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ABSTRACT

MAIN SEISMOLOGICAL FEATURES OF RECENTLY COMPILED
TURKISH STRONG MOTION DATABASE

Erdogan, Ozgiir
M. Sc., Department of Civil Engineering
Supervisor: Assoc. Prof. Dr. Sinan D. Akkar

July 2008, 302 pages

In this thesis it is aimed to compile the Turkish strong-motion database for its
efficient use in earthquake engineering and strong-motion seismology related
studies. Within this context, the Turkish strong-motion database is homogenized in
terms of basic earthquake source parameters (e.g. magnitude, style-of-faulting) as
well as site classes and different source-to-site distance metrics. As part of this
objective, empirical relationships for different magnitude scales are presented for

further harmonization of the database.

Data processing of the selected raw (unprocessed) strong-motion accelerograms
that do not suffer from non-standard problems are realized. A comparative study is
also conducted between the peak ground-motion values of Turkish strong-motion
database with the estimations computed from different ground-motion prediction
models. This way the regional differences of Turkish database are evaluated by

making use of global prediction models.

It is believed that the main products of this thesis will be of great use for reliable

national seismic risk and hazard studies.
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EN SON DERLENEN TURK ULUSAL KUVVETLI YER HAREKETI
VERITABANININ TEMEL SiISMOLOJIK OZELLIKLERI

Erdogan, Ozgiir
Yiiksek Lisans, insaat Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Sinan D. Akkar

Temmuz 2008, 302 sayfa

Bu ¢aligmada, Tiirk ulusal kuvvetli yer hareketi veritabaninin, deprem miihendisligi
ve kuvvetli yer hareketi sismolojisi ile ilgili arastirmalarda daha etkin kullanimi
icin derlenmesi amaglanmigtir. Bu kapsamda, Tiirk ulusal kuvvetli yer hareketi
veritabani, temel deprem parametreleri (6rnegin deprem biiyiikligii ve faylanma
mekanizmasi) ve ayn1 zamanda zemin siniflar1 ve farkli kaynak-istasyon mesafe
Olciileri dikkate alinarak homojenize edilmistir. Bu amaca yonelik, veritabaninin
ileriki agsamalardaki harmonizasyonunu saglamak i¢in degisik deprem biiyiikligi

skalalar1 arasinda ampirik denklemler tiiretilmistir.

Ham ivme kayitlarindan standart olmayan hatalar1 icermeyenler diizeltimistir. Tiirk
ulusal kuvvetli yer hareketi veritabaninin pik yer hareketi degerlerinin, farkli yer
hareketi tahmin denklemlerinden elde edilen verilerle karsilagtirma caligsmalari
yapilmigtir. Bdylece, Tiirk veritabaninin bolgesel farkliliklart global tahmin

denklemleri kullanilarak degerlendirilmistir.

Bu calismanin {iriinlerinin daha gilivenilir ulusal sismik risk ve tehlike ¢aligmalari

icin onemli bir kaynak olusturacagi diisiiniilmektedir.
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Anahtar Kelimeler : Deprem, kuvvetli yer hareketi, veritabani, filtreleme, deprem
bliyiikliigii, kaynak-istasyon mesafesi, zemin siniflandirmasi, faylanma

mekanizmasi.
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CHAPTER 1

INTRODUCTION

1.1 General

Turkey is one of the most seismically active countries in the world. It is bounded
by the active faults and thus, earthquakes are one of the most frequent natural
disasters in this country (Figure 1.1). Over many years, there have been several
large magnitude earthquakes, particularly within the last decade (e.g. Kocaeli and
Diizce events of 17 August and 12 November 1999), that caused serious
destruction, economic devastation and massive loss of life. Therefore, the
protection of life and property from the destructive effects of earthquakes is an

urgent national problem for our country.

One of the major issues in the seismic hazard assessment and earthquake resistant
design is the proper selection of ground-motion parameters (peak ground-motion
values, site conditions, faulting styles, source-to-site distances, etc.) to define the
appropriate earthquake source characteristics that are used in determining the
hazard levels endangering the human lives and structures to different degrees.
Furthermore, in order to define the input to dynamic analyses or spectral
calculations in structural and geotechnical engineering, the use of real strong-
motion records is a more attractive option compared to synthetic or artificial
records since they genuinely reflect the intricate nature of earthquakes without
manipulation (Bommer and Acevedo, 2004). Therefore, strong-motion records with

substantial information are of major interest to both scientists and engineers.



Figure 1.1 Seismicity map of Turkey: Major events (Courtesy of Earthquake

Research Department, General Directorate of Disaster Affairs).

In this thesis it is aimed to compile the Turkish strong-motion database for its
efficient use in earthquake engineering and studies on strong-motion seismology.
Within this context, another purpose of this study is to homogenize the Turkish
strong-motion database in terms of basic earthquake source parameters such as
magnitude and distance by applying empirically derived relationships. It is worth
noting that an earthquake catalogue containing homogeneous size estimates for all
events is highly desirable for many applications, such as seismic hazard
assessment, estimation of ground-motion parameters, determination of long-term
seismic strain rates and nuclear verification research. This is simply because one
size value can be compared directly to another. It is believed that the reliability of
the nationwide seismic risk and seismic hazard studies will be augmented after the
improved and re-compiled database. Such achievements will make a positive
contribution for the ongoing efforts in reducing the social and economic impacts of

earthquake hazard in Turkey.



1.2 Literature Survey

The increasing number of strong ground-motion records in the world emphasizes
the necessity of having reliable and homogeneous strong-motion databases
regarding the ongoing studies on seismic hazard and earthquake resistant design.
The development of such a reliable database is necessary and vital to perform
frequency-dependent site amplification studies, the site classification of processed
strong ground-motion records, the effect of soil liquefaction on seismic motion at
the strong ground-motion station sites where underlying soils are liquefiable and
computation of reliable ground-motion prediction equations for maximum ground-

motion values and spectral quantities.

Before the recently developed global strong-motion databases, there were strong-
motion databanks, disseminated as reports by the operators of strong-motion
networks or seismic agencies, presenting the records obtained from their own
accelerographs (Bommer and Ambraseys, 1992). One of the first examples of such
report series was the CALTECH (California Institute of Technology) volumes
published after the 1971 San Fernando earthquake in California. Further these
databanks were used in gathering global catalogues of earthquake accelerograms

such as the reports produced by Leeds (1992) and Naeim and Anderson (1996).

By the rapid development of technological environment, strong-motion databanks
have been issued and distributed on CD-ROM collections that make accelerograms
more widely available to end-users (Bommer and Acevedo, 2004). Several strong-
motion network operators including seismic agencies in Japan, Mexico, Taiwan
(for a particular event such as 1999 Chi-Chi earthquake, Lee et al., 2001) and the
United States have produced CD-ROM collections of their own records. The
United States Geological Survey (USGS) disseminated such a CD-ROM including
the earthquakes recorded in North and Central America between 1933 and 1986.
This project was presented as an update of the databank introduced via the

CALTECH volumes (Seekins et al., 1992). In the following years, National



Geophysical Data Center (NGDC) issued a three volume CD-ROM in 1996
including the earthquakes around the world up to 1994 (Row, 1996).

In recent years, a significant development in strong-motion data dissemination has
been observed through internet sites of several seismic agencies that result in easy
access to accelerograms for users to search and download them in digital format
(Wald, 1997). In this manner, the first attempt was taken in Japan to construct a
strong ground-motion database. In Japan, after the Hyogoken-nanbu earthquake
(i.e. Kobe earthquake in January 17, 1995) where more than 6,400 people were
died, a comprehensive national policy on earthquake disaster prevention has been
promoted in order to improve the Japanese seismic observation systems. Strong-
motion observation network of Japan which is called as K-NET (Kyoshin network)
was completed. K-NET (http://www .k-net.bosai.go.jp) is a system that provides
strong-motion data on the internet and provides seismic hazard maps for Japan. It is
developed as a sharing platform of the seismic hazard information for an interactive
communication between the researchers. The collected waveform records in all K-
NET stations are stored in the strong-motion database at the Data Management
Center and they are provided to researchers, engineers and general public under
fully open policy. Users can select specific events or stations to download the
waveform data. They can also browse, select and retrieve various information such
as contour maps of peak accelerations, station maps, site information with seismic

velocity profiles and soil conditions etc.

Following the K-NET experience in Japan, Consortium of Organizations for Strong
Motion Observation Systems (COSMOS) database was developed in the United
States to expand and modernize the acquisition and application of strong-motion
data (http://db.cosmos-eq.org/scripts/default.plx). Another objective of this organ-
ization is to increase the public safety and awareness from earthquakes. Further the
Pacific Earthquake Engineering Research Center (PEER) established a strong-
motion database (PEER strong-motion database, http://peer.berkeley.edu/smcat)
similar to COSMOS that has been recently upgraded by the so-called Next



Generation Attenuation (NGA) project (http://peer.berkeley.edu/nga/). There are
also several organizations that establish well-documented strong-motion databases
in the United States similar to COSMOS and PEER. For example, Lamont-Doherty
Earth Observatory / National Center for Earthquake Engineering Research (LDEO/
NCEER) established an earthquake strong-motion database in consortium with
USGS and a strong-motion digital accelerograph network is maintained and funded
by this consortium (http://www.ldeo.columbia.edu/res/data/nceer/strongmo.html).
Incorporated Research Institutions for Seismology (IRIS), a university consortium,
established a well-documented strong-motion database to enhance awareness of
seismology through the collection and distribution of geophysical data and
development of educational programs and materials (http://www.iris.edu/hq/). The
USGS developed the National Strong-Motion Project that records each damaging
earthquake in the United States on the free-field and in man-made structures in
densely urbanized areas to improve public earthquake safety. The project maintains
a national cooperative instrumentation network, a national data center and a strong-
motion data analyses and research center (http:/nsmp.wr.usgs.gov/). Furthermore,
earthquake strong-motion data at NGDC has been upgraded to make earthquake
catalogue search via internet available (http://www.ngdc.noaa.gov/hazard/

strong.shtml).

Strong-motion instrumentation and recording in Europe and in the Middle East has
started much later than in the United States and Japan. The first strong-ground
motion accelerogram was recorded at Debar, Macedonia on 02/12/1967 and in the
early years of European strong-motion recording Imperial College London,
voluntarily, collected the records from Europe and the Middle East. The database
collected by Imperial College was published in 2000 and 2004 (Ambraseys et al.,
2000; Ambraseys et al., 2004). In a recent attempt the Italian strong-motion
database has been upgraded with the joint efforts of National Institute of
Geophysics and Volcanology and Department of Civil Protection - Evaluation,
Prevention and Mitigation of Seismic Risk and Post-Emergency Works (Luzi et al.,

2007).



Furthermore, in Greece, the Geodynamic Institute of the National Observatory of
Athens has developed a friendly-to-user database (Kalogeras, 2002), that includes
all the available information about the strong-motion events (e.g. origin time,
epicenter coordinates, earthquake magnitude, depth, maximum intensity,
accelerograms, peak ground-motion values, etc.) and the stations (e.g. seismograph
coordinates, shelter type, geology, orientation, etc.). Another important joint effort
for the improvement of accelerometric data dissemination in and around Europe is
the NERIES (Network of Research Infrastructures for European Seismology)
project that is conducted through the collaboration of several seismic agencies in

Europe (http://www.neries-eu.org).

In the other regions of the world, for example in Mexico, the Mexican Society of
Earthquake Engineering has completed the organization of Mexican strong-motion
database to disseminate the valuable information about the strong-motion
instruments and available records in Mexico. A computer system has been
developed to integrate and compile all available information regarding the local
networks, stations, instruments, institutions, accelerograms and earthquakes
occurred during the past 35 years in Mexico. This information has been processed
in a homogeneous and standardized database system (http://www.unam.mx/db/

english/bmfs_ing.html).

The seismicity of Turkey has been documented by various national and
international studies. Some of the benchmark studies in this field are Ergin et al.
(1967), Alsan et al. (1975), Ayhan et al. (1981), Eyidogan et al. (1991), Ambraseys
and Finkel (1995) and Kalafat et al. (2003). The most recent attempt to homoge-
nize seismic catalogue information is conducted by Kalafat e al. (2007). However,
the compilation of seismic information together with the collection of strong-
motion data is not abundant in Turkey. Although there are various individual
reports and papers (Celebi ef al., 2001; Durukal et al., 1998; Erdik, 1984; Erdik and
Durukal, 2001; Ergin et al., 1971; Giiclii et al., 1986; Inan et al., 1996; Kiratzi and
Louvari, 2003; Rathje et al., 2003; Zaré and Bard, 2002) that contain useful



information about Turkish strong-motion recordings, they cannot provide the
complete description of important strong-motion parameters that are frequently
used in earthquake engineering and engineering seismology related studies. More-
over, these studies either focus on some particular earthquakes (e.g. Celebi et al.,
2001; Durukal et al., 1998; Rathje et al., 2003) or make use of theoretical assump-
tions to identify certain parameters (e.g. site classification of Turkish records in

Zar¢ and Bard, 2002).

The consequence of lacking a well-documented strong-motion database can be best
observed in the recently derived ground-motion prediction models for Turkey.
Figures 1.2 and 1.3 present the pseudo-spectral acceleration (PSA) and the peak
ground acceleration (PGA) estimations of 3 recently derived ground-motion
prediction equations (Kalkan and Giilkan, 2004a; Ozbey et al., 2004; Ulusay et al.,
2004). These prediction models are derived approximately in the same period and
only used Turkish ground-motion records. In order to make a fair comparison
between these prediction models, the empirical conversion factors suggested by
Beyer and Bommer (2006) for horizontal component definition and Scherbaum et
al. (2004) for distance metric conversion are employed. The large discrepancies

observed in Figures 1.2 and 1.3 advocate the importance of reliable ground-motion
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Figure 1.2 Comparison of PSA predictions on soft soil from the recently proposed

attenuation models for Turkey (a) My=6 and (b) M,,=6.5.
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Figure 1.3 Comparison of PGA predictions on soft soil from the recently proposed

attenuation models for Turkey (a) My=5.5 and (b) M=7.5.

information while estimating the ground-motion parameters (Giilkan and Kalkan,

2005; Kalkan and Giilkan, 2004b; Ulusay et al., 2005; Ozbey and Sar1, 2005).

Owing to some recent strong-motion projects (e.g. SfP977484 “Enhancement of
the national strong-motion network and establishing seismic arrays in Turkey”
funded by NATO - Science for Peace Program) the newly deployed strong-motion
stations in Turkey are well-documented in terms of soil conditions and
accelerometer sensor information. However, these stations are new and they have
not recorded sufficient accelerograms to enhance the current deficiencies in the

Turkish strong-motion database.

1.3 Object and Scope

The primary objective of this study is to compile the Turkish strong-motion events
occurred between 1976 and 2006 to achieve a uniform ground-motion database in
terms of basic earthquake source parameters (e.g. magnitude, style-of-faulting) as
well as site classes and different source-to-site distance metrics. As part of this
objective, empirical relationships for different magnitude scales are also presented

for further harmonization of the database. Moreover a significant amount of strong-



motion records are processed in a uniform manner for their further use in the
derivation of ground-motion prediction models. It is believed that the main
products of this thesis will be of great use for reliable national seismic risk and

hazard studies.

