated TSDM using the function given in Equation 4.1:

Ci_raX (M —4.5) for (M <4.5)

Fan ={g for (M > 4.5) “.1)

Where Cq_ta is the adjustment function coefficient determined separately for each
GMM by least-square regression. The model fit to the residuals by Eq. 4.1 is presented
in Figures 4.11(a) and 4.12(a) by the cyan lines. Note that the selected adjustment
function affects the magnitude scaling only for small events; therefore, the well-
constrained moderate-to-large magnitude scaling of the GKAS2017 and SBSA2016
models are not modified. To develop a smooth model as a function of the spectral
period, C1 ta values are smoothed across periods (Figures 4.11b and 4.12b) and the
final set of coefficients are provided in Table 4.3. After the small-magnitude
correction, the model residuals are re-calculated using the modified forms of the
GKAS2017 and SBSA2016 models. The inter-event residuals after the magnitude
adjustment are plotted with respect to Mw in Figures 4.11(c) and 4.12(c) for each
model, showing that the inter-event residuals of the adjusted models are evenly
distributed along the zero line and the magnitude scaling of the adjusted models are

compatible with the magnitude scaling of the updated TSMD.

The mean offset values for GKAS2017 and SBSA2016 models after the small
magnitude adjustment are given in Figures 4.13 and 4.14, respectively. In both figures,
the trends in the mean offset vs. period distribution are approximately equal: values
calculated for the complete dataset lie within 0.5-1 negative unit for the short period
range, are smaller than -0.5 in the mid-period band, and increase at longer periods
probably due to the reduced number of recordings used for comparison at those
periods. On the other hand, the mean offset values decrease significantly when the
dataset is limited to Mw>5 events and almost reduce to zero for Mw>6 earthquakes,
indicating that the biggest contributor of the relative bias between the model
predictions and the actual data in the updated TSMD is the small magnitude

earthquakes.
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Using the mean offset values to modify the constant terms of the GKAS2017 and
SBSA2016 models would decrease the moderate-to-large magnitude predictions even
through the data does not justify this reduction; therefore, the constant terms of the
GMMs are not modified.

Table 4.3 Coefficients for Small-Magnitude Correction Applied to GKAS2017 and
SBSA2016 Models for Turkey

Ci-1a coefficient for
Period GKAS 2017 GMM SBSA 2016 GMM
0.01 -0.506 -0.684
0.03 -0.669 -0.852
0.05 -0.772 -0.946
.07 -0.68 -0.88
0.1 -0.601 -0.784
0.15 -0.496 -0.651
0.2 -0.436 -0.56
0.3 -0.374 -0.49
0.4 -0.405 -0.49
0.5 -0.435 -0.49
0.75 -0.502 -0.49
1 -0.557 -0.49
15 -0.62 -0.49
2 -0.67 -0.49
3 -0.75 -0.49
4 -0.812 -0.49
5 -0.87 -0.49
6 -0.92 -0.49
7.5 -0.975 -0.49
10 -1.07 -0.49
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Figure 4.3 Distribution of the inter-event residuals with (a) magnitude, (b) depth to the top
of the rupture for Sa at 0.01sec or at PGA depending on the model.
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Figure 4.4 Distribution of the intra-event residuals with (a) rupture distance or Joyner-
Boore distance depending on the model, (b) Vsso for Sa at 0.01sec or at PGA depending on
the model.
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Figure 4.5 Distribution of the inter-event residuals with (a) magnitude, (b) depth to the top
of the rupture for Sa at 0.1sec.
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Figure 4.6 Distribution of the intra-event residuals with (a) rupture distance or Joyner-
Boore distance depending on the model, (b) vs3o for Sa at 0.1sec.
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Figure 4.7 Distribution of the inter-event residuals with (a) magnitude, (b) depth to the top
of the rupture for Sa at 0.3sec.
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Figure 4.8 Distribution of the intra-event residuals with (a) rupture distance or Joyner-
Boore distance depending on the model, (b) Vsso for Sa at 0.3sec.
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Figure 4.9 Distribution of the inter-event residuals with (a) magnitude, (b) depth to the top
of the rupture for Sa at 1sec.
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Figure 4.10 Distribution of the intra-event residuals with (a) rupture distance or Joyner-
Boore distance depending on the model, (b) Vs for Sa at 1sec.
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Figure 4.11 GKAS2017 model’s (a) Distribution of the inter-event residuals of PGA with
magnitude for the unmodified. The adjustment function fitted to the inter-event residuals is
shown by green lines, (b) Estimated and smoothed coefficients from regression, (c)
Distribution of the inter-event residuals with magnitude after the small magnitude
adjustment for PGA.
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Figure 4.13 The mean offset values calculated for the entire dataset (green line), for My>5
events (black line), and for Mu>6 earthquakes (red line) after the small magnitude
adjustment applied to GKAS2017 model.
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Figure 4.14 The mean offset values calculated for the entire dataset (green line), for My>5
events (black line), and for Mw>6 earthquakes (red line) after the small magnitude
adjustment applied to SBSA2016 model.
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CHAPTER 5

