Environ Earth Sci (2016) 75:1128
DOI 10.1007/s12665-016-5921-x

N
@ CrossMark

ORIGINAL ARTICLE

Site characterization of the strong motion stations and evaluation
of site effects in the Ankara region during the December 2007
and March 2008 moderate Bala earthquakes

Mustafa Kerem Kockar'

Received: 18 February 2016/ Accepted: 20 July 2016/ Published online: 2 August 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Local site conditions may significantly affect
the amplitude and frequency of ground motion during
earthquakes. Recordings of recent major earthquakes have
demonstrated that soil conditions can generate prominent
amplification of ground shaking and can be compared
with the amplification predicted by numerical simulation.
This study analyzes the ground motion data from the
December 2007 and March 2008 moderate Bala earth-
quake series considering the effect of soil conditions on
ground shaking in the southern part of Ankara, the capital
city of Turkey. Initially, shear wave velocity profiles of
the strong ground motion stations were evaluated to define
site classifications for each station in Ankara and its
surroundings. Strong motion data collected during the
Bala earthquake series (M,, range 5.6—4.8) were used to
develop event-specific attenuation relationships for peak
ground acceleration and spectral acceleration at various
periods and different site conditions. Site amplification
factors were derived from the regression results from the
event-specific attenuation relationships for the Bala
earthquake series. The implications of these ground
motion amplification factors were also discussed and
compared using the current seismic design codes. Finally,
the response spectra from the recording stations were used
to determine site amplification factors for different site
conditions to evaluate the variability of the site response
in localized regions in Ankara.
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Introduction

The Bala earthquake series that occurred in December
20-27, 2007 (M,, = 5.7, 5.6, 5.2, 4.8) and March 15, 2008
(M,, = 5.2) in the Ankara region have generated prominent
interest in the earthquake science community because the
Ankara region is considered to be quiet in terms of less
frequent seismic activity where moderate earthquakes
(5 <M,, < 6) have rarely occurred in the inner part of
Central Anatolia. However, this perception has changed
subsequent to the Bala earthquake series that took place in
the southeastern part of Ankara. Another implication is that
even though the Bala earthquakes were moderate, they
were felt strongly in Ankara which is situated about 50 km
northwest of the epicenter. Hence, the effect of local site
conditions might have influenced the strong ground
motions during the Bala earthquakes. Because of these
reasons, even though Ankara may be considered to be
situated distant to large seismic activities, the influence of
the local site conditions under earthquake-triggered
motions, which significantly plays a crucial part in con-
tributing to seismic damage, needs to be investigated.
Therefore, the strong motion data from the Bala earth-
quakes and the impact of their sediment conditions are
important because they provide invaluable information
regarding ground shaking and site effects during moderate
earthquakes. Additionally, ground motion data from the
moderate earthquakes may supply valuable insight for
comparing the larger ones because the motions are most
likely to possess smaller intensity and the source could be
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less complex than the source mechanisms of larger earth-
quakes (Rathje 2004).

Since it is considered that seismic activity and relatively
large magnitude events are less frequent, a limited number
of strong motion stations have been installed within the
Ankara region. The stations have generally been installed
along the major Fault Systems where large earthquakes
have occurred or within expected active areas with a dis-
tance of about 80-100 km away from Ankara (i.e., the
North Anatolian Fault System). Therefore, the scarcity of
strong motion data for the seismic events have made the
attenuation of the earthquake ground motions difficult to
characterize, thus leading to difficulty in seismic hazard
estimation in this region. However, areas of high seismic-
ity, such as the Marmara region in Turkey, present
opportunities for characterizing the amplification of ground
motions through analyses of strong motion data. The fre-
quency of large magnitude events and the vast array of
seismic instruments in operation may provide abundant
data for the characterization of ground motions.

Considering the prominent interest and motivation
mentioned above, the Ankara region, particularly the city
of Ankara, needs to be monitored instrumentally with
increased strong motion recordings to provide abundant
data regarding ground motion characteristics and site
effects during seismic events. With this purpose, Gazi
University, Earthquake Engineering Implementation and
Research Center (Gazi-DEMAR) has installed five strong
and five weak ground motion stations in Ankara and its
vicinity at the end of 2007 (Pampal et al. 2007). Fortu-
nately, these stations were able to record some of the strong
ground motion data during the Bala earthquake series.
Additionally, the Prime Ministry and Emergency Man-
agement Presidency, Earthquake Department (AFAD-ED),
has also installed temporary strong motion stations around
the near-fault area just after the first Bala event in addition
to the permanent ground motion network to enlarge the
ground motion database.

Studies indicate that shear wave velocity is a significant
component to determine the stiffness of the sediment
characteristics along with the geometry of subsoil layers in
determining the amplitude and frequency of ground shak-
ing, and thus, it is a useful component to identify sediment
characteristics quantitatively for determining site response
(Wills et al. 2000; Holzer et al. 2005). An evaluation of
these local sediment conditions is projected in building
code provisions. Latest building code provisions, for
instance, the International Building Code, IBC (Interna-
tional Code Council, ICC 2009), adapt site classification
methods that utilize the average shear wave velocity (V) to
a depth of 30 m, where V; (30) is a unique parameter for
quantifying seismic sediment characteristics (Borcherdt
2002; Dobry et al. 2000). As an alternative, other site
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classification methods adopt V results along with the
subsurface lithology to quantify sediment characteristics,
for instance, the Turkish Building Code (TBC 1998).
Hence, characterizing the in situ measurement of shear
wave velocities at strong motion stations and the impact of
these soil conditions on the recorded motions is significant
for evaluating site effects. Therefore, how soil conditions
(i.e., the shear stiffness profile of the subsurface) may
change the site amplification characteristic of ground
shaking during seismic events can be identified quantita-
tively. In this study, in situ characterization of shear wave
results was performed at strong motion stations using
noninvasive seismic testing methods involving Rayleigh-
type surface waves. The microtremor array method (MAM;
Okada 2003; Hayashi 2008) and the multichannel analysis
of surface wave method (MASW,; Park et al. 1999) which
supply correlative outputs, were utilized as passive and
active surface wave techniques, respectively. By using
these techniques together, the V profile at the strong
motion stations was acquired. Then, the shear wave
velocity results conducted in this study were utilized to
determine the site classifications for the strong motion
stations.