The report starts with describing the basic steps followed during the compilation of
Turkish strong-motion database (Chapter 2). In Chapter 3, the database is presented
in detail in terms of magnitude, source-to-site distance, site class and style-of-fault-
ing. Furthermore, comparison of empirical magnitude relationships derived in this
study with respect to different studies in the literature are represented. The scatters
of different distance metric relationships, site classification in terms of shear-wave

velocity profiles and style-of-faulting are also given in Chapter 3.

In Chapter 4, data processing steps of the selected raw (unprocessed) strong-motion
accelerograms that do not contain any non-standard errors are given. The detection
and recovery of non-standard errors are provided with clear illustrations in this

chapter.

In Chapter 5, a comparative study is conducted between the peak ground-motion
values of Turkish strong-motion database with the estimations computed from
different ground-motion prediction models. This way the regional differences
featured in Turkish database are evaluated by making use of global ground-motion
prediction models. The prediction models used in this chapter are one of the
recently derived attenuation models in the NGA project and another attenuation
model that is recently derived using the earthquakes from Europe and the Middle
East.

The summary and conclusions of this study are given in Chapter 6. The report
includes a detailed appendix and an electronic supplement for the entire charac-
teristics of Turkish strong-motion database compiled within the context of this

study.



CHAPTER 2

COMPILATION OF TURKISH STRONG MOTION
DATABASE

2.1 General Information

The national strong ground-motion network of Turkey was established in 1973 and
since then it has been operated by the Earthquake Research Department of the
General Directorate of Disaster Affairs (ERD - GDDA). The first strong-motion
record was recorded on 19/08/1976 in the city of Denizli. Of the various tasks, the
Earthquake Research Department is responsible from the maintenance of the
national strong-motion array including the collection of strong ground-motion data
recorded by the strong-motion stations. Currently, there is an appreciable amount
of strong-motion stations and local accelerograph networks (DATNET, ANANET,
MATNET, BYTNET, KOCNET and DUZNET) in the national network (Figure
2.1). Figure 2.1 depicts the number of instruments and corresponding accelero-
graph types with different color codes. As of June 2008, the total number of strong-

motion stations in Turkey is 205.

The Turkish strong-motion database involves significant amount of information
that is valuable for national and/or international earthquake related research. The
main database features (a) local site conditions of strong-motion stations, (b) P- and
S-wave velocity profiles up to 30 m depth, (¢) maximum ground-motion values, (d)

causative fault geometries, (€) source-to-site distance information etc are gathered
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Figure 2.1 Strong ground-motion network of Turkey including regional seismic
arrays such as DATNET, ANANET, MATNET, BYTNET, KOCNET and
DUZNET (Courtesy of ERD - GDDA).

under the framework of the project entitled “Compilation of National Strong
Ground-Motion Database in Accordance with International Standards” with an
award no “TUBITAK 105G016”. The project is conducted as a joint collaboration
of the Earthquake Engineering Research Center of the Middle East Technical
University (EERC-METU) and ERD - GDDA. As part of the above characteristics,
the project also provides the uniformly processed accelerograms and corresponding
spectra that are described in Chapter 4. The ultimate goal of the project is to
establish a GPRS-based data automation between the remote strong-motion stations
and ERD - GDDA as well as providing a reliable strong-motion relational database

broadcasting over the internet that is associated with a powerful search engine.
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2.2 Major Steps in the Compilation of the Database

2.2.1 Unification of Data Formats

The strong ground-motion data archived by the operating agency (ERD - GDDA)
consisted of two particular data formats. The first data format archives the records
in a component wise format (i.e. three mutually perpendicular components are
stored in separate files). This format is designated as Format-1 as shown in Figure
2.2. As it is depicted by the figure, Format-1 file names consist of folder index
(specific to the operating agency), component index (L, longitudinal, T, transverse,
or V, vertical rather than the cartesian map directions), instrument serial number
index and station location index. This format is believed to have limitations and
inconvenient for the relational database logic. Therefore, the second data format
called as Format-2 was preferred for the entire strong-motion database. Format-2
(Figure 2.3) stores the three mutually perpendicular components in a single file and
its record file name includes date and time of an earthquake with the station id
index. The date string consists of record year, month and day indices and time
string consists of recording hour, minute and second indices (in GMT). Format-2
file requires smaller amount of storage space than Format-1 file since it is
represented by a single data file rather than three separate files regarding horizontal

and vertical components of the ground motion.

During the initial stage of this pre-compilation, it was observed that, in general,
ground-motion records recorded before 1999 (mostly analog recordings) were
stored in Format-1 whereas those recorded after 1999 (mostly digital recordings)
were stored in Format-2. Therefore, Format-1 files were converted to Format-2

files.

2.2.2 Evaluation of Existing Information

A total of 4203 records (100 analogue and 4103 digital records) between 1976 and
2006 (Figure 2.4 and Table 2.1) with three mutually perpendicular components

12
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were collected to establish the preliminary catalogue information. The header

information of each file that contains the earthquake information (earthquake date,

epicentral coordinates, earthquake magnitude and depth), station information

(station coordinates, station location, station id, station altitude, recorder type and

recorder serial no) and record information (record date and time, peak ground

acceleration values for each component, sampling interval, number of data) was

evaluated and stored in the database.

2.2.3 Completing the Missing Information

The missing catalogue information in the database (e.g. earthquake magnitude,

earthquake epicenter, depth, fault mechanism solutions, etc.) was completed by

increasing the number of catalogue sources from seismic agencies. The information

revealed by the following agencies and published papers was used to complete the

missing data for the events compiled in the database.
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United States Geological Survey (USGS, http://earthquake.usgs.gov/)

European Strong Motion Database (ESMD, http://www.isesd.cv.ic.ac.uk/ESD/)
Harvard Centroid Moment Tensor (HRV CMT, http://www.globalcmt.org/
CMTsearch.html)

Advanced National Seismic System Catalog Database (ANSS, http://
www.ncedc.org/anss/catalog-search.html)

Earthquake Mechanisms of the Mediterranean Area Database Version 2
(EMMA, CD-ROM collection disseminated by Annals of Geophysics)

Swiss Seismological Service (SED-Schweizerischer Erdbebendienst, http://
www.seismo.ethz.ch/)

European-Mediterranean Regional Centroid Moment Tensors Database
(RCMT, http://www.bo.ingv.it/RCMT/)

Istanbul Kandilli Observatory and Earthquake Research Institute (ISK,

http://www.koeri.boun.edu.tr/)

15



e International Seismological Centre (ISC, http://www.isc.ac.uk/doc/newsletter/
2006q1/)

e Incorporated Research Institutions for Seismology (IRIS, http://www.iris.edu/
hq/)

e National Research Institute of Astronomy and Geophysics, Helwan, Cairo,
Egypt (HLW, http://www.nriag.sci.eg/)

e Jerusalem Station - Geophysical Institute of Israel, Lod, Israel (JER,
http://www.gii.co.il/html/inter pr/inter proj fs.html)

e National Observatory of Athens, Greece (ATH, http://www.noa.gr/indexen.
html)

e Geophysical Laboratory, University of Thessaloniki, Greece (THE, http://neic.
usgs.gov/neis/station_book/THE NETWORK.html)

e Cyprus Station - Geological Survey Department, Nicosia, Cyprus (CSS,
http://www.moa.gov.cy/moa/gsd/gsd.nsf/dmlindex _en/dmllndex en?opendocu
ment)

e Geophysical Laboratory, Papeete, French Polynesia (PPT, http://www.
polynesie-francaise.pref.gouv.fr/services/recherche/organismes.asp)

e Ambraseys et al. (2004)

e Zare and Bard (2002)

e Polat et al. (2002)

e Kiratzi and Louvari (2003)

e Ulusay et al. (2004)

e Kalkan and Gtilkan (2004a)

e Ergin et al. (2004)

e Ozalaybey et al. (2002)

During this stage, it was understood that some of the accelerograms were
duplicated. The duplications of these accelerograms were removed at the end of
this stage. The source-to-site distance metrics other than the epicentral distance
were also computed for the events with known source parameters. The computation

of these distances are described in Chapter 3.
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Table 2.1 Yearly based distribution of the earthquakes and their corresponding

records present in Turkish strong-motion database between 1976 and 2006

Year | # of Events |# of Records
1976 1 1
1977 3 3
1978 1 1
1979 3 3
1980 0 0
1981 1 1
1982 0 0
1983 2 7
1984 2 2
1985 2 2
1986 3 4
1987 0 0
1988 2 2
1989 0 0
1990 0 0
1991 1 1
1992 4 8
1993 3 3
1994 24 30
1995 112 185
1996 73 84
1997 134 152
1998 204 521
1999 689 1097
2000 607 678
2001 183 216
2002 99 113
2003 251 405
2004 153 207
2005 125 193
2006 136 284
Total 2818 4203
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2.2.4 Determination of Preferred Agencies and Dissemination of Strong-

Motion Database

Different information revealed by various international or national agencies for
epicentral coordinates, earthquake time, earthquake magnitude, depth and focal
mechanism resulted in a major difficulty during the compilation of the database.
For this particular reason, the information disseminated by different sources was
not discarded but they were evaluated according to the pre-determined priority
levels. The decision on the priority levels is subjective and the preference order of
seismic agencies was based on the suggestions of the project group and the
international advisory committee (Dr. John Douglas from BRGM, France, Prof.
Julian J. Bommer from Imperial College London, Prof. Pierre-Yves Bard from
University of Joseph Fourier Grenoble, Dr. David M. Boore from USGS).
Currently the highest priority for epicentral coordinate, local magnitudes, depth and
origin time is given to the national seismic agencies. For other earthquake
parameters, the data disseminated from the international agencies were given
higher priority. The preferred agency decided for the conduct of this study are
given in detail as a table in Appendix A. The strong-motion catalogue information
of the 4203 accelerograms that is based on the preferred agencies is given in Table
A.3 in Appendix A. The catalogue information collected from different seismic

agencies can be found in the electronic supplementary of this thesis.

2.2.5 Determination of Site Conditions at Strong-Motion Sites

The site conditions, P- and S-wave profiles of each strong-motion station was
determined by the geotechnical borehole analysis and multi-channel analysis of
surface waves (MASW). The details of these measurements are not within the
scope of this thesis. For more information, the reader is referred to Sandikkaya
(2008). The average V, value for the uppermost 30 meters (V5 39) for each recording
station is given in Table A.3 in Appendix A.
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2.2.6 Processed Accelerograms

A total of 540 accelerograms with high quality waveforms and moment magnitude
(M,,) greater than 4 were uniformly processed by high- and low-pass digital
filtering. Their elastic response spectra and Fourier spectra were also calculated and
stored in the database as part of the project objective. The relevant information

about the processed records is given in Tables A.4 and A.5 in Appendix A.
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CHAPTER 3

TURKISH STRONG MOTION DATABASE: DETAILED
ANALYSIS ON DIFFERENT SEISMIC PARAMETERS

3.1 General

In this chapter detailed information about the Turkish strong ground-motion
database is presented. The catalogue information is compiled from 17 worldwide
seismic agencies and 8 different papers as stated in Chapter 2 in detail. The
variations in different magnitude scales, distance metrics, soil conditions and style-
of-faulting are given in this chapter based on the information reported by different
seismic agencies. The uncertainty involved in the variation of above seismic
parameters is presented by descriptive statistics and regression analysis. This
information is used to derive empirical relationships between different magnitude

scales.

3.2 Empirical Magnitude Relationships

National strong ground-motion database of Turkey contains all of the well-known
magnitude scales such as M, (moment magnitude), M; (surface-wave magnitude),
My (duration magnitude), My (local magnitude) and my (body-wave magnitude).
Table 3.1 and Figure 3.1 show the distribution of the events according to five
different magnitude scales that are subdivided into six different magnitude
intervals. For most of the events in the database, there is more than one seismic

agency reporting the same magnitude scale (e.g. the moment magnitude of the
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17/08/1999 Kocaeli earthquake is reported by 6 seismic agencies). Therefore, in
order to account for these differences, the magnitude scales presented here are from
preferred values of reliable estimations compiled from different seismic agencies as
described in Chapter 2. The order of preference is determined in a subjective
manner and the corresponding preferred agency data for earthquake source

parameters are given in a tabular form in Appendix A.

Of the 2818 events investigated, a total of 2008 events have a published magnitude
value. As it can be seen from Table 3.1, there is an accumulation in the number of
earthquakes between magnitude values 3 and 5. Regardless of the magnitude type
almost 82% of these events have magnitude values between 3 and 5. Large
earthquakes (i.e. magnitudes greater than 6) constitute only 2% of the events with a
magnitude value reported. The most common magnitude scale published by the
agencies is My (GDDA publishes almost all events in My and this is the main
reason for the majority). This is followed by my. Although the most reliable
magnitude scale is moment magnitude (it does not suffer from saturation as in the
case of other scales and it is directly related to seismic moment, My, that measures
the energy released during an earthquake, Hanks and Kanamori, 1979), My, is the
least existing magnitude scale among the other scales. When Figures 3.1.b and
3.1.e are compared, the total number of My is approximately 10 times of the events

reported in My,. For this reason, some empirical conversion relationships between

Table 3.1 Distribution of events with different magnitude scales.

M M, M; my M,
1<Mag<3 49 191 18 1 0
3<Mag<4 286 1207 150 216 1
4<Mag<5 263 421 158 380 85
5<Mag<6 74 95 48 76 93
6 <Mag<7 10 8 11 6 17
Mag >7 0 2 2 0 2
Total 682 1924 387 679 198
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Figure 3.1 Histogram plots of events in terms of different magnitude scales: (a) My,

(b) Mg, (c) Mg, (d) my, and (e) M,,.

M,, and other magnitude scales are presented in order to reduce the discrepancy
between different magnitude scales and to harmonize the database in terms of M.
Accordingly, empirical relationships between My, - M, My, - My, My, - m, and My, -

My, are presented in the following subsection within the scope of this study.
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Data for My, contains all instrumentally recorded earthquakes that occurred in or
near Turkey (36° - 42° N, 26° - 45° E) for the period 1976-2006. Figure 3.2 shows

the distribution of the events reported in moment magnitude between the period
1976 and 2006 (3.5 < My, < 7.6). The scatter indicates that particularly after 1999,
the number of events with M,, increases due to the main and aftershocks of the
17/08/1999 Kocaeli and 11/12/2007 Diizce earthquakes. It is clearly seen that there
is a historical gap between 1976 and 1996 for M,, < 5 events, but after 1996, the
events reported in My, are distributed fairly well between 4 and 7.6. The number of
large earthquakes (i.e. My, > 6) recorded in Turkey is 19 between the 1976-2006

period.