CONCLUSION

The overall objective of this study is to propose a ground motion characterization
framework to be used in the PSHA studies in Turkey for the vertical ground motion
component. There are four main components of the proposed framework: (i) the
updated strong motion dataset for Turkey (detailed in Chapter 2), (ii) selection of the
V/H ratio models that are consistent with the Turkish strong motion dataset (given in
Chapter 3), (iii) choosing the vertical GMMs that are compatible with the Turkish
strong motion dataset and selected VV/H ratio model predictions (summarized in
Chapter 4), and (iv) providing a complete logic tree with weights at different period
bands to be implemented in the PSHA studies. Updating the original TSMD was a
substantial effort and deserved a standalone section because significant amount of data
in small-to-moderate magnitude range has been obtained after 2008. Within the
contents of this study, 1457 recordings from 184 events occurred after 2008 were
selected, analyzed, and added to the original TSMD. This update significantly
increased the number of data in the original version, especially in the moderate
magnitude range; therefore, the updated TSMD is suitable for testing the applicability
of V/H ratio and vertical GMMs in Turkey.

Four candidate V/H ratio models were selected (GA2011, GA2013, ASA2014 and
BC2016) and their compatibility with the updated TSMD in terms of magnitude,
distance, and site effects scaling were evaluated using the analysis of residuals and
data-driven approaches. Analysis of the residuals showed no systematic bias in the
median predictions of all candidate models (Figures 3.4-3.11), except for the
consistently negative residuals in the large magnitude range (Mw>6.5) at the short
periods (up to T=0.3s). This underestimation might be related to several factors (e.g.

amount of non-linearity in the V/H ratio model, differences in the high frequency
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attenuation parameters); however, the shape of the VV/H ratio combines these factors
as an overall indicator of the difference. Trellis plots (Figures 3.1-3.2) showed that the
period of the peak of the candidate V/H ratio models is different than each other,
probably due to the regional differences in the high frequency attenuation factor (a.k.a.
kappa) in vertical and horizontal ground motions. This conclusion should be tested
using the results of the ongoing studies on kappa at different shallow crustal and active
tectonic regions. Until more information is available on vertical and horizontal kappa
values, the selection of the VV/H ratio models had to depend on the data testing methods
provided in this thesis. Both the mean offset plot (Figure 3.3) and the LLH scores
(Figure 3.12-3.13) showed that the average misfit of the GA2011 model is larger than
the other candidate models; therefore, this model is eliminated from the final logic
tree. Other candidate models have almost equal mean offset values and LLH scores,
indicating that they are suitable for ground motion characterization studies in Turkey.
On the other hand, distribution of the EDR (Figure 3.12-3.13) scores suggests different
prediction performances for different period bands. To account for this difference,
BC2016 and GA2013 models are selected for the short-period band (up to 0.07s),
GA2013 and ASA2014 models are selected for the mid-period band (0.07s-0.5s) and
finally, ASA2014 and BC2016 models are selected for the long-period band (T>0.5s).

Four candidate Vertical models (BC2016, GKAS2017, SBSA2016 and CAKS2017)
were selected and their compatibility with the updated TSMD in terms of magnitude,
distance, and site effects scaling were evaluated using the analysis of residuals.
Analysis of the residuals illuminated trends in the distribution of inter-event residuals
of CAKS2017 and BC2016 models with magnitude (Mw) and depth to top of rupture
(Ztor) respectively. Distribution of inter-event residuals of CAKS2017 model with
magnitude revealed anomaly with other NGA-West2 models, showing significant
underestimation for Mw>4.5 earthquakes in each period. These results are consistent
with Figures 4.1 and 4.2 which displayed that the CAKS2017 model predictions are
significantly smaller than other candidate models for each scenario. Inter-event
residuals of the BC2016 model revealed systematically positive trends for Zir<15km,
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especially for normal earthquakes (Figures 4.3-4.10). Similar trends for the V/H ratio
model of Bozorgnia and Campbell (2016) observed at the longer periods in Chapter 3
(Figures 3.4-3.11). Therefore, CAKS2017 and BC2016 models eliminated from the
candidate model list, leaving only two vertical GMMs (GKAS2017 and SBSA2016)
in the final logic tree. The small magnitude scaling of GKAS2017 and SBSA2016
models modified for Turkey based on the updated TSDM.