These recorded strong motion data that have been
obtained from the Gazi-DEMAR and AFAD-ED (National
Strong-Motion Observation Network, TR-NSMN) network
database for the Bala earthquake series represent invalu-
able information to evaluate ground motion characteristics
and site effects during moderate earthquakes. The recorded
strong motion data from the Bala earthquakes were used to
evaluate the effect of soil conditions on ground shaking.
Event-specific attenuation relations were developed for
spectral acceleration at various periods within different site
conditions to evaluate the variation of ground shaking.
Finally, the response spectra from recording stations that
are situated within 100 km of the fault were used to
determine site amplification factors for different site con-
ditions to evaluate the variability of the site response in
localized regions in Ankara. Afterward, the resulting
ground motion amplification factors were discussed and
compared with the current design codes.

Site characterization of strong motion stations

In the southeast of Ankara, the Bala earthquake series have
occurred with a moment magnitude of 5.7 and 5.6 in
December 20 and 26, 2007, respectively (Fig. la; Earth-
quake Department of AFAD, AFAD-ED 2007). Apart from
one station that is located at a distance of less than 65 km
(AFAD-ED, Lodumlu station), unfortunately 10 and 12
strong motion stations at distances greater than 150 km of
the faults have recorded these earthquakes, respectively.
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Therefore, the 5.7 magnitude earthquake event has been
excluded from this study because of the limited strong
motion data at distances less than 100 km. However, 5
strong motion stations of Gazi-DEMAR along with one
station from AFAD-ED mentioned above recorded the 5.6
magnitude earthquake event. Afterward, two moderate
earthquakes occurred with moment magnitudes of 5.2 (ED
2007) and 4.8 (Gazi-DEMAR 2007) in December 27, 2007
(Fig. 1a), respectively. Fortunately, a total of 8 and 9
strong motion stations, respectively, from DEMAR and
AFAD-ED within 100 km of the fault have also recorded
these earthquake events. The last earthquake event occur-
red with a moment magnitude of 5.2 in March 15, 2008,
and a total of 7 strong motion stations within 100 km of the
fault have recorded this earthquake event (Gazi-DEMAR
and AFAD-ED 2008) (Fig. 1a). These strong motion sta-
tions that have recorded the Bala earthquakes are summa-
rized in Table 1, along with the operating institution, the
recorded earthquakes, the recorded peak ground accelera-
tion and closest distance to the fault rupture. It should be
noted that the shear wave velocity profiles used for this
study were not readily available at most of the strong
motion stations of AFAD-ED (2007) in the Ankara region
due to various reasons (i.e., temporary stations, location
change). In addition, the shear wave velocity profiles were
measured at the strong motion stations of Gazi-DEMAR
before this study (Can et al. 2013). The spatial distributions
of these stations are given in Fig. la, b.

Source mechanisms of the Bala earthquake series

According to the recent active tectonic studies, the central
part of Anatolia is under the influence of compressive
stresses operating in approximately NW and N-S direc-
tions and includes numerous earthquake centers related to
the intermediate zone of deformation between the northern
and southern Anatolian ranges and to the faults which form
the boundaries between these areas and the ranges
(Kogyigit 2009). This is the main cause of the strike-slip
tectonic regimes and related faulting in Central Anatolia. In
the central part of Anatolia, large fault systems and
numerous fault zones are exposed. The well-identified
earthquake sources are given in Fig. la. On a regional
scale, this region might be affected by the surrounding
large-scale fault systems, particularly the North Anatolian
Fault System (NAFS), the Tuz Golii Fault Zone (SLFZ)
and the Seyfe Fault Zone (SFZ), which are capable of
producing large destructive earthquakes (Kockar 2006;
Kogyigit 2008).

Some of the prominent examples of the major events
that have occurred along these systems are the November
26, 1943 Kastamonu earthquake (M; = 7.3), the February

1, 1944 Gerede earthquake (M; = 7.3) and the August 13,
1951 Cankir1 earthquake (M; = 6.9) along the NAFS, and
the March 19, 1938 Taskovan-Akpinar earthquake
(M, = 6.6, KOERI 2010) along the SFZ. However, in the
inner part of Central Anatolia, namely in the Ankara
region, the earthquake sources are considered to be quiet in
terms of seismic activity where moderate earthquakes
(5 <M, <6) have rarely occurred. The recent Bala
earthquake events of December 20, 2007 (M,, = 5.7) and
December 26, 2007 (M,, = 5.6) along with their aftershock
events (M, > 5) have reactivated the NW-trending Afsar
Fault Zone. This is the first well-observed and well-recor-
ded moderate-size earthquake activity (M, > 5.5) in the
inner part of Central Anatolia.

To understand the fault mechanisms and source effect
in this region caused by these earthquakes, fault plane
solutions were developed by using faulting mechanisms
data set for the December 20-27, 2007 (M,, = 5.7, 5.6,
5.2, 4.8) and March 15, 2008 (M,, = 5.2) Bala earthquake
series (Tan et al. 2010). The focal mechanism plots of
fault plane solutions of these earthquakes and their epi-
central details are shown in Fig. 1b. Apart from one of
them, the fault plane solutions of all of these earthquakes
propose a right-lateral strike-slip faulting mechanism
along the NW-SE directions. However, the December 27,
2007 (M,, = 5.2) event suggests that the fault plane
solution indicates the normal fault mechanism (SW dip-
ping) along with the strike-slip component. This might be
caused by local extensional forces between the strike-slip
fault segments.

The seismological data revealed that the Bala earth-
quake events occurred on a NW-SE fault segment along
the NW-trending Afsar Fault Zone. The fault plane solu-
tions agree well with the NW-trending right-lateral strike-
slip faulting (Fig. 1b). The fault plane solutions, the
earthquake distributions and the fault pattern indicate that
the major deformation zones trend in the NW-SE direc-
tions along with many different moderate-size fault con-
centrations causing a series of M,, > 5 earthquakes (Tan
et al. 2010). Considering the epicentral distribution of these
earthquake events, the major stress direction increasingly
moves toward Ankara, the capital city of Turkey.