The magnitude distribution with respect to the depth is illustrated in Figure 3.3.
The Mgy vs. depth relation (Figure 3.3.c) gives the best resolution among the scatter
plots presented because events with My constitute the majority in the database as
stated previously. Generally, regardless of the magnitude scales investigated, the
majority of the data is populated between the depths of 5 km and 20 km. This
situation can be clearly observed in the separate depth histogram plot shown in
Figure 3.4. There are 2050 events out of 2818 that have depth information and for
approximately 85% of these events, the depth is smaller than 15 km. This means
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Figure 3.2 Distribution of events reported in moment magnitude (My) between the

years 1976 and 2006.
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Figure 3.3 Distribution of different magnitude scales in terms of depth information.

that the majority of the earthquakes occurred in or around Turkey are shallow
crustal earthquakes. The few earthquakes with depths greater than 40 km occurred
particularly in the southwest and eastern parts of Turkey that fall on the Aegean arc

and Bitlis-Zagros suture zone, respectively (Bozkurt, 2001). Convergence between
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Figure 3.4 Histogram of earthquake depth information in the database.

the African and Anatolian plates in the Eastern Mediterranean takes place by
subduction along the Aegean and Cyprean arcs. The African Plate is subducting
beneath the Anatolian plate in the north-northeast direction. Similarly, Arabian and
Eurasian plates collide along the Bitlis-Zagros suture zone and Arabian plate is
moving in the north-northwest direction (Bozkurt, 2001). Consequently, the
observed deep earthquakes in Figure 3.4 occurred in subduction zones since this is

the only place where brittle material exists below normal depths.

3.2.1 Regression Analysis

As it is stated in section 3.2, the non-homogeneous distribution between different
magnitude scales requires empirical relationships for converting various reported
magnitude scales to My,. This is accomplished by conducting regression analysis.
The number of data used in the regression analysis of different magnitude pairs (i.e.
My, vs. My, My, vs. Mg, My, vs. mp and My, vs. My) are given in Table 3.2. The
examination of this table indicates that the My, vs. m, has the highest number of

data although the majority of the events in the database are reported in My.

In this study, linear regression (ordinary least squares) and orthogonal regression
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Table 3.2 Number of events used for establishing the empirical relationships for

magnitude conversion.

Dependent Variable Independent Variable ~ Number of Data

M,, M, 182
M, M 177
M,, mp 196
M,, M; 156

(total least squares) are performed to compute the relationships between M,, and
the other magnitude scales. It should be noted that the linear regression refers to the
linearity in the parameters to be predicted. The ordinary least squares approach is

used with the model described below:
Y=a+pX+¢ (3.1)

where « and g are the variables to be computed from the ordinary least squares
method. The term ¢ represents the unpredicted or unexplained variation in the
response variable and it is conventionally called as “random error term” or

“random deviation” (Devore, 2004).

The ordinary least squares computes the best-fitting curve to a given set of points
by minimizing the sum of the squares of the residuals or offsets of the points from
the curve (Benjamin and Cornell, 1970; Draper and Smith, 1980; Simoncelli,
1999). This is illustrated in Figure 3.5. On the left hand side of the figure, scatter
with error bars and the best fit line resulting from ordinary least squares are
represented. On the right hand side of the figure, the difference between the
predicted and observed values is shown. The resulting line equation for which the
sum of squared error to be minimized for best estimation of expected value of

response variable is computed by making use of Eq. (3.2).

SIRE =YD -1F =3, - Y, -af (3.2)

i=1 i=1 i=1
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The upper case letters X and Y stand for the true value of the variables (values on
the regression line), whereas lower case letters x and y stand for the values of the
same variables affected by measurement errors. The ordinary least squares assumes
that only the dependent (response) variable is random. In other words, the
measurement errors are introduced only to the dependent variable and its variance
is different than zero while the variance of the independent (predictor) variable is
considered as zero. This is shown in Figure 3.5. Table 3.3 lists the computed « and
S values in Eq. (3.1) from ordinary least squares method. The parameter R’ is the
so-called coefficient of multiple determination (square of multiple correlation
coefficient) and quantifies how well the linear model assumption describes the
overall variation of the data. The table also provides information about the number
of observations used for each magnitude conversion relationship. Note that My, vs.
M; relationship is defined as a bilinear expression since the distribution of My, vs.
M; scatters requires a bilinear fit to the data for Mg < 5.5 and M; > 5.5. Similarly,
some other studies in the literature (e.g. Ekstrom and Dziewonski, 1988; Bungum

et al., 2003) consider a bilinear relationship for My, vs. M; regressions.

The total least squares method or orthogonal regression considers the measurement
errors on both dependent and independent variables (Agnew and Constable, 2005;

Bormann et al., 2007; Carroll and Ruppert, 1996; Castellaro and Bormann, 2007;

X

Figure 3.5 Ordinary least squares approach for a straight line fitting.
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Table 3.3 Parameters computed in Eq. (3.1) using ordinary least squares approach.

Parameter (AAZW; ];4’5 ) (A]‘sz_ ];l;. ) M,, - my M, -M; M, -M,;

No. of Obs. 142 35 196 156 182
a 2.484 1.176 -0.194 0.422 1.379
p 0.571 0.817 1.104 0.953 0.764
R’ 0.799 0.959 0.851 0.776 0.651

Castellaro et al., 2006; Fuller, 1987; Lucarini, 2002; Wolfe, 2007). This is shown
on the left hand side of Figure 3.6. The functional model is similar to the model

presented in Eq. (3.1).

Y=a+pX+& (3.3)

where £ is the measurement error that can be described as sum of the measurement
errors of both dependent and independent variables. Unlike the ordinary least
squares regression, in the orthogonal regression method, line equation for which
the sum of squared orthogonal distances to be minimized for best estimation of
expected value of response variable is computed. This is plotted on the right hand
side of Figure 3.6. In this figure, the differences between the predicted and

observed values in both axes are defined and, consequently, Eq. (3.4) gives the sum

1.0

0.8 1

0.6 1

0.4 1

0.2 4

0.0

0.0 0.2 0.4 0.6 0.8 1.0

X
Figure 3.6 Orthogonal regression (total least squares) approach for fitting a straight

line.
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of squared orthogonal distances to be minimized for best estimation of expected

value (Carroll and Ruppert, 1996).

Z[(y, VY 4 (x, - X)) Z i ﬂX D -x)| G4

The term 77 denotes the orthogonal regression estimator which is also called as the

error variance ratio (Carroll and Ruppert, 1996).

AN

o
n=—- (3.5)
o

= N

The orthogonal estimator of slope (/) is (Carroll and Ruppert, 1996)

s2—ns2 4 J(s2 —ms2)? +4nps?)
2s

Xy

B=

(3.6)

where s? and s> are the sample variances of x and y, respectively and s, 1s the

sample covariance between x and y. The estimator of the intercept (&) can be

written as (Castellaro et al., 2006)
a=y-pBx 3.7

where y and X indicate the average values of dependent and independent

parameters, respectively.

According to the Castellaro and Bormann (2007), the main obstacle in the
application of orthogonal regression is that it requires the knowledge of the
variance ratio (77) between the two variables. This ratio is usually not known
because the global standard deviation for a given magnitude scale is meaningful
when the corresponding magnitude is reported by at least three station estimates. In

this study, the value of 7 is unknown and to overcome this problem 7 is set equal
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to 1 which formally coincides with the assumption that error ratios of different
magnitudes are approximately equal. As stated by Castellaro et al. (2006), this is
the conventional approach for unknown 7. The resulting orthogonal regression
parameters are given in Table 3.4. The table lists the orthogonal regression
estimator (77), orthogonal estimator of slope (£) and intercept (), sample variances

of the dependent (syz) and independent (s,”) variables, and sample covariances (Syy).

Figure 3.7 shows the comparisons between the estimates of Castellaro ez al. (2006)
and the least squares of this study. Castellaro et al. (2006) derived similar
expressions as in this study using Italian ground-motion database. The plots show

that the least squares performed in this study yield approximately the same results

8 8
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Castellaro et al. (2006) ——— Least Squares (This Study)

Figure 3.7 Comparison of the least squares results of this study with the orthogonal

regression results of Castellaro et al. (2006).
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Table 3.4 Parameters computed in Eq. (3.3) using orthogonal regression (total least

squares) method.

Parameter (]]“[lsw; ];lg) (J‘AZWE- 1;[;) M, -my M, -M; M, -M,
No. of Obs. 142 35 196 156 182
n 1.000 1.000 1.000 1.000 1.000
a 2.330 1.117 -0.736 -0.283 0.561
p 0.607 0.826 1.216 1.094 0.934
s 0.324 0.300 0.256 0.293 0.271
Sy2 0.133 0.208 0.366 0.343 0.243
Sxy 0.184 0.238 0.281 0.278 0.206
R’ 0.796 0.959 0.842 0.758 0.619

with Castellaro et al. (2006) in terms of My, vs. Mg, My, vs. my and My, vs. ML
relationships although the value of 7 is unknown for this study. This observation

raises the reliability of the regression results performed in this study.

The comparisons of the regression methods (total least squares vs. ordinary least
squares) are illustrated in Figure 3.8. The plots indicate that the functional models
examined yield approximately the same results for My, vs. M; equation but there
are some discrepancies in the other relationships. The close examination of Tables
3.3 and 3.4 shows that the ordinary least squares and orthogonal regression
methods compute similar slope values (£) but the intercepts («) show significant

differences in particular for My, vs. my, and My, vs. My relationships.

Residuals resulting from Egs. (3.1) and (3.3) are presented in Figure 3.9 as scatter
plots. Linear trend lines on the residuals are also fitted to determine whether the
estimations are biased towards conservative or non-conservative values. A
significant slope in these linear trends will indicate biased estimations for the
concerned functional model. As it is depicted from these plots, the variation in the
ordinary least squares residual scatters is quite random as a function of independent
magnitude parameter. The trends do not show any significant tendency towards

either conservative or non-conservative estimations for this case.
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(b)

(d)

Figure 3.8 Comparison of total least squares (TLS) and ordinary least squares

(OLS) results for various magnitude scales.

In terms of orthogonal regression, slopes of the linear trends are different than zero
suggesting the existence of tendency towards conservative or non-conservative

estimations.

The above observations are verified by presenting the p-values for the slopes of the
linear trends (Figure 3.9). The p-value of the model utility test (Ho: f= 0 vs. Hy:
# 0) is significantly less than 5%, hence, the null-hypothesis can be rejected at the

5% significance level for orthogonal regression as shown in Figure 3.9.
The examination of residual trends suggests that the OLS regression is more

appropriate than the orthogonal regression. In order to check the adequacy of linear

regression model further, the lack of fit test is performed. If a prior estimate of the
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Figure 3.9 Residual scatters of each magnitude couple computed from total

(orthogonal) and ordinary least squares regressions.
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error variance (o°) is available, it can be checked whether or not the residual mean
square is significantly greater than this prior estimate. The residual mean square

can be expressed as:

1 { " (Y,-—?,-)z} (3.8)

where 7 is the number of observations, Y; is the actual observed value and ¥; is the
fitted value. If no prior estimate of o is available and there exists repeat
measurements of Y at the same value of X, these repeats can be used to obtain an
estimate of o”. This estimate indicates “pure error” because, if the value of X is
identical for two observations, only the random variation can influence the results
and provide differences between them (Draper and Smith, 1980). The pure error

mean square is

j

S, -7
s2 =2 il (3.9)
nj m

J=1

M

The numerator of Eq. (3.9) denotes the pure error sum of squares (SS) and the
denominator refers to the total of pure error degrees of freedom. Pure error sum of
squares is actually part of the residual sum of squares (i.e. residual SS = pure error

SS + lack of fit SS) as shown by the following equation

Vl

AN AAAE WA} (310

where m is the number of different values of X, n; is the number of repeat

observations, Y}, is the uth observation at X; and )7/ 1s the average of Y, values.
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The left side of Eq. (3.10) is the residual sum of squares, the first term on the right
side is the pure error sum of squares and the remainder is lack of fit sum of squares.
These values can be introduced into the analysis of variance (ANOVA) tables for

each different magnitude relations as shown in Tables 3.5 to 3.9.

The ANOVA tables include the comparisons of F ratios that are obtained by
dividing the lack of fit mean square (MS) to pure error MS. This ratio is then
compared with the F-distribution at a given significance level described by o. If
this ratio is significant (greater than the threshold given in the F-distribution for
100(1-a)%), then the model appears to be inadequate. If the ratio is not significant
there appears to be no reason to doubt the adequacy of the model and both pure

error and lack of fit mean squares can be used as estimates of ¢°.

The hypotheses to test the goodness of fit of the regression model are
Ho: The simple linear regression model is correct.

H,: The simple linear regression model is not correct.

F-ratios presented in Tables 3.5 to 3.9, are found to be insignificant when
compared with the 95% probabilities of the tabulated F-distribution. Thus, the null-
hypothesis is failed to be rejected. This indicates that the data does not contain
evidence that the relation is not linear. Additionally, an F-test for the overall
regression is performed to test the significance of the regression (Hy: = 0 vs. Hy:
L # 0). It is seen that the computed F-ratios are considerably larger than the critical
F-values that correspond to the significance level of 5%. Consequently, the null-
hypothesis is rejected, implying that there is a strong correlation between predictor

and response variable.

Figure 3.10 illustrates the distribution of residuals (Figure 3.9) in terms of
histograms. The residual distributions follow closely to superimposed normal
distribution plots that are given with the corresponding distribution parameters. The

mean () values are nearly zero and the standard deviations (o) of the residuals do
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Table 3.5 ANOVA table for the data of M, vs. M; relation for Ms < 5.5.

Source d.o.f. SS MS F ratio
Regression 1 14928  14.928 555.39
Residual 140 3.763 0.027 (significant at 0=0.05)
Lack of fit 23 0.821 0.036 1.42
Pure error 117 2.942 0.025 (not significant)

Total, corrected 141 18.691

Table 3.6 ANOVA table for the data of M,, vs. M; relation for Ms > 5.5.

Source d.o.f. SS MS F ratio
Regression 1 6.795 6.795 765.57
Residual 33 0.293 0.009 (significant at 0=0.05)
Lack of fit 11 0.155 0.014 2.33
Pure error 22 0.138 0.006 (not significant)

Total, corrected 34 7.088

Table 3.7 ANOVA table for the data of M,, vs. my, relation.

Source d.o.f. SS MS F ratio
Regression 1 60.789  60.798 1105.64
Residual 194 10.668 0.055 (significant at 0=0.05)
Lack of fit 25 1.764 0.071 1.34
Pure error 169 8.903 0.053 (not significant)

Total, corrected 195 71.465

Table 3.8 ANOVA table for the data of M, vs. M. relation.

Source d.o.f. SS MS F ratio
Regression 1 41.262 41.262 531.96
Residual 154 11.945 0.078  (significant at 0=0.05)
Lack of fit 24 0.906 0.038 0.44
Pure error 130 11.039 0.085 (not significant)

Total, corrected 155 53.207

Table 3.9 ANOVA table for the data of My, vs My relation.