Based on the findings of this study, two sets of GMMs are selected for the final logic
tree: the SM- modified versions of the vertical GKAS2017 and SBSA2016 models
will be used for all periods; however, two different VV/H ratio GMMs are chosen for
short, medium and long period bands. Bozorgnia and Campbell (2016, BC2016) and
Gulerce and Akyuz (2013, GA2013) models are selected for Zone 1 (up to 0.07s),
GA2013 and Akkar et al. (2014, ASA2014) models are selected for Zone 2 (0.07s-
0.5s) and ASA2014 and BC2016 models are selected for Zone 3 (T>0.5s). When both
vertical and V/H ratio GMMs are utilized to develop the vertical spectrum for any
earthquake scenario, significant differences in the median curves may exist, depending
on the horizontal GMMs used to multiply the median V/H ratio curves. Two sets of
trellis plots for Mw=6 scenario at 30km away for Vs30=360 m/s are presented in Figure
5.1 for demonstration: in Figure 5.1(a), the SM- modified GKAS 2017 and SBSA2016
models are combined with the V/H ratio models multiplied with TR-adjusted
horizontal NGA-W1 models (Gtlerce et al., 2016), while in Figure 5.1(b), V/H ratio
models are multiplied with the NGA-West 2 horizontal models (equally-weighted).
Both figures showed that the median predictions of the SM-modified vertical GMMs
are higher than the median curves based on the V/H ratio models; however, the
difference is less pronounced when the V/H ratio models are multiplied with the NGA-
West 2 horizontal GMMs.

5.1 Logic Tree for Vertical Ground Motion Characterization

Akkar et al. (2017) used the trellis plots of candidate horizontal GMMs for Turkey to

determine the center, body and the range of median predictions for several scenarios
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at rock sites (Vs30=760 m/s). For this purpose, the ratio of the median prediction of
any candidate GMM divided by the “median” of the median predictions of each
candidate model was used to calculate the “distance to the median” for that particular
candidate. Eventually, the distance to the median values were combined for all
scenarios and the combined values were utilized to select the GMMs that represent
the center, upper bound and the lower bound for each period. A similar approach is
used in this study to determine the logic tree weights provided in Table 5.1. Trellis
plots for 250 scenarios (combinations of M4-M8 events for D10-D100km and
Vs30=180-800m/s) are used to calculate the “median” of the median predictions (solid
red line) as shown in Figures 5.1(a) and 5.1(b) and the “distance to the median” is
calculated for each GMM for that scenario. The distance to median values for each
particular GMM for all scenarios are averaged to determine the final logic tree
weights. The final logic tree weights are utilized to calculate the weighted average of
the median predictions for each scenario as shown by the dashed black lines in Figure
5.1 to check the consistency with the “median” of the median predictions. Weighted-
average and the median of the median predictions curves are mostly in good agreement
as shown in Figures 5.1(a) and 5.1(b); however, small inconsistencies are observed in
some scenarios (particularly for Vs30=180 m/s) due to the differences in the peak of

the spectrum among the selected models.

Figures 5.2 to 5.4 compare the distance to the median values calculated for each GMM
for each scenario with the final logic tree weights to see if any persistent trends in the
distribution with respect to magnitude, distance or site condition exist. Figure 5.2
shows that the distance to median values for each GMM varies with magnitude
because the magnitude scaling of each model is different. BC2016 V/H model
predictions for M8 events are generally different than the median in Zone 1 and this
fact should be considered in PSHA applications where the dominating scenario has
large magnitudes. Figure 5.3 presents the distribution of distance to medians with
source to site distance. No systematic trends are observed in these plots, except that
the predictions of SM-modified SBSA2016 model seems to be closer to the median
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for scenarios up to 30km in Zone 2; therefore, the logic tree weight of this model may
be increased for the hazard calculations dominated by near-field seismic sources.
Distribution of the distance to median values with Vszo (Figure 5.4) shows no
systematic trends as well, other than the slightly smaller numbers for SM-modified
GKAS2017 model than the average weight factor in Zone 2. In hazard calculations for
sites with Vs30<360 m/s, the weight factor for this model can be decreased and the
weight factor for SM-modified SBSA2016 model might be increased to capture the

median.