Due to the similar fault plane solutions and major fault
deformation trend of the Bala earthquake series, the major
stress direction in an account to estimate the source
mechanism of these events relatively similar to each other
reveals that only the magnitudes of the stresses rise or fall.
Hence, by using these distinctive source mechanism simi-
larities, event-specific attenuation relationships developed
for each of the Bala events have been reliably considered
together to discuss the implications of the site response
characteristics.
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«Fig. 1 a Generalized tectonic map showing the large fault systems
and numerous fault zones in the central part of Anatolia along with
the location of strong motion stations and the Bala earthquake series
in the study area. The tectonic features are from Kocyigit (2008a, b).
b Enlarged frame of a showing the focal mechanism plots of fault
plane solutions of the Bala earthquake series in the study area. Stars
with the indicated numbers in the rectangular area display the
epicenters of the Bala earthquake series that have occurred in the
Ankara region (1-20.12.2007, M,: 5.7, 2-26.12.2007, M,,: 5.6;
3-27.12.2007, M,,: 5.2; 4-27.12.2007, M,,: 4.8; 5-15.03.2008, M,,:
5.2). Note that the same legend was also used in a

Seismic testing methods

In situ characterization of the shear wave velocity profiles
was performed at five of the Gazi-DEMAR strong motion
stations along with seven of the AFAD-ED strong motion
stations in the Ankara region using noninvasive seismic
testing methods that rely on the dispersive nature of the
Rayleigh-type surface waves in a layered media. The
microtremor array method (MAM) (Okada 2003; Hayashi
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2008) and the multichannel analysis of surface wave
method (MASW) (Park et al. 1999) were utilized in this
study as passive and active surface wave techniques,
respectively, in order to obtain V; results in the vicinity of
the strong motion stations. A combined utilization of these
techniques was adapted to satisfy the demands of main-
taining a reasonably high sensitivity of shear wave velocity
results not only at shallower depths but also extending to
the deeper depths (Park et al. 2007; Gosar et al. 2008; Eker
et al. 2012).

In this study, the sources of the surface waves were
generated by an active and passive way. In the active source,
the energy is deliberately generated at a certain location
according to the distribution of the geophone. Then, the
recording starts when the active source of energy is applied
at the surface. The MASW (Park et al. 1999) is categorized
as an active surface wave technique. This is in contrast to
passive source, motion from ambient noise generated by
many natural sources such as wind, wave motion and man-
made sources such as traffic, industrial machinery at dif-
ferent and usually unknown locations according to the
geophone distribution that is recorded (Hayashi 2008). The
microtremor array method (MAM) (Okada 2003; Hayashi
2008) is classified as a passive surface wave method. The
selected equipment (i.e., source, geophone number and
type) and testing configuration (i.e., offset distance, geo-
phone interval and spread length) is closely based on the aim
of the test and the technique to be applied in the study area.
This study is particularly considered at a depth greater than
30 m based on recent building code provisions that are used
to characterize site conditions at strong motion stations;
hence, the appropriate equipment and configuration were
selected based on that issue.

The important assumption regarding passive surface
wave measurements is that the recorded microtremors are
the surface waves which are the fundamental mode of
Rayleigh waves (Asten and Boore 2005; Park et al. 2007).
It should be noted that passive surface wave methods are
named based on the utilized inversion method. The MAM
is one of these methods based on spatial autocorrelation
(SPAC) inversion (Okada 2003). Passive surface wave
methods are used with different configurations to identify
the shear wave velocities characterizing deeper layers
(Asten and Boore 2005). The resolution of these methods,
however, may be low at near-surface locations, and they
are not appropriate at quiet locations and the locations
where local data quality variations are dependent on
proximity to ambient noise, as these conditions cause
insufficient passive energy (Tokimatsu 1997; Rix 2005).

Although at various scales, the surface wave techniques
are established on the geometrical dispersion, which makes
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propagation of Rayleigh wave dependent on the frequency
in vertically heterogeneous media, high-frequency (short-
wavelength) Rayleigh waves only penetrate into the shal-
low layers and they give knowledge on the mechanical
properties of surface layers. However, low-frequency
(long-wavelength) Rayleigh waves extend to the deeper
parts of the layers and they contain information about
material properties at greater depths. The surface wave
techniques take this property to identify materials in a wide
spectrum of depth (Foti et al. 2011).

Within the context of the geophysical characterization
surveys in this study, the MASW and MAM were per-
formed as active and passive surface wave measurements,
respectively. The MAM allows gathering more accurate
mechanical information of the geological units lying at
deeper sections of a soil profile, while the MASW allows
more rigorous solution of shear wave velocity profile at
shallower depths.

Twenty-four surface wave surveys were obtained at 12
strong motion stations to evaluate the seismic character of
the sediment profile in the Ankara region. In situ seismic
testing results obtained from the active (MASW) and
passive (MAM) surface waves were utilized together
before the inversion process is termed as combined surface
wave method (CSWM) as stated by Eker et al
(2010, 2012, 2013). All of the surveys were obtained based
on a linear array alignment by using twelve 4.5 Hz vertical
geophones with 1.5 m spacing for MASW and 10 m
spacing for the MAM. All of the surveys were obtained by
a GEODE seismograph with 12 channels.

During the active surface wave measurements of
MASW, the source was triggered by using a trailer
mounted 26.5 kgf drop weight. This impact source unit was
developed at the Gazi University-DEMAR to generate
surface waves with sufficient energy and the appropriate
frequency content for MASW profiling to depths of
30-50 m (Can et al. 2013). Figure 2 shows a view of the
drop weight source from the study area. The source is
designed to be highly mobile, for rapid deployment, and to
be safe for testing in urban environments. The trailer
mounted source equipment is operated by a battery-pow-
ered electrical engine. It is triggered mechanically through
an accelerated movement of the spring loading and able to
apply forces between 100 and 1000 kgf by using a force
measurement system. The source was triggered at both
sides of the array alignment and the offset distances of 5,
10, 15 m as a forward and 5 m as a backward direction to
provide lateral continuity of the homogeneity. Based on the
general acceptance in the literature, the recording length of
time was taken as 2 s with a 1 ms measurement spacing to
estimate the surface waves.
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Table 1 Strong motion stations that have recorded the Bala earthquake series (M,, range 5.6-4.8)