Source d.o.f. SS MS F ratio
Regression 1 28.626 28.626 335.82
Residual 180 15.343 0.085  (significant at a=0.05)
Lack of fit 21 2.183 0.104 1.26
Pure error 159 13.160 0.083 (not significant)

Total, corrected 181 43.969
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not deviate very much from the mean. My, vs. My histogram plot has the smallest
standard deviation among the others as presented in Figure 3.10.a. The largest
standard deviation among the empirical magnitude conversion regressions belongs
to My, vs. My relationship. The prediction results of linear functional model with

confidence intervals are given in Figure 3.11.

Final empirical predictive equations for the moment magnitude conversion are

given in Egs. (3.11) to (3.14).

M, =1.104m, —0.194 (3.11)
M, =057IM, +2484  for M;<55  (3.12.a)
M, =0817M +1.176  for M;>55  (3.12.b)
M, =0.953M, +0.422 (3.13)

M, =0.764M , +1.379 (3.14)

Table 3.10 lists the upper and lower magnitude bounds for each magnitude scale
where the conversion equations are valid. My, vs. Mg conversion relationship has
the widest magnitude range. The empirical relationship between M, vs. My is not
applicable for My > 6 due to the saturation of duration magnitude. The events with
My > 6 are not taken into consideration for the regression analysis to avoid the
underestimation of M,, for large magnitude events. There are some outliers in the
M,, vs. M, and M,, vs. my, scatters that can be attributed to the saturation of M, and
m;, at large events. In order to check whether these outliers affect the regression
results, they are eliminated and the regression analyses for My, vs. My and My, vs.
m,, relationships are repeated. It is observed that the differences in the slopes and
the intercepts of empirical equations computed before and after eliminating the
outliers are negligible. The distributions of My, vs. Mg, My, vs. my and My, vs. My
scatters are also compared with the magnitude saturation plots of Kramer (1996).

These comparions show that the data ranges of these relationships are appropriate
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Figure 3.11 Ordinary least squares regressions (red solid line) together with the

95% confidence interval bounds (blue dashed lines).

and the empirical magnitude conversion equations presented in this study can be

considered as reliable within the boundaries presented in Table 3.10.

The comparison of the regression results with respect to the different studies in the

literature is illustrated in Figure 3.12. Pink solid line in all graphs denotes the

regressions performed in this study. Other magnitude conversion relationships are

Table 3.10 Upper and lower magnitude bounds for magnitude conversion relations.

Magnitude Scale Lower Bound Upper Bound
M 3.0 7.7
mp 3.5 6.3
M 3.9 6.8
M, 3.7 6.0
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described with different color codes. As presented in Figure 3.12.c, there are very
few examples for the magnitude conversion relationship between My, vs. My in the
literature. In the case of M,, vs. m, relationship, Deniz (2006) introduces a
remarkable difference with this study and the other proposed relationships. Ulusay
et al. (2004) and Kalafat et al. (2007) estimate closer results to this study for the
same relationship whereas the relationship proposed by Johnston (1996a) calculates
slightly lower M,, estimations with respect to this study. Braunmiller ez al. (2005)
underestimates My, values for m, < 5 events when compared to the results of this
study whereas its estimations start converging to the results of this study for my >
5. Similar comments can be made for My, vs. My relationships. Ulusay et al. (2004)
and this study establishes almost the same estimations whereas Deniz (2006)
calculates larger M, estimates for a given My. This is particularly true for large My
values. The relationship proposed by Popescu et al. (2003) results in significantly

lower My, values with respect to this study despite having almost the same slope.

In general the linear regression models of this study result in fairly similar
estimations with the other studies, especially for My, vs. Mg conversion. The close
examination of Figure 3.12.b shows that Bungum et al. (2003), Braunmiller et al.
(2005) and Ulusay et al. (2004) relationships provide very similar results to this
study particularly for events with My, < 6. On the other hand, the relationships
proposed by Deniz (2006) and Okal and Romanowicz (1994) describe relatively

different estimations with respect to this study.

When My, vs. My relationship is of concern, it is observed that there exist
considerable differences between the M,, estimations of other studies with those
obtained from this study. As it is shown in Figure 3.12.d, while the slopes of the
curves in different studies show similarities, the corresponding intercepts take quite
different values. Bollinger et al. (1993), Braunmiller et al. (2005), Bakun (1984)
and Uhrhammer et al. (1996) yield similar estimations of My, from M. This study
defines relatively conservative My, estimations with respect to these investigations.

The relationship proposed by Deniz (2006) yields relatively different results from
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all the other studies for this case as well. Note that the local magnitude generally
depends on the information disseminated by local seismic agencies. Therefore,
discrepancies observed between this study and other international studies would be
expected due to the differences stemming from databases. However, the observed
differences between this study and Deniz (2006) are unexpected since both studies
have made use of the Turkish ground-motion database. Note that the relationships
derived by Deniz (2006) generally calculate significantly different estimations with

respect to other studies investigated here.

If all plots are examined carefully, it is seen that Ulusay et al. (2004) gives closer
results to this study particularly for My, > 5. This could be grossly attributed to the
similar databases used by Ulusay et al. (2004) and this study. The close trends
between Kalafat et al. (2007) and this study for My, vs. my, relationship can also be
explained in a similar manner. The study conducted by Kalafat et al. (2007) uses a
database of last century earthquakes (1900-2005) with magnitudes greater than 4 that
occurred in Turkey and its surroundings (32° - 45° N, 23° - 48° E). This database
mainly covers the events used in this study. The slight differences between the
equations proposed by Kalafat et al. (2007) and this study can be ascribed to the
determination of preferred agencies for different magnitude scales. As indicated
previously, there is subjectivity while deciding on the preferred agencies and this
affects the final outcomes of each study. Nonetheless minor differences between
the proposed empirical relationships suggest that the magnitude values used in this

study do not differ too much from those in Kalafat et al. (2007).

Magnitude conversion equations (Egs. 3.11 to 3.14) are introduced subsequently to
see the overall picture of national strong-motion database with unified magnitude
scaling. Figure 3.13 shows the number of converted M,, in terms of other
magnitude types. The use of M, vs. My empirical equation yields the highest
number of conversions with 1732 events whereas My, vs. Mg empirical expression
results in 210 converted M, values, approximately one-sixth of My, vs. My

conversion results. While realizing these conversions, the highest priority is given
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Figure 3.13 A simple illustration of number of events that is converted to My, from
My, M;, my, and My in order to harmonize the strong-motion database in terms of

magnitude scaling.

to the My, vs. M; relationship. In the absence of My information, the order of
preference among the conversion relationships is: My, vs. my, My, vs. My and My,
vs. My. Lesser reliability of local and duration magnitudes with respect to the
surface- and body-wave magnitudes as well as the smallest dispersion in the My, vs.

M; relationship (Figure 3.10) constitute the major reasons for the presented

priority.

In summary, the number of events with uniform My, scaling increases from 198 to
2008 after the application of the conversion equations discussed in this section.
Uniformity of the strong-motion database in terms of moment magnitude is
important since My, is one of the most robust seismological parameters in many of

the earthquake engineering and engineering seismology related studies.

3.3 Source-to-Site Distance Relationships

Description of a consistent distance metric that defines the variation of the ground-
motion intensity measures (e.g. peak ground-motion values, spectral quantities etc.)

is very important because these parameters constitute the primary data in the

seismic hazard related studies. In this study, four different distance metrics that are
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widely used in seismic hazard studies are taken into consideration: Joyner-Boore
distance (Rjy), rupture distance (Ry,), epicentral distance (Rep) and hypocentral
distance (Rpyp). Joyner-Boore distance metrics, Rjp, can be briefly defined as the
closest distance between the recording station and vertical projection of the rupture
plane (Abrahamson and Shedlock, 1997). A simple illustration of a rupture plane is
given in Figure 3.14. The x and y axes refer to the geographical coordinates, z axis
refers to depth and ¢ denotes dipping angle. In this figure, epicentral distance (Repi),
hypocentral distance (Rpyp) and rupture distance (Rn,) are also presented.
Epicentral distance is the distance between the epicenter (vertical projection of
hypocenter) and the station (site). Hypocentral distance is the distance between the
hypocenter and the station. Rupture distance, as stated by Abrahamson and Silva
(1997), is the closest distance from the site to the rupture plane. If the fault dipping
and the site location with respect to the rupture plane change, the definitions of
source-to-site distance metrics show variations. As given in Figure 3.15.a, if there
exists a vertical fault (i.e. 6= 90°), R¢pi and R;, assume the same value whereas Ry,
is measured from the top of the rupture plane to the site that results in a larger value

than Rep; and Ry,

Station

Hypocenter 1, .. N
(source) .L

N

Figure 3.14 A simple illustration for Joyner-Boore (Rjp), rupture (Rrp), hypocentral

(Rnyp) and epicentral (Rp;) distance definitions.
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The conceptual link between an extended source and a point source can be
established through the definitions of R, and Ry. Both quantities are measured
along the surface of the Earth; Re,; always considers the vertical projection of a
point (hypocenter) whereas Rj, takes into account of the rupture plane and its
projection. Therefore, for small magnitude events that are considered as point
sources, Rj, and Repi should be practically the same. For large magnitude events
(e.g. My > 6), the source would have a spatial distribution along the ruptured fault
plane and the Joyner-Boore distance will be smaller than the epicentral distance
(i.e. Rjpb < Repi) by an amount that depends on the source size, fault dip and site
orientation as shown in Figure 3.15 (Scherbaum et al., 2004). As a matter of fact,
the decrease in dipping angle results in larger differences between Rj, and Ry, Rjp
becomes significantly smaller than Re,. If the station lies inside the vertical
projection of the rupture plane as in the case of Figure 3.15.c, then Ry, is zero.

Rpnp is the perpendicular distance from the rupture plane to the site for the
configuration in Figure 3.15.c whereas it is the distance between the bottom edge
of the rupture plane and the site in Figure 3.15.b, because Ry, is the closest

distance between the rupture plane and the station.

Ryyp 1s always measured from the hypocenter to the station as it is observed in
Figures 3.15.a, 3.15.b and 3.15.c. Hypocentral distance can be calculated simply by
taking the square root of the sum of squares of depth and epicentral distance.
Hence, Ryy, 1s controlled by the depth of the event and the influence of the depth

decreases with increasing distance.

Joyner-Boore distance, rupture distance, hypocentral distance and epicentral
distance are calculated by using the relevant fault geometry information gathered
from different seismic agencies. Initially, station coordinates and epicentral
coordinates in decimal degrees are converted to the Lambert coordinates (metric
coordinates) by using the geographicals-to-Lambert transformation (Mikhail et al.,
2001). The transformation is performed by setting the datum to latitude 0° and

longitude 36° to decrease the bias in the calculations of Turkey.
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Figure 3.15 Source-to-site distance measures, Rjb, Repi, Rnyp and Ry, for different

dipping faults and station locations.

Rupture parameters such as subsurface rupture length, rupture width and rupture
area that are necessary for the computation of distance metrics, are calculated
according to the empirical relationships proposed by Wells and Coppersmith
(1994). The empirical relationships proposed by Wells and Coppersmith (1994)
describe these parameters as a function of moment magnitude. These empirical
relationships can optionally consider the slip type of each faulting mechanism.
Using the relevant source parameters compiled from the national and international
earthquake catalogues, the above rupture parameters are computed for the
calculation of Rpyp, Repi, Rrp and Rjp. It should be noted that the catalogue
information compiled from different seismic agencies reveals complete source and
fault geometry data only for 196 earthquakes. Therefore, the aforementioned

distance metrics are computed only for the records pertaining to these earthquakes.

As in the case of magnitude, seismic agencies report different source parameters
for a given earthquake and this fact essentially influences the subject distance
calculations. Thus, a preferred agency is selected for the fault solutions in order to
surmount the agency-based differences. The distance values are computed from the
information revealed by the preferred agencies and these are presented in Appendix

A. However, in order not to loose the information revealed by other agencies, the
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source data and the corresponding distance values of entire database is presented in

Appendix B.

Figures 3.16 to 3.19 compare the relationships between the distance metrics
computed from the information revealed from different seismic agencies. The plots
compare distances calculated from the fault solutions reported by 4 seismic
agencies (SED, USGS, RCMT, ESMD) and the paper by Kiratzi and Louvari
(2003). These figures show the comparison of the distances calculated in terms of
preferred agencies as well (lower right corner panel). Figure 3.16 presents the
comparisons in terms of Rj, vs. Ry scatters whereas Figures 3.17, 3.18 and 3.19
illustrate the comparisons for Ry vs. Rjp and Ry vs. Repi and Ry vs. Ryyp scatters,
respectively. In all plots the data is grouped into four different magnitude intervals
My <5,5<My, <6,6 <M, <7and My, > 7) and these are presented in different
color codes and symbols. Note that preferred agency information consists of Rep; =

R;, and Ryyp = Ryyp for small magnitude events.

The general observation from the scatter plots in Figure 3.16 is that Ry, is smaller
than Repi for My, > 6 regardless of the seismic agency or study considered. This is

consistent with the theory as discussed previously in Figure 3.15.

The discrepancies between Rj, and R diminish for large distances except for a
few events with My, > 7. For large magnitude events (e.g. My, > 6) and epicentral
distances less than 40 km, the discrepancy between R;, and Re, becomes larger
depending on the location of the hypocenter or the dimensions of the fault plane.
Note that if the area of the rupture plane is large and the hypocenter is located far
from either the center of the rupture plane or the recording station, then Rj, will

attain quite different values than Rep;.
The scatters in Figure 3.17 indicate that regardless of the variations in magnitude,

Rjp is generally smaller than Ry, for R, < 20 km. This is consistent with the

sketches in Figure 3.15. For larger distances, Rj, is approximately equal to Ryyp,

47



1000 : : 1000
121 Records 321 Records
=) | = |
S 100 5 100
) , 3
& 10 | v & 10 4
R
A %O % 4
X
1 1
1 10 100 1000 1 10 100 1000
R_. (ESMD) R, (RCMT)
1000 = 1000
445 Records 2 X 162 Records
8100 - 2 100 -
2 2
o 2,
10 4§ R ~ 10 4 K
A S
a0 X o
14 - X 14 X
1 10 100 1000 1 10 100 1000
R, (SED) R, (USGS)
= 1000 1000 -
1= xX
S 110 Records 677 Records
ot =
g 100 | 2 100 |
=] &2
3 3
E . =
£ 04 L & 10 . %
N + A X
5 o X
5 4+ ©
% 1 x 1
2, X : ‘ 2 ‘ ‘
o
1 10 100 1000 1 10 100 1000
R, ; (Kiratzi and Louvari, 2003) R, (Preferred)
‘A M, <5 + 5<M,<6 O 6<M,<7 X My>7

Figure 3.16 Rj, vs. Rep; relationships computed from the information reported by
different seismic agencies and papers. The scatters of the preferred seismic
agencies are given in the lower right panel. The number of data vary from one
scatter plot to the other since the amount of source solutions change between the

agencies and papers.
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Figure 3.17 Ryyp- Rjp, relationships computed from the information reported by

different seismic agencies and papers. The scatters of the preferred seismic

agencies are given in the lower right panel. The number of data vary from one

scatter plot to the other since the amount of source solutions change between the

agencies and papers.
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which means that after approximately 20 km - 30 km, the differences in the
definitions of these distance metrics become immaterial. This is due to the fact that
the earthquake depth is the major parameter that defines the differences between
Rjp and Ry, provided that the recording station does not lie along the vertical
projection of the rupture plane (i.e. Rj, # 0). Accordingly, if the depth values
increase, the difference between Ry, and R;, will increase. As it is demonstrated in
Figure 3.3, the majority of the depth data is populated between 5 km and 20 km
which designates shallow earthquakes. Thus calculated R, values cannot differ
much from the calculated Rj, values. The existence of intermediate and large
distance earthquakes in the database also induces such a similarity in the values of

Rmp and ij.