Table 5.1 Logic Tree Weights Proposed in This Study for PSHA Applications in Turkey
Whether the VV/H Models Multiplied By NGA West2 or TR-Adjusted NGA W1

Weight Factors to be used if the V/H
models multiplied by

Zone # GMM VI:I/SS?Z TRN'é:j\lﬁied
GA2013 (V/H) 0.32 0.31
BC2016 (V/H) 0.18 0.22
Zone L o M GKAS2017 (V) 0.35 0.29
SMM* SBSA2016 (V) 0.15 0.18
GA2013 (V/H) 0.25 0.27
ASA2014 (V/H) 0.26 0.25
ZoNe 2 oMM GKAS2017 (V) 0.29 0.29
SMM” SBSA2016 (V) 0.20 0.19
ASA2014 (V/H) 0.19 0.29
BC2016 (V/H) 0.30 0.22
Zone 3 oMM GKAS2017 (V) 0.23 0.27
SMM” SBSA2016 (V) 0.28 0.22

*SMM: Small Magnitude Modified
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Figure 5.1 Trellis plots of median predictions of selected GMMs for a) Mw=6, Vs3,=360
m/s, R=30km, (b) Mw=6, Vs30=360, R=30km, (c) Mw=7, Vs3=180, R=30km. The V/H
models, In (b) and (c) multiplied by the NGA-West2 horizontal models specified by (**)
and in (a) multiplied by the Tr-adjusted NGA-W1 GMMs specified by (*).
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scenario with the final logic tree weights with respect to magnitude. GMMs specified by
(*) scaled by the Tr-adjusted NGA-W1 horizontal models.
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Figure 5.4 Comparison of distance to the median values calculated for each GMM for each
scenario with the final logic tree weights with respect to site condition. GMMs specified by
(*) scaled by Tr-adjusted NGA-W1 horizontal models.
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5.2 Conclusion

The fundamental objective of this study is to provide the guiding principles for
selecting and combining the vertical and V/H ratio GMMs in the ground motion
characterization logic trees. Recently proposed vertical GMMs pointed out the need
for comparing the vertical ground motion estimates based on the vertical and V/H ratio
models, indicating that significant differences may occur due to the utilized horizontal
ground motion models. Turkey is selected as the region of application because the
ongoing licensing activities for two NPP sites in Turkey fueled the discussions on this
controversial issue. Differences in the ground motion model development methods,
broadness of the range of scenarios to be considered for different PSHA applications,
and the limitations of the Turkish ground motion dataset call for the application of
different techniques. First, the data-driven approaches such as the analysis of model
residuals are applied to both vertical and V/H ratio models. We showed that these
data-driven approaches are suitable for selecting and ranking the V/H ratio models;
however, the vertical models needed certain modifications (e.g. small magnitude
correction) for applicability in Turkey. After choosing, ranking and modifying the
selected GMMs, trellis plots are used to check the consistencies in the median vertical
ground motion predictions, showing that significant differences exist, especially for
“out-of-the-comfort-zone” scenarios. The differences in the trellis plots are also
strongly related to the horizontal ground motion models. Standard deviation of the
models can be considered in two different ways: (i) standard deviation of inter-event
and intra-event residuals of the candidate models may be evaluated and modified
based on the evaluation dataset and (ii) the data driven techniques that consider the
standard deviation might be utilized. Because the updated TSMD is still limited at
large magnitudes and short distances, we prefer not to modify the standard deviation
coefficients of the selected models; therefore, two different set of logic tree weights
are provided in Table 4. First set should be used if the TR-adjusted GMMs are not
incorporated in the employed PSHA software or the software does not allow the user
to modify the embedded GMMs. In that case, the original versions of the GKAS2017
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and SBSA2017 models may be used instead of the SM-modified versions. The second
set of logic tree weights is proposed for the cases where the hazard analyst can utilize
the TR-adjusted versions of the NGA-W1 horizontal GMMs in hazard calculations.
This general set-up is preferable because it reflects the characteristics of the Turkish
dataset by implementing the small magnitude corrections on both horizontal and
vertical GMMs.
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APPENDICES

All complementary results are provided in attached electronic appendix in form of

1030 high quality photos as bellow:

A.
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V/H ratio models residual analysis results

Vertical ratio models residual analysis results

Scenarios used to obtain logic tree weights (Turkey adjusted NGA west1)
Scenarios used to obtain logic tree weights (NGA west2)

Comparison of distance to the median values
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