Station and ID code Operating Recorded PGA (cm/s>)/distance (Rryp) * (km)
institution
5.6 52 4.8 52
26.12.2007 27.12.2007 27.12.2007 15.03.2008
23:47 13:47 17:56 10:15
Gazi University Gazi-DEMAR 28.6/39.5 18.9/41.7 11.3/49.5 12.6/46.7
Golbag1 Campus (GGB)
Eryaman-Giizelkent (GEG) Gazi-DEMAR 23.2/68.5 19.3/71.5 14.8/78.6 10.9/76
Gazi University (GBS) Gazi-DEMAR 48.4/54.8 27.7/57.4 21.1/65 16.4/62
Besevler Campus
Cankaya (GCK) Gazi-DEMAR 13.2/49 11.9/52 8.4/59.3 8.3/56.4
Umitkéy (GUM) Gazi-DEMAR 25.4/55 23.4/58.3 16.9/66 12.8/63
Bala-Sirapinar Village_ Qdr (ESV) AFAD-ED 118.2/12 27.5/12 -
Center of Earthquake AFAD-ED 19.2/63.6 20.8/57 9.5/65 -
Department-Lodumlu (EDL)
Bala-Old Gavernorship Building (EOG) AFAD-ED - 26.9/11 - -
Bala Sofular Village, Feed Mill (ESF) AFAD-ED - - 20.3/12.1 -
Bala Sofular Village, Feed Mill_Qdr (ESFQ) AFAD-ED - - 16.5/12.4 -
Bala-District AFAD-ED - - - 27.6/16
Police Headquarters (EPH)
Sereflikochisar County-Municipality AFAD-ED - - - 1.92/62.7

Building Lot (ESC)

* Closest distance to the fault rupture (Rgyp) for each Bala event

In the passive MAM survey, a 10 min recording length
was taken as a standard for each of the geophone measure-
ments (Pullammanappallil et al. 2003). During the MAM
measurements, the time interval of the sampling was chosen
as 2 ms. The SPAC method was applied to obtain the dis-
persion curve (Okada 2003). Based on the nonlinear least
square method, a one-dimensional inversion process has
been implemented to construct the phase velocity curves and
a V profile that extended to a depth of 30 m was developed.

At the strong motion stations, a blind way technique was
applied to calculate the V, (30) results. Hence, the geo-
phone distance and type along with the offset size were
chosen to evaluate the soil profile to a depth of 30 m. This
might have led to an opportunity to correlate the results of
the MASW and MAM that depend on different sources.
Hence, the processed dispersion curves were fit into the
dispersion data and shear wave velocity profiles were
developed and used in the site classification at the strong
motion stations (Fig. 3). These profiles gathered from a
combination of the active and passive surface wave tech-
niques give an indication of the lateral variability in the
vicinity of the strong motion stations. The combined pro-
cessed dispersion curves from MAM and MASW along
with the corresponding V; profiles for all of the Gazi-
DEMAR and AFAD-ED strong motion stations are given
in Fig. 3. From Fig. 3, the consistency between these dis-
persion curves can be directly examined.

Site classification

The site classification methods proposed in this research
are an attempt to account for the factors (i.e., local soil
profile, stiffness of the sediment, depth of soil thickness)
affecting seismic site response while decreasing the
amount of data required for site characterization. Shear
wave velocity profiles were processed from the combined
utilization of the passive and active surface wave methods
at 12 strong motion stations. Then, these V; profiles of the
lithologic units have been utilized to classify the site
classes based on the recent site classification systems
which are applied to distinguish between different site
conditions at strong motion stations.

The site classification systems mentioned herein are the
IBC 2009 (International Code Council, ICC 2009) and the
Turkish Building Code (TBC 1998). The IBC 2009 site
classification describes site classes that depend on V (30)
(Table 2). The TBC site classification differentiates site
classes that are based on an evaluation of the lithology of
the surface stratum along with the shear wave velocity
results. In this site classification system, the surface layer is
assigned to a soil group based on its shear wave velocity
(Table 3) and then the site class is assigned based on the
soil group and the top layer thickness (Table 4).

The IBC 2009 and the TBC site classifications at the
strong motion stations that recorded the Bala earthquake

@ Springer



1128 Page 8 of 17

Environ Earth Sci (2016) 75:1128

Fig. 2 Photographs of the trailer mounted drop weight source
utilized during the MASW survey

series along with the V (30) results and surface geology are
given in Table 5. It should be mentioned that the surface
geology in the Ankara region is classified into three
lithologies as Pre-Upper Miocene to Lower Pliocene rock
units (referred to as rock in the text), Upper Pliocene to
Pleistocene fluvial units (Plio-Pleistocene) and Quaternary
terrace and alluvial units (Akyiirek et al. 1997; Erol et al.
1980).

Considering the IBC results that depend on the subsur-
face geology, the V, (30) results at the strong motion sta-
tions indicated that the Plio-Pleistocene and Quaternary
units fell into site class D, although the V| (30) results for
these sediments were dissimilar statistically (Kogkar 2006;
Kogkar and Akgiin 2007, 2008). Actually, there was no
inherent limit between these units as threshold site class
values because the V, (30) results in the Quaternary
deposits are directly affected from the stiffer deposits of
Plio-Pleistocene within the depth of 30 m of the site.
Generally, Quaternary alluvium is less than 30 m thick and
is difficult to differentiate using surface seismic methods

@ Springer

alone without any other supportive site characterization
information (e.g., boring logs with engineering geological
descriptions) (Kockar et al. 2010). Additionally, the V, (30)
results at the strong motion stations show that the site class
boundaries of rock units in IBC (i.e., site class B and C)
lead to difficulties in establishing direct relationships
between site class and lithology. Therefore, site classes that
depend on IBC may not sufficiently categorize these units
as a distinct rock site (i.e., very dense soil and soft rock or
firm rock). This problem that is related to distinct litho-
logical units was also suggested by Wills et al. (2000) and
Holzer et al. (2005) as an inadequacy in the definition of Vj
(30) threshold limits of the IBC-dependent site catego-
rization. A similar methodology of combining V| (30) and
lithology information was also utilized by other researchers
(i.e., Park and Elrick 1998; Wills et al. 2000; Wills and
Clahan 2006; Wills et al. 2015) in advancing site class
information.