The scatters in Figure 3.18 reveal that Ry generally tends to be larger than Ry, for
increasing magnitude and decreasing distance but this trend is not as clear as in Ry,
vs. Repi scatters (Figure 3.16). This might be due to the event-dependent variation
in depth as well as the dipping angle that play important roles in Ry, calculations.
The influence of depth variation is not observed clearly in the scatters of Ry vs.
Ryyp relationship (Figure 3.19) because depth parameter weights equally for the
calculation of Ry, and Ryy,. It is depicted from Figure 3.19 that Ryy, is always
equal to or greater than Ry,,. For events with M, > 7 and close to intermediate
distances (Rpyp, < 50 km), the discrepancy between these two distance metrics
becomes larger. The increase in discrepancy may stem from the increased
dimensions of ruptured fault plane at large magnitude events. In particular, the
increase in subsurface rupture length would increase the possibility of Ryy, to take
larger values than Ry, at intermediate or close distances. Note that for events with

M,, <7, regardless of the distance value, Ryy, 1s approximately equal to Ryyp.

In order to account for the uncertainty in the reported earthquake source
parameters, the distance metrics calculated from the preferred seismic agencies are
compared with the distances computed from the fault geometry information

reported by RCMT, SED, USGS, ESMD and Kiratzi and Louvari (2003).
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Figure 3.18 Ryyp- Repi relationships computed from the information of different

seismic agencies and scientific studies. The scatters of the preferred seismic

agencies are given in the lower right panel. The number of data in the scatter plots

vary due to the different amount of earthquake source parameter information

reported by the agencies or studies.
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Figure 3.20 Comparisons of preferred agency based R, with the R,; values

calculated from the source information reported by other agencies.

Figures 3.20 to 3.23 compare the Repi, Rrup, Rjb and Ry, results calculated from the

preferred and the other seismic agencies as defined above. These figures reveal that

regardless of the distance metric considered, the RCMT exhibits the least

consistent distances with those computed from the preferred agencies.
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Figure 3.21 Comparisons of preferred agency based Ry, with the Ry, values

calculated from the source information reported by other agencies.

The comparative scatter plots of preferred agency based distances with the other

seismic agencies (SED, USGS, ESMD and Kiratzi and Louvari, 2003) clearly show

that the discrepancies in the computed source-to-site distance metrics increase with

decreasing distances. The fault geometry becomes prominent for computing differ-
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Figure 3.22 Comparisons of preferred agency based R;, with the R;;, values

calculated from the source information reported by other agencies.

ent source-to-site distance metrics of closer distances and this may be one of the

reasons for the increased discrepancy between the seismic agencies at shorter

distances. Note that Ry, exhibits the least discrepancy between the preferred and

other seismic agencies.
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Figure 3.24 R - Rryp - Repi - Ruyp relation for the NGA flatfile records

It 1s worth pointing that the relationships between Rjp, Rryp, Riyp and Repi of NGA
database show similar trends with the distance variations presented in this study.
Figure 3.24 represents the Rj, vs. Repi, Ruup VS. Rjb, Rrup VS. Repi and Ryyp vs. Ryyp
relationships for the 2849 records that exist in the NGA flatfile. As it is depicted by
these figures, Rj, 1s smaller than Rp,; for My, > 6 and it is approximately equal to
Ry for larger distances (i.e. Rjy > 30 km). In general R tends to be larger than
Ry, for large magnitude events (i.e. M>6) but this trend is not as clear as in the
case of Rjp vs. Repi. Furthermore, Ryyp is greater than Ry, for M, > 6 and it tends to
be equal to Ry, with increasing distance. These comments are similar to the
statements made in this study by using the catalogue information of various seismic

agencies.
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3.4 Site Classification

Local site conditions should be of serious concern for ground-motion related
studies in earthquake engineering and engineering seismology. Site classes strongly
influence the characteristics and frequency content of the earthquake ground
motions and consequently the spectral quantities computed from these ground
motions (Kramer, 1996). Different soil profiles can induce amplifications and
deamplifications at different spectral period ranges (in particular at short periods)
and this fact essentially influences the ground-motion prediction models (Seed et
al., 1976). The strong-motion station sites in the national network are categorized
into several soil classes in order to have similar conditions within the same group.
The classification is based on the shear-wave velocity in the upper 30 meter soil
profile. The wave propagation theory suggests that ground-motion amplitude
particularly depends on the density and shear-wave velocity of near-surface
materials (Aki and Richards, 1980; Bullen, 1965). Since density has relatively little
variation within the near-surface of soil profiles, the shear-wave velocity is the
most logical choice for representing the general site conditions. The methodology
used for calculating the shear-wave profiles at the strong-motion sites is not the
scope of this report. The reader is referred to Sandikkaya (2008) for the details of

non-invasive method used in measuring the velocity profiles.

The mean shear-wave velocity of uppermost 30 meters (V;39) is used for site
classification because most site effect studies of earthquake ground motions are
based on this information (Anderson et al., 1996; Lee et al., 2001). It can be
speculated that this tendency is mostly based on the empirical study proposed by
Borcherdt (1994) that recommended V3 as a means of classifying sites for
building codes. This approach is immediately adopted by the NEHRP seismic
provisions for new buildings (NEHRP refers to National Earthquake Hazards
Reduction Program in the USA).
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The site classification scheme in the NEHRP provisions is presented in Table 3.11
(BSSC, 2003). The site categorization is based on the definitions of five site classes
in terms of a representative average shear-wave velocity to a depth of 30 m as
indicated in the table. This definition permits sites to be classified unambiguously.
It should be noted that the ambiguous site classification of Turkish seismic code
(TEC, 2007) does not permit this study to classify the records according to the soil
groups described in the Turkish code. Table 6.1 of the Turkish seismic code shows
that the V3 values used in categorizing the site classes do not have clear

boundaries and the site classes can overlap each other.

According to BSSC (2003), site classes A and B correspond to hard rock and rock,
respectively. Site class C corresponds to soft rock and very dense soil and site

classes D and E refer to stiff soil and soft soil, respectively. A sixth site class, F, is

Table 3.11 Site classification scheme defined in 2003 NEHRP Provisions (¥

denotes time averaged shear wave velocity to a depth of 30 meters).

Site class Site class description

A Hard rock with measured shear wave velocity, ¥y > 1500 m/s
B Rock, 760 m/s <V, <1500 m/s

C Very dense soil and soft rock, 360 m/s < V, <760 m/s

D Stiff soil, 180 m/s <V <360 m/s

E Soft soil, ¥, < 180 m/s

Soils requiring site-specific evaluations:

1. Soil vulnerable to potential failure or collapse under seismic
loading such as liquefiable soils, quick and highly sensitive

F clays and collapsible weakly cemented soils.

. Peats and/or highly organic clays (3 m or thicker layer).

3. Very high plasticity clays (8 m or thicker layer with Pl > 75
where PI = plasticity index).

4. Very thick soft/medium stiff clays (36 m or thicker layer).

N
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Figure 3.25 My, versus distance plots for different NEHRP site classes. (First-,

second- and third-rows describe My, vs. Rjp, My, vs. Ry, and My, vs. R plots,

respectively. The first-, second- and third-columns show the relevant plots for

NEHRP B, C and D site classes, respectively).

defined for soils requiring site-specific evaluations with the relevant criteria. The

evaluation considers the vulnerability of soils to potential failure or collapse under

seismic loading (e.g. liquefaction) and the criteria is relevant in a sense with the

soil profiles delineated from borehole studies instead of shear-wave velocity

measurements.

NEHREP site class dependent relationships in the Turkish strong-motion database

for different magnitude scales and distance metrics are demonstrated in Figures
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Figure 3.26 Mgy versus distance plots for different NEHRP site classes. (First-,
second- and third-rows describe Mg vs. Rjb, Mg vs. Ry, and My vs. Repi plots,
respectively. The first-, second- and third-columns show the relevant plots for

NEHRP B, C and D site classes, respectively).

3.25 to 3.29. Similar to the previous sections the magnitude and distance data
represent the information from preferred seismic agencies. The immediate
observation from Figures 3.25 to 3.29 is that independent from the magnitude
scales and distance metrics, the strong-motion sites in Turkish strong ground-

motion network are almost divided into two major categories; namely NEHRP site

classes C and D. There are only 4 rock sites with 760 m/s < Vg, < 1500 m/s

(NEHRP B) out of 185 strong-motion locations. These 4 locations are, [zmit Mete-
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Figure 3.27 M; versus distance plots for different NEHRP site classes. (First-,
second- and third-rows describe M; vs. Rjb, M vs. Ry and Mg vs. R plots,
respectively. The first-, second- and third-columns show the relevant plots for

NEHRP B, C and D site classes, respectively).

orology station (station code: 4101), Izmir Giizelyal1 Meteorology station (station
code: 3506), Bilecik Meteorology station (station code: 1101) and Mugla Yerkesik
Kandilli Observatory (station code: 4808).

There is no soft soil site (NEHRP E) in the Turkish strong-motion database.Note
that the site class dependent plots in Figures 3.25 to 3.29 show similar distributions
regardless of the change in the magnitude scaling. The data associated with Rep; is

more than the corresponding data for R;, and Ry, since almost all seismic agencies
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Figure 3.28 my, versus distance plots for different NEHRP site classes. (First-,

second- and third-rows describe my, vs. Rjp, mp, vs. Ryyp and my, vs. Repi plots,

respectively. The first-, second- and third-columns show the relevant plots for

NEHRP B, C and D site classes, respectively).

report the epicentral coordinates which is not the case for the fault mechanism and
depth solutions that are used in the calculations of Rj, and Ry,,. This situation is
generally observed for the events with magnitudes smaller than 4. As indicated
previously, this is due to the uncertainties involved in the calculation of faulting

mechanism and depth in small magnitude events.
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Figure 3.29 M versus distance plots for different NEHRP site classes. (First-,

second- and third-rows describe My vs. Rjp, ML vs. Ryyp and My vs. Repi plots,

respectively. The first-, second- and third-columns show the relevant plots for

NEHRP B, C and D site classes, respectively).

The strong-motion data is divided into smaller Vs ;9 bins in Figures 3.30 to 3.34 to
observe whether its variation is improved in terms of magnitude and distance
scaling. A total of 6 V3 bins are introduced for this purpose: Vi 39 < 200 m/s, 200
m/s <V 30 <300 m/s, 300 m/s <V 39 <400 m/s, 400 m/s <V 39 < 500 m/s, 500 m/s
<Vs30 < 600 m/s and V390 > 600 m/s. The first and last V3 bins include the lower

and upper V 39 values of 192 m/s and 901 m/s, respectively.
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The main conclusions driven from the previous set of figures do not change
significantly with these plots. The Turkish strong-motion database mainly
comprises of V 3y values ranging between 200 m/s and 500 m/s. Interestingly the
number of data falling into the last bin V3 > 600 m/s is also significant. It should
be also noted that most of the data is accumulated between 10 km and 200 km
regardless of the chosen distance metric. The majority of the data ranges between
magnitudes of 4 and 7.6 with a clear gap between 6.5 and 7. These discussions
clearly describe the limitations of Turkish strong-motion database for conducting

further studies in engineering seismology and earthquake engineering.

3.5 Style-of-Faulting

Style-of-faulting is a useful parameter for ground-motion prediction equations to
improve the quality and confidence of the estimation by considering the rupture
mechanism (Bommer ef al., 2003). Although faulting style has a negligible effect
on reducing the standard deviations of the prediction equations, the ground motions
of reverse (R) faulting are generally accepted as greater than those of normal (N)

and strike-slip (SS) faulting.

The style-of-faulting can be determined from fault plane solutions, centroid
moment tensor (CMT) solutions, tectonic configuration and crustal stresses and
surface ruptures. In order to include the effect of style-of-faulting to the ground
motion prediction equations, one should classify the fault rupture mechanisms into
different categories. These categories are generally normal, strike-slip and reverse.
Some classification schemes also include the thrust (T) and oblique (O). Thrust
faults are reverse faults with shallower dip angles. Oblique is often expressed as a
combination of strike-slip and either normal or reverse with the larger component
of faulting expressed first, for example, reverse/strike-slip (R/SS) or strike-

slip/normal (SS/N) (Wells and Coppersmith, 1994).

70



The classification of a particular earthquake for aforementioned faulting categories
is usually based on the rake angle (slip angle) or plunges of P,T and B axes. Boore
et al. (1997), Campbell (1997) and Sadigh et al. (1997) used rake angle as the
fault-type predictor and their classification scheme is given in Table 3.12. Frohlich
and Apperson (1992) used the plunges of P, T and B axes while defining the
faulting styles as indicated in Table 3.13. As it is depicted in Table 3.12, each
proponent introduces different rake angle ranges for the faulting style definitions.
Moreover, Campbell (1997) defines thrust type faulting by considering the dip
angles. According to the study by Campbell (1997), reverse faults (rake angle is
between 22.5° and 157.5°) with shallower dip angles (dip angles smaller than 45°)
refer to the thrust faults. Frohlich and Apperson (1992) categorizes the faults as
thrust if the plunge greater than 50° belongs to the T-axis. Accordingly, if the
plunge greater than 60° is P-axis and B-axis, the faulting styles are normal and

strike-slip, respectively.

As it is stated in the previous sections, there are several seismic agencies that
provide earthquake catalogue information for the Turkish strong ground-motion
database. The number of fault mechanism solutions obtained from these seismic
agencies is considerably smaller than the number of earthquake epicenter,

magnitude or depth information. In this section, the style-of-faulting information

Table 3.12 Definitions of faulting style by Boore ef al. (1997), Campbell (1997)
and Sadigh et al. (1997) where A is the rake angle (in degrees) and d is the dip

angle (in degrees). SS is strike-slip, R is reverse and T is thrust .

Authors SS R T
Boore et al. A <30 or
>\ >
(1997) IA| > 150 15022230
Campbell |A| <22.5 or 157.5>A>225 157.5>1>225
(1997) |A| > 157.5 and &> 45 and & <45
Sadigh et al. A <45 or
>\ >
(1997) |A| > 135 13522245
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Table 3.13 Definitions of faulting style based on plunges of P-, T-, and B-axis by
Frohlich and Apperson (1992). N is normal fault, SS is strike-slip fault and T is
thrust fault. The parameter p/ denotes plunge angle.