The V; results along with the top layer thicknesses are
utilized by the TBC to assign site classes (Tables 3, 4).
Results at the strong motion stations indicate that the
Quaternary site contains soft sediments at the top layer (site
class D) and is categorized as TBC Z3 and Z4. The Plio-
Pleistocene sites are classified as site class Z3. Interest-
ingly, the TBC site classes for the Plio-Pleistocene sites are
site class Z3, which is stiffer than the IBC site class D.
Another important comment concerning the TBC site
classes is that the Quaternary units with similar TBC site
classes tend to have smaller V, (30) values than the Plio-
Pleistocene units. Hence, it is important to maintain
lithological knowledge along with site class assignment
such as the IBC site classification. Considering both of the
code based site classification systems, it is clearly seen that
the TBC results in more of the basing being characterized
as the softest site class as compared with the IBC results
due to the top soil layer being accounted exclusively
(Kogkar et al. 2008, 2010). Therefore, the IBC and TBC
site classes were considered together during this study for
assigning the final site category at the strong motion
stations.

Site effects

Local site conditions play a major role in the level of
ground shaking and in gathering information on soil
response (Kockar and Akgiin 2012; Eker et al. 2015). Soil
stiffness and depth modify the frequency content, duration
and intensity of shaking, which in turn affect the forces
acting on structures and the damage pattern constituted by
ground shaking. For this reason, it is significant to com-
prehend quantitatively how site conditions change the
characteristics of ground shaking. It is therefore highly
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Fig. 3 Combined processed dispersion curves from MAM and MASW along with the corresponding V; profiles for all of the Gazi-DEMAR and
AFAD-ED strong motion stations
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Fig. 3 continued
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Table 2 IBC site class

Soil profile name

Average properties in top 30 m
Soil shear wave velocity, V (30), (m/s)

.. . Site class

definitions using the average

shear wave velocity to 30 m

(International Code Council, A Hard rock

ICC 2009)
B Rock
C
D Stiff soil profile
E

Very dense soil and soft rock

Soft soil profile

V, (30) > 1500

760 < V, (30) < 1500
360 < V, (30) < 760

180 < V, (30) < 360

V, (30) < 180

Table 3 Turkish Building Code soil groups (TBC 1998)

Soil group Description of soil group Shear wave
velocity (m/s)
(A) 1. Massive volcanic rocks, unweathered hard metamorphic rocks, stiff cemented >1000
sedimentary rocks.........
2. Very dense sand, gravel......... >700
3. Hard clay, silty clay......... >700
(B) 1. Soft volcanic rocks such as tuff and agglomerate, weathered cemented sedimentary 700-1000
rocks with planes of discontinuity.........
2. Dense sand, gravel......... 400-700
3. Very stiff clay, silty clay......... 300-700
©) 1. Highly weathered soft metamorphic rocks and cemented sedimentary rocks with 400-700
planes of discontinuity.........
2. Medium dense sand and gravel......... 200-400
3. Stiff clay, silty clay......... 200-300
(D) 1. Soft, deep alluvial layers with high water table......... <200
2. Loose sand......... <200
3. Soft clay, silty clay......... <200

Table 4 Turkish Building Code local site classes (TBC 1998)

Local site Soil group according to Table 3 and
class top layer thickness (/)
Z1 Group (A) soils
Group (B) soils, iy < 15 m
72 Group (B) soils, #; > 15 m
Group (C) soils, #; < 15 m
73 Group (C) soils, I5 m < h; <50 m
Group (D) soils, 7; < 10 m
74 Group (C) soils, #; > 50 m

Group (D) soils, 7y > 10 m

desirable to improve the methods or the techniques to
characterize site conditions in order to account for the site
effect.

This study presents an analysis of the ground motion
data from the December 2007 and March 2008 Bala
earthquake series in the southern part of Ankara consid-
ering the site effects within the Ankara region of Turkey.
The recorded strong motion data for the Bala earthquake
series represent invaluable information to evaluate ground
motion characteristics and site effects during moderate

earthquakes. Studies involving numerical simulation and
recordings from the Bala earthquakes have been used to
evaluate the effect of soil conditions on ground shaking for
this study.

Event-specific attenuation relationships

Ground motion attenuation relationships that are generally
utilized for empirical or theoretical estimates of expected
ground motion from earthquakes are widespread in the
literature. However, these researches are generally prod-
ucts of national or international scale including large region
and generalized works generated from different earthquake
source zones. For example, there are various ground
motion-predictive models from Turkey. Especially fol-
lowing the 1999 Kocaeli and Diizce Earthquakes, there are
various ground motion-predictive models from the Mar-
mara Region and Turkey as well by considering the ground
motion database of the recording stations in the Marmara
Region and its vicinity (i.e., Ozbey et al. 2004) and entire
Turkey (i.e., Giilkan and Kalkan 2002; Kalkan and Giilkan
2004; Akkar and Cagnan 2010). Even though these ground
motion models may constitute a well-developed general
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Table 5 Site classification for the strong motion stations in the Ankara region

Station and ID code Operating Surface vV, (30) IBC-2009 TBC site  Final assigned site
institution geology* (m/s) site class class classification (IBC/TBC)

Gazi University Golbag1 Campus Gazi-DEMAR 1 528 Sc Site B-72 Soft Rock/Weathered Rock
(GGB)

Eryaman-Giizelkent (GEG) Gazi-DEMAR 255 Sp Site D-73 Stiff Soil/Soft Soil

Gazi University Besevler Campus Gazi-DEMAR 3 195 Sp Site D-74 Stiff Soil/Soft Soil
(GBS)

Cankaya (GCK) Gazi-DEMAR 1 728 Sc Site B-72 Soft Rock/Weathered Rock

Umitkdy (GUM) Gazi-DEMAR 2 300 Sp Site C-Z3 Stiff Soil/Stiff Soil

Bala-Sirapinar Village_ Qdr (ESV) AFAD-ED 2 356 Sp Site C-Z3 Stiff Soil/Stiff Soil