Plunge Angle Fault Type
P-axis pl>60° N
B-axis pl>60° SS
T-axis pl>50° T

disseminated by SED, HRV and RCMT are presented as these agencies provide the
maximum amount of faulting information. Seismic agencies SED, HRV and
RCMT report the faulting style of 121, 93 and 83 events, respectively. Comparison
of different faulting style classification schemes between these agencies are shown
in Figure 3.35. In the comparative plots, SED information is shown in the
horizontal axis as this agency contains the largest number of faulting mechanism
solutions. The corresponding fault mechanisms of RCMT and HRV are presented
in the vertical axis and compared with the SED solutions. According to Figure
3.35, all three agencies generally reveal consistent style-of-faulting. For example,
HRV strike-slip solutions show a significant consistency with the strike-slip
solutions of SED and HRV normal faulting events present a perfect correlation
with the SED normal faulting information. Inevitably, there are some
inconsistencies between these seismic agencies, especially as in the case of SED
normal faulting events with the RCMT normal faulting events. This is not
surprising because, as discussed in the previous section, distances based on RCMT
exhibit significant discrepancies from those computed using the information

revealed by other seismic agencies.

Polar coordinate plots comparing different faulting style classifications proposed
by Boore et al. (1997), Campbell (1997), Sadigh et al. (1997) and Frohlich and
Apperson (1992) are shown in Figure 3.36. Similar to Figure 3.35, the comparisons
are based on the faulting style information of SED, HRV and RCMT. The angle

around the circumference of the circles specifies the rake angle and the radii of the
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Figure 3.35 Comparison plots of different faulting style classifications between

SED, HRV and RCMT.

circles specify the dip angle. In Figure 3.36.a open circles correspond to the focal
plane solutions of SED catalogue. Earthquakes that are classified using the scheme
proposed by Frohlich and Apperson (1992) are plotted as solid circles filled with
dark grey. Boore ef al. (1997) is designated as thick solid line, Campbell (1997) is
shown as thin solid line and Sadigh ef al. (1997) is represented as thin dashed line.
Figures 3.36.b and 3.36.c show the same information for HRV and RCMT
catalogues of 93 and 83 earthquakes, respectively. Since HRV catalogue does not
provide any plunge information, style-of-faulting scheme proposed by Frohlich and
Apperson (1992) cannot be applied to this case. The immediate observation from
this figure is that, regardless of the classification scheme considered, the number of
ambiguous events is quite smaller than the unambiguous events when SED and
HRV catalogues are compared (Figures 3.36.a and 3.36.b). However, for RCMT
events, Frohlich and Apperson (1992), Boore et al. (1997), Campbell (1997) and

Sadigh et al. (1997) do not give consistent results for the faulting classification.
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Figure 3.36 Polar coordinate plots comparing different faulting style classification

schemes for SED, HRV and RCMT events
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Note that the comparative plots in Figures 3.35 and 3.36 show that there is a small
amount of reverse faulting earthquakes in Turkey. Most of the events in the
database pertain to strike-slip and normal faulting earthquakes that are the most

commonly observed mechanisms in Turkey (Figure 3.37).
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Figure 3.37 Magnitude (M) - distance (Rjb, Rrup and Rep;) scatter plots of the

events with known style-of-faulting.
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Particularly, the North Anatolian Fault Zone and the East Anatolian Fault Zone
produces strike-slip events since they are two main intracontinental strike-slip
faults along the Anatolian plate. The western parts of the Central Anatolia (i.e.
West Anatolian Extensional Province) is bounded by active normal faults (Bozkurt,
2001). Figure 3.37 shows the magnitude-distance scatter plots of the events with
known style-of-faulting. The preferred agency information for faulting mechanism
solutions are considered while plotting these scatter diagrams. The criteria
proposed by Frohlich and Apperson (1992) that is based on the plunges of P-, T-
and B-axis is used as the primary source while determining the faulting style. If this
information is not provided by the preferred seismic agency or the earthquakes are
classified as “odd” by the plunge definition of Frohlich and Apperson (1992), then
the rake angle definitions proposed by Boore ef al. (1997), Campbell (1997) and
Sadigh et al. (1997) are used for the determination of faulting style. In the case of
conflicting decision between these three definitions, the faulting style that is
commonly estimated by the two of these three methods is accepted as the optimally
“correct” style-of-faulting. The reader is referred to Appendix A for detailed

information about the style-of-faulting of each event defined by different criteria.
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CHAPTER 4

DATA PROCESSING

4.1 General

This chapter explains the data processing of the selected accelerograms in the
strong-motion database. The criterion for the selection of the accelerograms for
data processing, types of non-standard recording or digitization problems, methods
implemented to recover from these problems and the band-pass filtering to remove

long- and short-period noise from the accelerograms are presented and discussed.

4.2 Selection of the Accelerograms

The choice of records for data processing constitutes one of the most important
decisions in this study because all strong-motion data is valuable and should not be
discarded unless the quality is very low. Firstly, only records with My, > 4 were
chosen because events with smaller magnitudes are unlikely to be significant for
engineering use. There are 4203 ground-motion records present in the Turkish

strong-motion database and 691 of them have M,, > 4.

In the second stage, the waveform quality of records were categorized as specified
in Douglas (2003). According to Douglas (2003), some accelerograms are affected
by non-standard recording and digitization problems and they are often not used in
strong-motion studies. Records from analogue instruments are more prone to such

problems but even the digital recordings that have started to become common, can

71



suffer from such problems. These non-standard problems cannot be corrected by
standard filtering techniques that remove low- and high-frequency noise from the
acceleration time-history (Douglas, 2003). Since all strong-motion data is valuable,
it is important to know whether or not any useful information can be retrieved from

accelerograms that are affected by such problems.

4.2.1 Types of Non-Standard Problems

Definitions of non-standard errors encountered and the methods implemented to

recover from these problems are described below:

Spike: A sudden high-frequency rise with a considerable amplitude in the raw
acceleration time series. A typical example is shown in Figure 4.1. The amplitude
of a spike is several times greater with respect to the amplitudes of surrounding
waveforms. It can be removed by replacing its ordinate with the average value of

the data points at either side (Boore and Bommer, 2005).

Insufficient digitizer resolution (IDR): If the recording instrument operates under a

low-bit range, then the resolution of the accelerogram will be low. Digital instru-

20050110234857_4805 : NORTH-SOUTH (NS) COMPONENT

20 T T T T T

o

e 10 i
=

c

% 0 Q) ! B
o

8 10 .
<<

20 ! ! ! ! ! !
0 10 20 30 40 50 60 70

Time (s)

Figure 4.1 A typical spike problem from the NS component of
20050110234857 4805 record (spike with an amplitude of -7.79 cm/s” is replaced
with an acceleration value of -0.018 cm/s* which is the arithmetic mean of the

points just at the left and right side of the spike).
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ments with low dynamic ranges record weak ground motions with a step like
appearance because their resolution is not enough to record the details. This will
occur if the A/D (analog-to-digital) converter bit range is small, the full-scale
amplitude of the instrument is too high and the ground motion is of small
amplitude (Douglas, 2003). This problem can also be observed in the analogue
recordings when the traces on the film are not digitized properly, or if the small
amplitudes of the waveforms cannot be read by the digitizer. Mostly weak ground
motions will suffer from this problem, hence it is not generally critical for
engineering applications unless there is a compelling reason for using small

amplitude motions.

Insufficient digitization problem (IDR) is categorized into three different levels in
this study. These are referred to as IDR-1, IDR-2 and IDR-3 that correspond to
moderate, poor and very poor resolutions, respectively. Their general appearance
are given in Figures 4.2.a, 4.2.b and 4.2.c. This study did not try to recover this
problem because one cannot do too much to resolve the low-bit amplitude
problems in digital records. For analogue records, the problem could have been
handled by re-digitizing the trace on the film paper but this was not done due to the
time limitations in the project. Instead, records suffering from IDR-2 and IDR-3
were eliminated from data processing. There are 276 records that are categorized as

IDR-2 and IDR-3 in the database.

Multi-event (or multiple shock, MS, events): This is the case when the acceleration
time history contains two or more well separated events as displayed in Figure 4.3.
It is not actually a recording error or an outcome of a malfunction in the instrument.
It occurs when the second event starts before the coda of first event falls below a
threshold amplitude. In such cases, the digital instruments continuously record until
the end of second event. Whenever a multi-event recording was encountered, the
lower magnitude event (mostly the one associated with lower amplitudes) was
removed from the entire record. A total of 14 records were processed in this

manner during the conduct of this study.
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Figure 4.2 Insufficient digitizer resolution (IDR) illustration. Plot “a” refers to
moderate resolution (IDR-1), plot “b” refers to poor resolution (IDR-2) and plot

“c” refers to very poor resolution (IDR-3).

S-wave triggered (S-WT): This problem is observed mainly in the analogue
instruments because they do not have the pre-event recording capability. It is also a
problem for digital instruments if they have very short pre-event memory. In such
cases the initial part of the ground motion which usually involves P-waves is not
recorded and the triggering starts from the S-wave arrival of the motion particularly
for low amplitude ground motions (Boore et al. 1993). This type of problem is

illustrated in Figure 4.4. In most cases, the low threshold limits of the analogue
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instruments promote this problem significantly (Douglas, 2003).

If a record is defined as poor quality because of S-wave trigger, then it is obviously
impossible to know what the actual record would be and hence impossible to
estimate the exact effect of the error. Consequently, there is no way to recover this

problem.

Early termination during coda (ETDC): The record is not complete until the
ground motion ceases because of lack of trace on the film paper or due to memory
or instrument malfunction problems in digital records. A typical example is
illustrated in Figure 4.5. As in the case of S-wave triggered records, it is impossible
to recover the missing portion of these records. This study only identified such

records and did not process them.

Obviously, there are some other irresolvable discrepancies dealt with during the
compilation of the database that can not be classified as one of the above non-
standard problems. These unclassifiable problems are defined as ‘miscellaneous’
and are represented in Figure 4.6. Although this study did not attempt to recover
information from such records it would be useful to conduct an independent study

to see the usefulness of these records in certain engineering applications.
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Figure 4.5 An illustration of early termination during coda problem with NS

component of 19980627135611 3102 record.
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Figure 4.7 illustrates the histogram representation of non-standard error distribu-
tion. The statistical distribution shows that in Turkish strong-motion database,
more than half of the earthquake records are problem free records and the most

confronted problem is insufficient digitizer problem.

The decision on including or excluding the records with non-standard errors varies
from one researcher to the other. Campbell (1981), Boore et al. (1993) and Spudich
et al. (1999) exclude S-wave triggered records. Chapman (1999) excludes records
of short duration that terminated early during the coda (ETDC) and those triggered
late on the S-wave (S-WT). Sabetta and Pugliese (1987) use only the first shock of
a record if it is a well recognizable and separated multiple shock by a time interval
of tens of seconds. Hence, they consider the magnitude and focal parameters of the
first shock. Simpson (1996) does not use poor quality records to derive prediction

equations for strong ground-motion parameters (Douglas, 2003).

After eliminating the poor quality records detected that contain incurable non-
standard problems, a total of 540 three-component strong-motion accelerograms

with My, > 4 were band-pass filtered. Most of these records have complete informa-

Problem free | 2257
Miscellaneous 7:| 153
Spike [JI 191
Multi-Shock [JI 192
IDR-3 (very poor) 7:| 169
IDR-2 (poor) [I 106
IDR-1 (moderate) [N 603

ETDC | 284
SWT |87

0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Number of Records

Figure 4.7 Distribution of the non-standard errors in Turkish strong-motion
database (The spike, multi-shock and IDR-1 type non-standard errors were

corrected during this study).
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tion about the site class, faulting style and source-to-site distance that are presented
in Table A.4 in Appendix A. The procedure implemented during the filtering

process is described in the next section.

4.2.2 Data Processing

The raw accelerograms, particularly those from analog instruments, are generally
comprised of high- and low-frequency noises. Identification of the noise in the
acceleration time series and its possible effects on the strong-motion parameters is
of vital importance (Boore and Bommer, 2005). In this respect, the main task is the
selection of an appropriate processing technique in order to eliminate the noise and
some other type of defects for the implementation of processed records to the

engineering seismology and earthquake engineering related studies.

The theoretical concepts in digital filters are out of scope of this study. However,
there are a wide range of digital filter types such as Bessel, Chebycheyv,
Butterworth (Converse, 1992), Ormsby (Trifunac et al., 1973), elliptical (Sunder
and Connor, 1982; Sunder and Schumacker, 1982) to remove the noise. As it is
stated in the online documentation of the European Strong Motion Database (http://
www.isesd.cv.ic.ac.uk/ESD/Documentation/Documentation.htm), the Butterworth
filter has the flattest possible pass-band magnitude response. Furthermore, its pulse
response in time domain behaves better than the Chebyshev and the rate of
attenuation (decaying portion of filter response) is better than the Bessel. As a
result, the selection of Butterworth filter is more logical than its alternatives. An
illustration of a low-cut Butterworth filter in frequency domain is given in Figure
4.8. The filter cut-off frequency is chosen as 0.05 Hz for illustrative purposes. That
is, the frequency components with periods above 20 seconds will be partially
removed from the data upon the application of this filter. The three different curves
stand for different filter orders. Higher the filter order, the more rapid the roll-off
is. The rapid roll-off will result in ringing effect in the filtered data that is not

desired in data processing (Kanasewich, 1981).
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Figure 4.8 Filter response of a bi-directional Butterworth filter in the frequency
domain. Low-cut (high-pass) filter cut-off frequency is 0.05 Hz. The plot shows
three different filter orders: 2-pole/2-pole (n=2), 4-pole/4-pole (n=4) and 8-pole/8-
pole (n=8).

The fundamental choice between causal and acausal filters is as important as the
choice of filter type. The acausal filter is preferred because they do not produce any
phase distortion in the signal, whereas causal filters result in phase shifts in the
record. The zero phase shift is achieved in the time domain by adding zero pads
before and after the original record length. As shown by various studies (Boore and
Akkar, 2003; Boore and Bommer, 2005) spectral and peak ground values are less
sensitive to the chosen filter cut-off when the data is filtered by phaseless (acausal)

filters.

In this study, two-pass (i.e. bi-directional), 4-pole/4-pole Butterworth filter is used
during the filtering process. The public open data processing software USDP
(Utility Software for Data Processing) developed within the context of Turkish
National Strong-Motion Project was utilized for filtering. This software makes use

of the open source program “blpadflt.exe” by Dr. David M. Boore. The detailed
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information about “blpadflt.exe” is found in the TSPP manual (http://quake.wr.

usgs.gov/~boore/software online.htm).

Before starting the actual filtering, an initial baseline adjustment was applied to the

accelerograms. If there is a pre-event buffer in the accelerograms (digital records),

the average of 90% of pre-event time was removed from the entire record. This is

represented in Figure 4.9.
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Figure 4.9 Determination of pre-event time interval that is used in the first step of

data processing. For this particular example, pre-event time is determined as 9 s for

all components. The average betweent=0sandt=8.1s(i.e. 9x0.9=28.1)is

removed from the entire record length of each component.
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If there is no pre-event information in the acceleration time series (analogue
records), the mean of entire record was computed and was removed from the entire

acceleration time series. This step is called “mean removal” step.