Center of Earthquake Department- AFAD-ED 2 291 Sp Site C-Z3 Stiff Soil/Stiff Soil
Lodumlu (EDL)

Bala-Old Gavernorship Building (EOG) AFAD-ED 1 590 Sc Site B-72 Soft Rock/Weathered Rock

Bala-Sofular Village, Feed Mill (ESF)  AFAD-ED 1 373 Sc Site C-Z2 Very Dense Soil/Weathered

Rock

Bala Sofular Village, Feed Mill_Qdr AFAD-ED 1 392 Sc Site C-Z2 Very Dense Soil/Weathered
(ESFQ) Rock

Bala-District Police Headquarters AFAD-ED 1 626 Sc Site B-72 Soft Rock/Weathered Rock
(EPH)

Sereflikochisar County-Municipality AFAD-ED 2 325 Sp Site C-Z3 Stiff Soil/Stiff Soil

Building Lot (ESC)

* 1: Pre-Upper Miocene to Lower Pliocene basement rocks, 2: Upper Pliocene to Pleistocene fluvial deposits (Plio-Pleistocene fluvial), 3:

Quaternary terrace and alluvial deposits (Akyiirek et al. 1997; Erol et al.

scientific opinion, they do not entirely reflect the variability
of the site response for site-specific conditions or nonlinear
soil behavior in localized geographic regions. Because of
this reason, the significance of this study has become more
prominent and has initiated generation of attenuation
relationships worked toward the subject via developing
event-specific hypothesis.

Apart from this research in the literature, event-specific
attenuation studies are currently limited and one such study
was performed for the settlement area from Bolu to Avcilar
(Ambarl1) in the Marmara Region of Turkey covering the
acceleration recording stations following the 1999 Kocaeli
and Diizce Earthquakes (Rathje et al. 2003). Other exam-
ples of event-specific studies include Rodriguez-Marek
et al. (2001) on the 1989 California-Loma Prieta and
Northridge Earthquakes and Rathje (2004) and Rathje et al.
(2005) on the 1999 Taiwan-Chi-Chi Earthquake and its
aftershocks. These studies almost cover the limited event-
specific studies on this subject. The relationships presented
in these studies present variation of ground motion for each
soil class with respect to distance and thus can be used for
reliable estimation of site effect of soil conditions on
ground shaking.

Strong motion data from the Bala earthquake series (M,,
range 5.6-4.8) were used to generate event-specific atten-
uation relationships for peak ground acceleration and
spectral acceleration at various periods within different site
conditions. The database consists of computed elastic

@ Springer
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spectral acceleration values at 5 % damping and peak
ground accelerations. For each earthquake event, the
number of recordings from the distances less than 100 km
for each site class is shown in Table 6. In this table, C/B-
72 (IBC/TBC) represents soft rock to weathered rock sites,
C/C-Z2 represents very dense soil to soft rocks and a rock
site is represented by a combination of these categories
based on IBC and TBC. D/C-Z3 represents stiff soil, D/D-
73 or Z4 represents stiff soil to soft soil and a soil site is
represented by a combination of these two categories based
on IBC and TBC. Table 6 indicates that, for the Bala
Earthquakes, there is poor sampling of true rock sites (IBC-
A or TBC A- or B-Z1). Only two recording stations are in
the proximity of this category (the Cankaya station of Gazi-
DEMAR and the Bala-District Police Headquarters station
of AFAD-ED). Hence, similar rock categories were
sometimes combined to increase the number of recordings
for competent sites, although the general response char-
acteristics of rock and very dense soil sites are different
(i.e., Rodriguez-Marek et al. 2001). Additionally, to obtain
more evenly distributed site categories, IBC stiff soil and
TBC soft soil sites were generally combined since they
both represent deep soil sites (Rathje et al. 2003).
Considering the distance range, strong motion data from
the Bala earthquake series were not evenly distributed with
the distance for all site classes. No data fell in the distance
range of 0—10 km for any of the earthquakes. Apart from
the magnitude of the 5.6 event, most of the strong motion
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Table 6 Bala earthquake series (M,, range 5.6—4.8) analyzed and the number of recordings for each site class based on IBC 2009 and TBC

(IBC/TBC)
Magnitude M,, Date Rock site Soil site
No. of C/ No. of C/ No. of final No. of D/ No. of D/D-Z3 No. of final
B-Z2 site C-Z2 site rock site C-Z3 site and Z4 site soil site
5.6 26.12.2007 2 - 2 2 2 4
23:47
5.2 27.12.2007 3 - 3 3 2 5
13:47
4.8 27.12.2007 2 2 4 3 2 5
17:56
5.2 15.03.2008 3 - 3 2 2 4
10:15

data fell within a distance range of 10-80 km. For the 5.6
magnitude event, the minimum distance recorded was
40 km. In addition, the number of the recordings across site
classes was not always in sufficient quantity. For instance,
there were limited data for C Sites and D/D-Z4 soft soil
sites for the entire earthquake events. For this reason,
appropriate categories from the different rock (soft to
weathered rock and very dense soil) and soil sites (stiff to
soft soil) were also combined as a rock (BC Site) and soil
class (D Site), respectively, based on IBC and TBC
(Table 6). By doing this, the proposed site classification
resulted in a sufficient reduction in the standard error
developed in the event-specific attenuation relationships.

The functional form of the event-specific attenuation
relationship used in this study is:

InY=c +c ln<\/R2+c§>+o (1)

where In Y is the natural logarithm of the spectral accelera-
tion at selected periods, T; R is the closest distance to the fault
rupture plane in km, G is an error term that was evaluated by
using the ordinary least square method and ¢, ¢, and c3 are
regression coefficients. This functional form is similar to that
utilized in the attenuation relationships of Abrahamson and
Silva (1997) and Boore et al. (1997) and was also previously
used in the attenuation relationships of Rathje (2004).
Equation (1) was fit to PGA and S, at periods of 0.3, 1.0, and
2.0 s, respectively, using the data gathered from strong
motion stations within 100 km of the fault. Then, nonlinear
regression analyses were performed for the rock and soil sites
to obtain event-specific attenuation relationships for accel-
eration response spectral values at selected periods. For each
strong motion station, the geometric mean of the two hori-
zontal components was used in the regression.
Event-specific attenuation relationships were developed
for each of the Bala earthquakes. Data from the distances
between 1 and 100 km were considered because there is no

data within the distance range of 0-1 km for the site
classes. The regression coefficients and standard error
terms for the site classes (rock and soil class) and each
event are given in Table 7.