The long- and short-period (low- and high-frequency) filter cut-offs for removing
the noise in the mean removed accelerograms were estimated in the frequency
domain. Fourier amplitude spectra (FAS) of the accelerograms were computed to
visually inspect the behavior of frequency components in the low- and high-
frequency regions that help determining the low-cut and high-cut filter cut-offs.
Low-cut filter frequency (fiow-curt) Was determined by following the iterative
procedure suggested in Akkar and Bommer (2006). This procedure requires the
calculation of theoretical source spectrum corner frequency that guides the analyst
while determining the low-cut filter frequency. In principle, the low-cut filter
frequency should be in the vicinity of theoretical source spectrum corner frequency.
This way, the low-cut filtering is assumed to retain the actual frequency content of
the record. If the chosen filter cut-off is greater than the theoretical corner
frequency of source spectrum, some portion of actual frequency content is most
likely removed. This study used the double-corner source spectrum model
proposed by Atkinson and Silva (2000) and Brune’s single-corner source spectrum
(0® model) presented in Joyner and Boore (1988) for guidance in low-cut filter
decision. Of the two corner frequencies in Atkinson and Silva (2000), the lower
corner frequency (referred to as faspo) that controls the total rupture area and
strong-motion duration has higher priority while deciding on the low-cut filter
frequency. Note that the low-cut filtered data is supposed to follow a trend
proportional to f* gradient that is dictated by the theoretical source spectrum. High-
cut frequency (fhigh-cu) Was also determined through the guidance of theoretical
source spectrum. The high-cut frequency for each record was detected such that the
high-cut filtered data fairly follows the 1/f* trend in the high frequency range. This
is the theoretical decaying trend at high frequencies described by the theoretical
source spectrum. High frequency interval is generally bounded inbetween 15 Hz

and 40 Hz for the records processed in this study.
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Figure 4.10 illustrates the points described in the previous paragraph. The figure
shows the FAS of mean removed record together with the FAS behavior of the
same record filtered at various low-cut and high-cut filter cut-offs. The corner
frequencies (fasoor and fasoo) of double-corner source spectrum proposed by
Atkinson and Silva (2000) and the corner frequency (figss) computed from the
Brune’s ®” spectrum (Joyner and Boore, 1988) are also given in the same plot. The
scaled f* and 1/f* lines superimposed in Figure 4.10 help the visual inspection of
decaying rates in the FAS of low-cut and high-cut filtered record. The overall
picture presented in Figure 4.10 suggests that, for this record, the choices of fioy-cut
=0.10 Hz and fiigh-cut =22 Hz would result in a source spectrum compatible behavior
in the frequency domain. The decaying rates in the low- and high-frequency ranges
are consistent with the f* and 1/f* gradients when the record is filtered with these
filter cut-offs. Moreover, the chosen fiow.cat 1S Smaller than the fasgos and fipss
values suggesting that filtering has not removed from the actual low-frequency

content of the record.

It should be noted that the velocity and displacement waveforms of the filtered
accelerogram must be visually inspected as well, in order to finalize the data
processing. If a dominant long-period fluctuation or any other situation that cannot
be explained physically (such as drifts in the filtered ground velocity and
displacement) still persists, then one must use a larger low-cut filter cut-off and
repeat the filtering process. Note that the above discussion is valid for the choice of
low-cut filter frequencies. In general the high-cut filter value is determined in a
non-iterative manner. The high-cut filter value that results in a high frequency FAS

decay consistent with the theoretical 1/f* gradient is adequate.

Figure 4.11 presents the mean removed and filtered velocity and displacement time
series of the record discussed in Figure 4.10. The plots in the figure depict that the
largest discernable differences due to different low-cut filter values are present in

the displacement traces. This is not surprising because the displacement waveforms
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Figure 4.10 Fourier amplitude spectra of mean removed and filtered NS component
of 19980627135553 0105 record. The low-cut filtering values presented are 0.050
Hz, 0.075 Hz and 0.100 Hz whereas the high-cut filter value is 22 Hz. The plot also
shows the proposed theoretical source spectra corner frequencies (fasoo-rand fasoo-
1) of Atkinson and Silva (2000) and Joyner and Boore (1988). The latter corner

frequency is designated as figgs.

are directly related to the long-period components of the ground motion and
inherently they are affected more by different low-cut filter values. For this
particular record, the velocity time series are not affected as much as ground
displacement from different low-cut filter values. While deciding on the final filter
low-cut, the trends in the filtered displacement (zero pads stripped off) are
scrutinized carefully and fiow-cut that results in a relatively rational variation in the
ground displacement is defined as the low-cut filter frequency. For this particular
case, flow-cur=0.10 Hz is chosen as the final low-cut filter value because the ground

displacements filtered with other fjow-cut Values still seem to contain long-period
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Figure 4.11 Velocity and displacement time series of the mean removed and

filtered NS component of 19980627135553 0105 record for different low-cut

frequency values. The leading and trailing zero pads required for acausal filtering

are not shown in the figures for a better visual inspection of the filtered time series.

The time axis shows the absolute length of the actual record (30 s) in all plots.

However, the leading and trailing zero pads that vary in size as a function of filter

cut-off result in a time shift in the abscissa.



noise. Note that the overall procedure is still subjective although its fundamentals
are based on some basic theory of seismology. However, it is almost impossible to
prevent the subjectivity on the filter cut-off decisions in all filtering procedures.
Correspondingly, the main issue is to determine the maximum oscillator period for
spectral calculations that is least affected from the filter cut-off. The reader is
referred to Akkar and Bommer (2006) and the document provided by Boore
(http://quake.wr.usgs.gov/~boore/) to have some background information on this

1SSue.

4.3 Overall Low-Cut Filter Cut-Offs for the Turkish Strong Motion Database

Scatters of low-cut filter values of each ground-motion component as a function of
moment magnitude and site class are represented in Figures 4.12.a (NEHRP site
class C) and 4.12.b (NEHRP site class D). The plots also show the theoretical
corner frequencies of the source spectra considered in this study (i.e. fasoo-1, fasoo-i
and fyggg). In general, the chosen low-cut filter values are lower than the corner
frequencies fasoo.1 and figss for magnitudes lower than 6 and 6.5. This suggests that
the records pertaining to these events are filtered optimally without removing the
actual ground-motion information. Of course, this statement is valid within the
bounds of chosen theoretical source spectra. For some of the ground motions
recorded during large magnitude events (e.g. Diizce and Kocaeli events with
M,,=7.1 and 7.6, respectively) the low-cut filter values are above the theoretical
corner frequencies (i.e. fasoo-r and fyggg). This observation depicts the removal of

some actual frequency content from the ground-motion record.

Consequently, after eliminating the poor quality records due to previously
described non-standard recording problems, a total of 540 three-component strong-
motion accelerograms were processed with the iterative procedure described in the
previous section. The low-frequency and high-frequency filter cut-offs determined
in this study are believed to be reasonable and the resulting velocity and

displacement traces are considered as visually acceptable.

92



flow-c:ut (HZ)

0.1 4

o flow-cut (N_S)
+ flow—cut (E_W)
X flow-cut (U_D)

fJB88

- fAsoo-l

[ XXX NN N fASOO—H

flow-cut (HZ)

0.1 1

NEHRP D
4 5 6 7 8

Figure 4.12 Distribution of low-cut frequency values as a function of moment
magnitude in terms of (a) NEHRP C, (b) NEHRP D site classes. The three
mutually perpendicular components (NS, EW and UD) are indicated by three
different symbols. The solid, dotted and dashed lines denote the corner frequency
values of the theoretical source spectra of Joyner and Boore (1988) (fiss) and

Atkinson and Silva (2000) (fasoo-1, fasoo-11), respectively..

Although one can discuss the subjectivity in the choice of theoretical source spectra
or the visual inspection of the processed ground motions to finalize the iterations,
the signal processing technique used within the scope of this study is believed to

describe the frequency content of the processed ground motions fairly well.
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CHAPTER 5

COMPARISON OF SOME RECENT ATTENUATION MODELS
WITH TURKISH STRONG MOTION DATABASE

5.1 General

In this chapter a limited comparative study is conducted between the peak ground-
motion values (peak ground acceleration, peak ground velocity and 5%-damped
pseudo spectral acceleration at different oscillator periods) of Turkish strong-
motion database with the estimations computed from different ground-motion
prediction models. Within this context, the regional differences that may feature in
Turkish strong-motion database are evaluated by making use of the global ground-
motion prediction models. The comparisons are based on conventional residual
analysis. The discussions presented in this chapter should be considered as the
preliminary evaluation of the ground-motion models that can be implemented to

the recently compiled Turkish strong-motion database.

5.2 The Prediction Models Used

Two recently derived predictive models for shallow crustal earthquakes in active
seismic regions are used for the comparison study. Boore and Atkinson (2008)
derived a set of predictive equations for estimating peak ground-motion values and
spectral values within the context of Next Generation Attenuation (NGA) project
(http://peer.berkeley.edu/products/nga_project.html). They used a world-wide
global database compiled for the specific purposes of the aforementioned project.

Boore and Atkinson used a total of 1574 ground motions from 58 earthquakes with
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M, ranging between 4.3 and 7.9. In a similar fashion, Akkar and Bommer (2007a
and 2007b) derived another set of predictive models that are based on a recently
compiled ground-motion database that consists of records from Europe and the
Middle East. Both predictive models used Turkish records at different extents. In
the absence of large events in Europe, large magnitude events of Akkar and
Bommer database are dominated by the Turkish records from the 1999 Kocaeli and

Diizce earthquakes.

The database of Akkar and Bommer contains a total of 532 processed
accelerograms from 131 earthquakes with 5 < M,, < 7.6. The records were
originally taken from the database of Ambraseys et al. (2005), but they were
systematically re-filtered by Akkar and Bommer (2006). The recording stations
were classified according to the V3¢ values. The sites with V3 values above 750
m/s are considered as rock and those with Vg3p values below 360 m/s are
considered as soft soil in Akkar and Bommer. The sites with intermediate V3o
values (i.e. 360 m/s < V39 < 750 m/s) are classified as stiff soil. The distance
metric used in the regression analysis is the Joyner-Boore distance (R;,) and the
proposed equations are mostly valid for distances from 5 to 100 km. In terms
faulting style, the records in the data set are distributed among reverse, normal, and

strike-slip ruptures.
Akkar and Bommer (2007a) derived empirical prediction equations for PGV both

for the larger horizontal component and geometric mean of horizontal components.

The general form of the prediction equation is:

log(PGV,)=b, +b,M +b,M* + (b, +b,M)log,, [ R, +b;
+b,85 +b,S , +byF, +b, Fy (5.1)

where M is My; Sx and Ss are dummy variables representing the influence of site

class taking values of 1 for stiff and soft soil sites, respectively, and zero otherwise.
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The Fy and Fr terms are dummy variables for the influence of style-of-faulting,
taking values of 1 for normal and reverse ruptures, respectively, and zero
otherwise. The unit of PGV, is cm/s and the subscript xx is used to denote either
geometric mean or maximum value of the two horizontal components. The
coefficients b;-bjy were estimated using the maximum likelihood one-stage
regression method (Joyner and Boore, 1993). In a similar manner, the predictive
equations of Akkar and Bommer (2007b) that estimate spectral quantities and PGA
have the same functional form and the regression coefficients were estimated with
the same methodology. The predictive equations of spectral quantities estimate for
geometric mean whereas the PGA predictive equations estimate both geometric
mean and larger horizontal component. Moreover, the predictive equations can
estimate spectral values for multiple damping (2%, 5%, 10%, 20% and 30% of

critical damping) and for periods up to 4.0 seconds.

As stated previously, Boore and Atkinson (2008) predictive model primarily used
the database compiled within the context of PEER-NGA project and estimate
PGV, PGA and 5%-damped response spectral values up to 10 seconds. The
horizontal component definition of Boore and Atkinson (2008) is GMRotI50
(Boore et al., 2006) rather than the geometric mean of horizontal components.
GMRotI50 is the 50th percentile (median) value of the geometric means computed
for all nonredundant rotation angles. Although this component definition addresses
the directional uncertainty better than the geometric mean, on average, there is
practically no difference in the outcomes of these two horizontal component
definitions (Beyer and Bommer, 2006). Due to this fact no modification is done in
Boore and Atkinson estimations in terms of horizontal ground-motion scaling. In
other words, GMRotI50 estimations are accepted as equal to geometric mean
estimations. The distance metric used by Boore and Atkinson is the Joyner-Boore
distance (Rjp) and the equations are derived for Rj, < 200 km. The site influence 1s
considered by an empirical function in terms of V30. Note that this is different than
Akkar and Bommer approach that used dummy parameters to distinguish different

site classes that are determined from V3. The style-of-faulting in the Boore and
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Atkinson (2008) database is categorized as reverse, normal, and strike-slip events.
The functional form of Boore and Atkinson (2008) equation is:
In(Y)=F,,(M)+F,(R

M)+ Fy(V, 5. R, M)+é0, (5.2)

b b
where Fy, Fp and Fs represent the magnitude, distance and site amplification
functions, respectively. M is moment magnitude, € is fractional number of standard

deviations and o is a coefficient depends on aleatory uncertainty.

5.3 Comparisons of Two Predictive Models Using the Turkish Database

The predictive models of Boore and Atkinson (2008) and Akkar and Bommer
(2007a, 2007b) are evaluated by means of conventional residual plots that are
presented in Figures 5.1 to 5.7. In order to perform robust comparisons with these
predictive models, events from Turkish strong-motion database were selected
considering the common limitations featured in these studies. A total of 161
records from 79 events with 5 <M,, < 7.6 and Rj, < 100 km were used considering
the limitations imposed by Akkar and Bommer model. Considering the limitations
in Boore and Atkinson (2008), a total of 269 records from 89 events were used
from the Turkish database with 5 < M,, < 8 and Rj, < 200 km. Residuals are
computed in terms of different peak ground-motion values (PGV, PGA) and 5%-
damped PSA at different spectral periods (T=0.2, 0.5, 1.0, 1.5 and 3.0 s). In each
figure, the two predictive models are compared by several residual scatters that are
plotted in terms of My, and Ry, for different site classes (NEHRP D and NEHRP C).
Since the recordings from rock sites (NEHRP B) is scarce (almost negligible) in the
Turkish strong-motion database, a meaningful comparison cannot be done for rock
sites. While computing Boore and Atkinson predictive model, the V3¢ value
specific to each record was used since this model utilizes a continuous function for

site effects in terms of Vg 3.
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The left hand side of each figure (Figures 5.1 to 5.7) illustrates the residuals
computed from the predictive equations proposed by Akkar and Bommer (2007a,
2007b). The Akkar and Bommer models are abbreviated as AB’07 in the plots. The
right hand side of each figure refers to the residuals computed from Boore and
Atkinson (2008) (BA’08) predictive model. Linear trend lines are fitted to the
residual plots to determine whether the predictions are biased for the given
magnitude, distance and site class conditions. The negative residual value in these
plots indicates the overestimation of the peak ground-motion value by the
concerned prediction model. The positive residual ordinates suggest the
underestimation of actual ground motions. The plots also show the p-value
statistics to judge on the dependency between the residuals and the independent
parameters M,, and R;,. Note that, in general, one can conclude that the
independent parameter cannot be used to predict the dependent variable when p is
less than 0.05. In other words, p values smaller than 0.05 would indicate that the
trends in the straight lines are significant and consequentially the predictive model
is based either on the conservative or non-conservative side for the given

independent parameter.