It should be noted that some of the coefficients in Eq. (1)
were constrained to render reasonable relationships. The
analyses resulted in large values of c3, which does not agree
with the attenuation relationships in the literature. The
coefficient c; was also assumed to be nonnegative for all
periods. Moreover, coefficient c; was kept constant across
site conditions to prevent the coupling of uncertainty in the
coefficient c; with the uncertainty in amplification factors
(Abrahamson and Silva 1997; Rodriguez-Marek et al. 2001;
Rathje 2004). In this regression study, the c; parameter was
calculated for each ground motion parameter using the data
from all site categories in an effort to overcome the rela-
tively small number of strong motions in each site category.
Subsequently, ¢; and c, were estimated for each site cate-
gory utilizing the constrained value of c¢3. This constraint
was also necessary due to the poor sampling of the rock sites
across all distances in the Bala earthquake events.

The event-specific functional form does not seize the
directivity effects (Somerville et al. 1997) and hanging
wall effect (Abrahamson and Somerville 1996). Directivity
affects results in larger response spectral values of earth-
quakes (M > 6.5) at periods longer than one second for
near-fault sites and for large pulse of motion to be oriented
in the direction perpendicular to the fault. It presents a
systematic bias for the affected near-fault sites. This bias,
however, affects all near-fault sites, so the effect on
amplification factors should be relatively small (Ro-
driguez-Marek et al. 2001).

Site amplification factors

The event-specific attenuation relationships were then used
to generate site-dependent amplification factors according
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Table 7 Regression coefficients for event-specific attenuation relationships for the Bala earthquake series (M,, range 5.6-4.8)

1-100 PGA

Sa (T =0.3)

Sa (T =1.0)

Sa (T =2.0)

Site class

Rock (BC Site) Soil (D Site)

Rock (BC Site) Soil (D Site)

Rock (BC Site) Soil (D Site)

Rock (BC Site)

Soil (D Site)

26.12.2007_23:47_M,, = 5.6

c —0.952 —1.124 —0.782 —0.413 —0.233 0.411 —0.655 —0.377
c —0.787 —0.656 —1.028 —1.172 —1.432 —1.246 —1.146 —0.626
c3 5.000 5.000 5.000 5.000
o 0.525 0.614 0.642 0.594 0.613 0.520 0.796 0.657
27.12.2007_13:47_M,, = 5.2
c —1.943 —1.574 —1.526 —1.782 —1.353 —0.431 —0.314 0.746
c —-0.475 —0.587 —0.552 —0.239 —0.642 —0.609 —1.262 —1.124
c3 5.000 5.000 5.000 5.000
o 0.475 0.520 0.480 0.592 0.430 0.382 0.588 0.402
27.12.2007_17:56_M,, = 4.8
cy —1.820 —1.625 —0.342 0.249 0.567 0.618 0.815 1.184
c —0.687 —0.656 —1.423 —1.581 —-1.917 —0.290 —2.052 —1.672
c3 5.000 5.000 5.000 5.000
o 0.480 0.384 0.465 0.429 0.486 0.512 0.615 0.523
15.03.2008_10:15_M,, = 5.2
c —1.643 —1.815 0.415 0.971 1.376 0.654 0.187 0.377
c —0.702 —0.583 —1.905 —2.225 —2.487 —1.723 —1.655 —0.819
c3 5.000 5.000 5.000 5.000
o 0.675 0.794 0.635 0.714 0.705 0.572 0.512 0.674
to a baseline site condition. As a standard practice, a rock L
. . ) . B Amplification factors for Bala earthquake events
site was used as the baseline site condition (Idriss 1991; (Soil sites)
Abrahamson and Silva 1997). The site-dependent amplifi- N o 2e122007 2047 5
cation factors are a function of the intensity of rock motion o Agﬁ;ﬁom—mm A
(PGARrock) and soil conditions (i.e., site class). In our case, § 34 Xg:::.-:oo;wzse
this implies that amplification factors are obtained by g x:”:::ooa_m <5§ 2.;
dividing Eq. (1) for two site conditions. The resulting e O'IWBVS;OQ)' M
relationship is the spectral acceleration amplification factor é 2 ;‘é
at period T for soil site (D Site) with respect to rock (BC £ o &
Site). During the evaluation of the amplification ratios ;E‘ 14 ®
(Sasor/Sarock)s the most important issue is the develop-
ment of the event-specific attenuation relationships for the o
baseline site condition (i.e., rock) because this is the basis PGA Sa03s sa10s Sa20s

of the developed amplification ratios. As mentioned before,
the poor sampling of rock data resulted in rock motions that
did not give reasonable amplification factors. Hence, the
constrained regression results for rock site (BC Site) were
used, along with the regression results for soil site (D Site)
to generate amplification factors for PGA and spectral
acceleration at 7 = 0.3, 1.0 and 2.0 s, respectively.
Spectral amplification factors developed for each Bala
event are shown in Fig. 4. For the sake of comparison, the
implications of these ground motion amplification factors
were also discussed utilizing a current seismic design code
proposed by IBC (2009). In this code system, seismic
design procedures prescribe acceleration response spectra

@ Springer

Fig. 4 Amplification factors for PGA and S, at periods of 0.3, 1.0
and 2.0 s, respectively, from the Bala earthquake events

for applying the seismic design. Also, site coefficients and
maximum considered earthquake spectral response accel-
eration parameters of short- (F,) and long-period (F,)
amplification factors adjusted for site class effects have
been recommended. Hence, the amplification factors were
also tabulated to compare with these current seismic design
procedures in Fig. 4. It should be noted that considering the
current seismic design provision of IBC (2009), amplifi-
cation factors (D Site/BC Site) vary from 1.4 to 2.4 at short
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and long periods, respectively. Note that the categories of
B and C Sites were combined as rock site of BC mentioned
previously. Although, amplification factors recommended
by IBC (2009) which were either B or C Site were not
suitable for the BC Site category, straight-line interpolation
can be used for intermediate values of amplification factors
at short and long periods based on the code regulations.
Then, amplification factors of BC Site were assigned as 1.4
within the proposed range limits of IBC (2009) at short
periods. Considering Turkish design regulations, the
implications of the ground motion amplification factors
could not be discussed or compared with the current design
procedure proposed by TBC (1998) since such issues are
not considered by TBC (1998).