The following observations are made from Figures 5.1 to 5.7.

1. In general, both predictive models exhibit magnitude dependency. This is
more prominent for high-frequency ground-motion parameters (PGA and
PSA at T = 0.2 s) recorded on NEHRP D sites. For these parameters both
models tend to overestimate small magnitude events. Note that BA’08 yield

more biased estimations.

2. In general, AB’07 predictions do not show significant distance dependency
regardless of the site class. BA’08 predictions do show some strong
dependency to distance for some particular cases [e.g. PSA (T = 0.2 s) and
PSA (T =0.5 s) on NEHRP D]
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3. The predictions of AB’07 improve for relatively longer period PSA values.
This observation is valid for both independent magnitude and distance

parameters as well as records on NEHRP C and D site classes.

4. In general, both predictive models tend to overestimate the ground-motion
parameters recorded on NEHRP C site classes. BA’08 tends to overestimate
more. As a matter of fact, the overall picture from these scatter plots
indicates that BA’08 has a stronger tendency towards overestimation than

AB’07 predictive models.

5. The general conclusions derived for PGA and PSA in the above 4 items are
also valid for PGV estimations. Both models seem to have magnitude
dependency for the NEHRP D PGV estimations. However, this is more
prominently observed in BA’08 estimations. In general, BA’08 tends to

overestimate PGV more.

The above items indicate that neither predictive model fully addresses the overall
features of Turkish ground-motion database. This is also confirmed by the t-test on
the mean of differences (Ho: E[log(obs/pred)] = 0 vs. Ha: E[log(obs/pred)] # 0)
such that none of the p-values are greater than 1%. The regression coefficients need
adjustments in order to yield unbiased predictions in terms of magnitude, distance
and site class. However, the close performance of these models may advocate that
their functional forms are adequate to describe the variations of strong-motion

parameters in terms of prominent seismological parameters.
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Figure 5.1 Comparative residual scatters between Akkar and Bommer (2007a) and

Boore and Atkinson (2008) for the geometric mean of PGV using recently

compiled Turkish ground-motion database.
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Figure 5.3 Comparative residual scatters between Akkar and Bommer (2007b) and
Boore and Atkinson (2008) for the geometric mean of %5-damped PSA (T =0.2 s)
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Figure 5.4 Comparative residual scatters between Akkar and Bommer (2007b) and
Boore and Atkinson (2008) for the geometric mean of %5-damped PSA (T = 0.5 s)

using recently compiled Turkish ground-motion database.
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Figure 5.5 Comparative residual scatters between Akkar and Bommer (2007b) and
Boore and Atkinson (2008) for the geometric mean of %5-damped PSA (T =1.0s)

using recently compiled Turkish ground-motion database.
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Figure 5.6 Comparative residual scatters between Akkar and Bommer (2007b) and
Boore and Atkinson (2008) for the geometric mean of %5-damped PSA (T = 1.5 s)

using recently compiled Turkish ground-motion database.
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Figure 5.7 Comparative residual scatters between Akkar and Bommer (2007b) and
Boore and Atkinson (2008) for the geometric mean of %5-damped PSA (T =3.0s)

using recently compiled Turkish ground-motion database.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

In this study, the main seismological features of Turkish strong-motion database
are presented for its efficient use in earthquake engineering and engineering
seismology related studies. Within this context, a total of 4203 Turkish strong-
motion records between 1976 and 2006 were compiled to achieve a homogeneous
ground-motion database in terms of main seismological features (e.g. earthquake
magnitude, source-to-site distance information, style-of-faulting, local site

conditions of strong-motion stations, maximum ground-motion values etc).

Firstly, basic steps followed during the compilation of Turkish strong-motion
database were described. Different data formats archived by the operating agency
(ERD-GDDA) were unified in a single data format. The missing catalogue
information in the database was completed by using the information disseminated
from 17 worldwide seismic agencies and 8 different papers. Information revealed
by various international or national agencies about the fundamental earthquake
parameters (e.g. earthquake magnitude, depth, epicentral coordinates, focal
mechanism, source-to-site distances, etc) were evaluated by giving priority to some
of the seismic agencies according to the specific features of each parameter. For
example, local agencies were preferred for epicenter locations whereas

international agencies were given a priori for source solutions.
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The variations in different magnitude scales, source-to-site distance metrics, site
classes and faulting style were presented based on the information reported by
preferred seismic agencies. Within this context, the scatters of different magnitude
scales, distance metric relationships, site classification in terms of average shear-
wave velocity within first 30 m of the soil profile (Vs30) and style-of-faulting were
given. Empirical relationships between My, and different magnitude scales were
derived to homogenize the strong-motion database in terms of My, since My, is the
most robust magnitude scale in many earthquake engineering and engineering
seismology related studies. Furthermore, comparisons of empirical magnitude
relationships derived in this study and other studies in the literature were

represented.

Data processing steps of the selected raw strong-motion accelerograms were given.
The criteria for the selection of accelerograms for data processing, types of non-
standard recording or digitization problems, methods implemented to recover from
these problems and the band-pass filtering to remove long- and short-period noise
from the accelerograms were presented and discussed. A total of 540
accelerograms with high quality waveforms and M,, greater than 4 were uniformly

processed by high- and low-pass digital filtering.

To evaluate the regional features of Turkish strong-motion database, a limited
comparative study was realized. The peak ground-motion values (peak ground
acceleration, peak ground velocity and 5%-damped pseudo spectral acceleration at
different oscillator period values) of Turkish strong-motion database were used
together with the estimations computed from two recently derived ground-motion
prediction equations to achieve this purpose. Of these prediction models, the first
one is derived within the context of Next Generation Attenuation (NGA) project.

The other predictive model uses ground motions from Europe and the Middle East.
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6.2 Conclusions

The main conclusion and observations of this study are listed below:

e In general, the empirical magnitude models of this study result in fairly
similar estimations with the other studies in the literature, especially for My,
vs. Mg and My, vs. my conversions. When My, vs. My relationship is of
concern, it is observed that there exist considerable differences between the
M,, estimations of other studies with those obtained from this study. This is

normal since My is region dependent.

e There is a significant discrepancy between the empirical magnitude
relationships of this study and those proposed by Deniz (2006) that used
another version of Turkish database. The Deniz (2006) results are also
significantly different from the results computed by the relationships in the

literature.

e For small magnitude events (e.g. My, < 6), R, 1s approximately equal to
Rj,. The discrepancy between R;, and R, becomes larger for large
magnitude events (e.g. My, > 6) and epicentral distances less than 40 km.

This is consistent with the findings in the literature.

e Regardless of the variations in magnitude, Rj;, is generally smaller than Ry,
for Rj, < 20 km. For larger distances, Rj, is approximately equal to Ry,
which means that after approximately 20 km - 30 km, the difference in the

definitions of these distance metrics become immaterial.

e For events with M,, < 7, regardless of the distance value, Ry, is approxi-
mately equal to Ry, For events with My, > 7 that are associated with
intermediate distances (Rpy, < 50 km), the discrepancy between these two

distance metrics becomes larger.
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Regarding the site classification, the strong-motion sites are almost divided
into two major categories; namely NEHRP site classes C and D. It should
also be noted that most of the data is accumulated between 10 km to 200
km from the source regardless of the chosen distance metric. The majority
of the data ranges between magnitudes of 4 and 7.6 with a clear gap
between 6.5 and 7. Note that there is a small amount of reverse fault
earthquakes in Turkey. Most of the events in the database pertain to strike-
slip and normal fault earthquakes. These discussions clearly describe the
limitations of Turkish strong-motion database for conducting further studies

in engineering seismology and earthquake engineering.

The comparisons of peak ground-motion values of Turkish strong-motion
database with the estimations computed from two different ground-motion
prediction models show that these prediction models, in general,
overpredict the peak ground-motion values regardless of site class, moment
magnitude and source-to-site distance ranges. Boore and Atkinson (2008)
predictive model that uses the NGA database tends to overestimate more
with respect to Akkar and Bommer (2007a, 2007b) equation. Though
speculative, this can be attributed to the regional differences between the
Turkish strong-motion database and the world-wide database used by Boore

and Atkinson (2008).

Figures 6.1 and 6.2 present the overall distribution of the processed records in the
Turkish database in terms of fundamental seismological parameters (moment
magnitude, source-to-site distance metrics, site classes and faulting style) that are
main predictor variables of ground-motion prediction equations. Style-of-faulting
in these figures is computed from Frohlich and Apperson (1992). If this method
determines “odd” faulting, the dominant faulting style determined from Boore et al.
(1997), Campbell (1997) and Sadigh et al. (1997) was employed in the faulting
classification (see Chapter 3 for details). Furthermore, Figures 6.3 to 6.5 show the

distribution of the peak ground-motion values (5% damped PSA at different
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oscillator periods, PGA, PGV and PGD) for NEHRP D and NEHRP C sites and for
different magnitude bins. Scatter plots seem to have a systematic variation with
respect to different magnitude bins as a function of distance. As the magnitude
increases, the ordinates of peak ground motions tend to increase. Moreover, the
increase in magnitude seems to slow down the decay of peak ground-motion values
at large distances. There seems to be a magnitude saturation effect for large
magnitude scatter points. Moreover, high-frequency peak ground-motion
parameters seem to be capped for large magnitude events at short distances. Of
course, these gross observations can be fine tuned in a detailed regression analysis.
It should be noted that the PGD variation given in Figure 6.5 is for complementary
purposes because this parameter is influenced significantly from filter cut-offs.

Therefore, the reliability of PGD values presented requires further investigation.

6.3 Possible Extension of the Database for Future Studies

Although the study compiled the entire Turkish strong-motion database and
derived empirical magnitude relationships, only high quality records with My, > 4
were filtered. The main reason for such a decision is two folded: (a) My, > 4 events
are mostly of engineering significance, (b) time limitations on the study. The
figures presented in this chapter mostly give a general outline of these processed
strong-motion records and they can be very useful for deriving ground-motion
prediction equations for Turkey. Table 6.1 summarizes the current limitations of
the processed records in terms of known fault geometries and site classes. The site
classification is based on the NEHRP V3, boundaries due to the rigorous site
classification of the Turkish seismic code (TEC, 2007). However, the number of
processed records can be increased further if the empirical magnitude relationships
derived in Chapter 3 are used. Figure 6.6 shows a total of 849 good quality
waveforms from small events whose magnitude scales are modified through Egs.
(3.11) - (3.14). Most of these records have only epicentral distance information but
this information can easily be used instead of Rj, (i.e. Rjp = Repi) owing to their

small magnitude values. Note that, M,, vs. Rj, scatters in Figure 6.6 are also
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classified according to site class information because these ground motions are
recorded at strong-motion sites whose Vi profiles are known. Figure 6.7 shows the
M,, vs. R, scatters in terms of site classes when this new data is incorporated with

the existing processed records.

As indicated in the above paragraph, being small events, none of these earthquakes
have focal solutions published by seismic agencies. However, a gross classification
for the faulting styles of these events can also be made by overlaying their
epicentral coordinates on a seismotectonic map of Turkey. This is done in Figures
6.8 to 6.10 together with the events with well-known fault types. Only the events
that are superimposed on active faults are taken into consideration. Comparisons
between these separate databases reveal that these events can be classified as strike-
slip (866 events or 1359 records), normal (455 events or 534 records) and reverse
(18 events or 19 records) according to the earthquakes with well-determined
faulting mechanisms. Note that this classification is coarse and overlooks many
important factors while calculating the source kinematics. However, in the
deficiency of any other rigorous information, it can be used as a preliminary tool

for the source classification of these events.

Table 6.1 Current limitations of the processed records in terms of known fault

geometries and site classes.

Strike-Slip Normal Reverse and Thrust
301" 215" 24"
NEHRP NEHRP NEHRP
B C D B C D B C D
2 150 113 1 90 110 - 18 4
Total : 265~ Total : 2017 Total : 227

" Total number of processed records with known faulting style.
" Total number of processed records with known faulting style and NEHRP site class.
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The most general distribution of events in the Turkish strong-motion database in
terms of magnitude and faulting style is shown in Figures 6.11 to 6.18 by
overlaying their epicentral coordinates on the seismotectonic map of Turkey. These
figures include the events whose faulting types are either determined from the
preferred seismic agencies or estimated by the classification procedure presented in
Figures 6.8 to 6.10. The events represented in Figures 6.11 to 6.18 are strike-slip,

normal or reverse earthquakes with M,, > 3. Different magnitude intervals are

shown with different color codes in each figure.

Table 6.2 shows the overall picture of the Turkish strong-motion database
including the extended events discussed in the above paragraphs. This table lists a
total of 1295 high quality waveforms with known (or estimated) faulting style,
magnitude as well as site class and distance information. As noted in this report, a

total of 540 records with My, > 4 are processed within the scope of this study.

Table 6.2 Number of high quality records in terms of known (or estimated)

seismological features.

Strike-Slip Normal Reverse and Thrust

1660° 749" 43"

M,, M,, M,,

1056™ 350™ 327

NEHRP NEHRP NEHRP
B C D B C D B C D
601 339 1 147 172 - 26 4
Total : 945° Total : 320™ Total : 30™

" Total number of high quality records with known faulting style and distance information in terms
of Rj, and Ry,
™ Total number of high quality records with known faulting style, magnitude and distance
information in terms of R;, and Ry,
™ Total number of high quality records with known faulting style, magnitude, site classification
and distance information in terms of R;, and R, Among the last group, a total of 608 records out of
1295 ground motions also contain R,,. information.
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Figure 6.1 Magnitude (My,) vs. distance (Rjp, Ry and Repi) scatter plots of the
processed NEHRP D records with known style-of-faulting (N: normal faulting, R:
reverse faulting, SS: strike-slip faulting, T: thrust faulting).
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processed NEHRP C records with known style-of-faulting (N: normal faulting, R:
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Figure 6.5 Geometric mean PGD scatters for NEHRP D (upper row) and NEHRP

C (lower row) site classes. The scatters are grouped for different magnitude bins.
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Figure 6.6 M, vs. Ry, scatters of small events with high quality waveform that can

be processed for their further use (M, and R;, values are computed from the

observations and empirical equations derived in Chapter 3).
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Figure 6.7 M, vs. Rj, scatters in terms of NEHRP D, NEHRP C and NEHRP B site

classes. The records with high quality waveform that can be further processed are

incorporated with the existing processed records in this plot.
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APPENDIX A

CATALOGUE INFORMATION OF RECENTLY COMPILED
TURKISH STRONG MOTION DATABASE

LIST OF ABBREVIATIONS
SS : Strike-Slip Faulting
N : Normal Faulting

R Reverse Faulting

T : Thrust Faulting

NI : No Information
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