Figure 4 indicates that the Bala earthquake series
showed some variability in the amplification factors. For
PGA, the regression results indicated similar amplification
factors for all of the Bala events. Apart from the M,, = 4.8
event, almost similar results were found for spectral
acceleration at T = 0.3 s. At shorter periods, the amplifi-
cation factors of the Bala earthquakes tended to be rela-
tively smaller than those proposed by IBC (2009).
Interestingly, the smallest but evenly distributed event of
the amplification factor of M,, = 4.8 was higher than the
larger events. These observations may attribute to the
constrained values of the attenuation relationships due to
poor sampling of the rock sites and/or lack of near-fault
data for the Bala events. The amplification factors at short
period proposed by IBC (2009) are also relatively larger
than those obtained in this study. As mentioned before, the
site classification scheme adopted for the IBC (2009) also
differs from that obtained in this study; therefore, the
assigned values of the amplification factors of IBC (2009)
may be slightly higher than those obtained herein.

At longer periods (T = 1.0 and 2.0 s), the larger event
amplification factors of M, =56 and M, =52
(27.12.2007_13:47) were higher than the other events and
large amplification factors varying from 2.75 to 3.8 were
derived. However, the variability of the data for M,, = 5.2
(27.12.2007_13:47) and M,, = 4.8 events were greater when
compared to the other events (Table 6). For instance, at
longer periods, M,, = 5.2 (27.12.2007_13:47) event ampli-
fication factors were almost similar to the amplification
factors of M,, = 5.6; M,, = 4.8 event amplification factors
were higher than the larger events of M, =5.2
(15.03.2008_10:15). Of all of the events, the more well-
recorded and evenly distributed data for M, = 5.2
(27.12.2007_13:47) and 4.8 events provided consistent
amplification factors at selected periods. Additionally, these
events showed drastically larger amplification factors at
longer periods, particularly at 7 = 2.0 s as compared to the
amplification factors proposed by the IBC (2009). In the
study area, soil response nonlinearity would also tend to

increase the response at larger periods as a consequence of
the softening of the site. In other words, the shift toward
larger site periods depends on the soil type and input motion
and the natural period of a soil site tends to increase due to a
decrease in the shear wave velocity. At these sites, the site
period might be shifted toward periods containing higher
intensity input motion, resulting in large spectral accelera-
tions with an associated increase in peak ground accelera-
tion. Other factors might have also affected the data in this
period range (i.e., fault source mechanisms, basin effects and
surface waves). Additionally, the large period amplification
factors from the obtained site classification in this study
displayed more nonlinearity than the IBC code factors. This
might be due to the consideration of all of the softest site class
categories together for assigning a single soil category (i.e.,
D Site). If additional strong motion data would have been
available, the softest site class categories would have been
differentiated for further comparisons to understand the
variability of the site response in a clearer fashion.

Conclusions

The strong motion data from the December 2007 and March
2008 Bala earthquake series were analyzed and used to
develop event-specific attenuation relationships for PGA
and spectral accelerations at periods 7 = 0.3, 1.0 and 2.0 s,
respectively. The event-specific attenuation relationships
were developed for each earthquake event using data
recorded at distances less than 100 km. Despite the fact that
the data set was relatively at a small number and generally
clustered in the 10-80 km distance range, appropriate cat-
egories from the different rock and soil sites were also
combined as a rock and soil site to obtain a more evenly
distributed site classification scheme. Therefore, the pro-
posed site classification resulted in an appreciable amount
of reduction in the standard error when the event-specific
attenuation relationships were developed.

In the site classification procedure proposed in this
study, shear wave velocity profiles were developed from
the combined usage of the active and passive surface wave
methods for the strong motion stations. Then, these shear
wave velocity profiles of the near-surface geologic units
have been used to characterize site classes according to the
IBC (2009) and the Turkish Building Code systems (TBC
1998). During the classification of the sites at the strong
motion stations, the IBC and TBC site classes were con-
sidered together for assigning the final site category.

Strong motion data from the Bala earthquake series were
used to develop earthquake event-specific attenuation
relationships for peak ground acceleration and spectral
acceleration at various periods for rock and soil site con-
ditions. Amplification factors obtained from the event-
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specific attenuation relationships indicated that the Bala
earthquake events displayed similar amplification factors at
shorter periods, but these events generally revealed large
amplification factors at larger periods. This trend is con-
sistent with nonlinear soil behavior.

Spectral amplification factors developed for each Bala
events were also discussed utilizing a current seismic
design code proposed by IBC (2009) for the sake of
comparison. Apart from the similarities between the
developed and IBC (2009) site amplification factors at
short periods, the amplification factors of IBC (2009) were
slightly higher than those obtained in this study. This might
be due to adopting the site classification scheme for the
IBC (2009). On the contrary, the amplification factors of
IBC (2009) were drastically smaller amplification factors at
longer periods, particularly at 7 = 2.0 s as compared to the
amplification factors proposed in his study. This trend is
also consistent with nonlinear soil behavior.

This study showed that major seismic events that might
take place around Ankara might affect the city center of
Ankara and its surroundings. Although, the Bala earth-
quakes were moderate, they were felt strongly in Ankara,
which is situated about 50 km northwest of the epicenter.
Hence, the impact of local site conditions might have
influenced the strong ground motions which might have
tended to increase the response at larger periods as for the
Bala earthquakes. Although Ankara may be considered to
be situated distant to the major fault systems, the influence
of the local soil conditions under earthquake-triggered
motions is expected to play a major role in contributing to
seismic damage. Therefore, the strong motion data from
the Bala earthquake series and the effect of their soil
conditions are significant because they supply invaluable
information regarding ground shaking and site effects
during moderate earthquakes.
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