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Abstract: To determine the shear wave velocity structure and predominant period features of Tinaztepe in Izmir,
Turkey, where new building sites have been planned, active—passive surface wave methods and single-station microtremor
measurements are used, as well as surface acquisition techniques, including the multichannel analysis of surface waves
(MASW), refraction microtremor (ReMi), and the spatial autocorrelation method (SPAC), to pinpoint shallow and deep
shear wave velocity. For engineering bedrock (¥, > 760 m/s) conditions at a depth of 30 m, an average seismic shear wave
velocity in the upper 30 m of soil (AV 30) is not only accepted as an important parameter for defining ground behavior during
earthquakes, but a primary parameter in the geotechnical analysis for areas to be classified by ¥, according to the National
Earthquake Hazards Reduction Program (NEHRP). It is also determined that Z1.0, which represents a depth to ¥, = 1000 m/s,
is used for ground motion prediction and changed from 0 to 54 m. The sediment—engineering bedrock structure for Tinaztepe
that was obtained shows engineering bedrock no deeper than 30 m. When compared, the depth of engineering bedrock and

dominant period map and geology are generally compatible.
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1 Introduction

Located within the Turkish Earthquake Code’s
first-degree earthquake zone (2007), Izmir is a highly
active region in terms of seismicity. As seismic waves
pass through the soil’s layers on engineering bedrock,
their frequency and amplitude change, which is often a
primary source of structural damage during earthquakes.
Parameters causing such changes include the firmness
and depth of engineering bedrock, as well as the V
values, density, and thickness of layers constituting the
ground. To analyze and identify those parameters, any
building site’s engineering bedrock should be scrutinized
and firmly defined, the geological unit that could be
bedrock identified, and the layer’s firmness and depth
from the ground surface analyzed (Akgiin et al., 2013).

In designing earthquake-resistant structures, the
lateral acceleration of earthquakes on the ground surface
and the shape of the spectrum are crucial. The soil transfer
function should be calculated when defining the lateral
acceleration on the ground surface, which involves
using the parameters of S-wave velocity, density, and

Correspondence to: Eren  Pamuk, Dokuz  Eyliil
University Engineering Faculty Department of Geophysical
Engineering, Izmir 35160, Turkey
Tel: +90 232 3017275; Fax: +90 232 4538366
E-mail: eren.pamuk@deu.edu.tr

fPhD candidate; *Assistant Professor; YProfessor

Received January 17, 2016; Accepted September 13, 2016

thickness of the ground and the firmness of engineering
bedrock. In current earthquake regulations, a depth of
30 m constitutes a basis for defining the ground; beyond
that depth, either engineering bedrock has been reached
or the dynamic structure of the ground does not change.

In research on engineering bedrock, levels exceeding
V. > 760 m/s are generally defined as engineering
bedrock. In order for that definition to be valid, however,
S-wave velocity should be no less than 760 m/s below
that level (Anbazhagan and Sitharam, 2009). Vertical
profiles comprising the S-wave velocity, thickness,
and density of layers located up to the depth with the
conditions related are accepted as the ground profile.
To make the ground and engineering bedrock fully
compatible with ground amplification, both an S-wave
velocity of >760 m/s should be examined and the S-wave
velocity, thickness, and density of layers that constitute
the ground profile determined. Accordingly, the soil
transfer function used in designing earthquake-resistant
structures can be defined thanks to onsite measurements.

To determine S-wave velocity based on the ground
profile up to engineering bedrock in the wvertical
direction, researchers should use geophysical methods
appropriate for the study area. To directly obtain the
profile of engineering bedrock and S-wave velocity
in such research, surface waves, either actively or
passively sourced, should be used and V| values for soil
classification defined according to NEHRP (1997).

At present, improved analytical methods originating
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from surface waves are used extensively to sidestep
problems in other seismic methods such as seismic
refraction and seismic reflection (Park et al., 1999; Liu
et al., 2000; Louie, 2001; Okada, 2003). Analytical
methods originating from surface waves can be
classified into two groups—namely, active source (e.g.,
multichannel analysis of surface waves, MASW) and
passive source (e.g., refraction microtremor, ReMi,
and spatial autocorrelation, SPAC)—both of which are
widespread given their usefulness in urban areas and low
cost. Generally, the aim of these methods is to determine
the dispersion curve, since dispersion curve analysis
of surface waves can generate profiles of shear wave
velocity. The methods have been used by numerous
researchers (Tokimatsu et al., 1992; Bettig et al., 2001;
Ohori et al., 2002; Okada, 2003; Morikawa et al., 2004;
Park and Miller, 2005; Chavez—Garcia et al., 2005;
Chavez—Garcia et al., 2006; Kanli et al., 2006, Kohler et al.,
2007; Pamuk ef al., 2014).

At the same time, other researchers have used

Nakamura’s method for soil characterization involving
soil resonance frequency (Lermo and Chavez—Garcia,
1993, 1994; Lachet and Bard, 1994; Gitterman et
al., 1996; Bard, 1998; Konno and Ohmachi, 1998;
Mucciarelli, 1998; Dikmen and Mirzaoglu, 2005; Asten,
2006; Akkaya, 2015).

The aim of this study is to determine soil
characterizations that indicate shear wave velocity
structure and predominant period features in Tinaztepe,
an area of Izmir (Fig. 1). In the study area in Izmir,
soil characterization with both active and passive
surface wave methods and, using Nakamura’s method,
the predominant period was identified in the range of
0.05-0.2 s, which indicates that the area exhibits lower
predominant periods and less sediment thickness.
Using shear wave velocities, engineering bedrock depth
was mapped as three-dimensional and shown to be
approximately 30 m: between 0—5 m in the northeast,
southeast, and northwest parts of the study area, and
30 m in the southwest. Ultimately, V', values of 420-960

gé* TURKEY

Fig. 1 Site location map of the study area together with general morphology and uplift systems (Yamanlar high, Nif Dag: high and

Seferihisar high)
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m/s were compatible with the geology and engineering
bedrock depth. A cross-section from prepared contour
maps was selected and profiles of S-wave velocity
were interpreted via topography, which showed highly
compatible V_ values and deep drilling data. Figure 2
shows a tectonic map of the study area, its environment,
and the earthquake activity of the region during 2005—
2015 based on the homogenized seismicity catalog
recorded during 20052015 at the Kandilli Observatory
and Earthquake Research Institute’s Regional
Earthquake-Tsunami  Monitoring Center (KOERI
(2015)) at Bogazici University in Istanbul, Turkey.

The study area and its surroundings had a possible
active seismic regime between 2005 and 2015. The
region contains many faults, which may cause a major
earthquake (Fig. 2). It is inevitable that a study area
located in an active tectonic system will experience
frequent earthquakes of various magnitudes. This is
verified when the seismicity of the region is analyzed.
For these reasons, determination of soil characteristics
becomes extremely significant for the study area.

2 Geology of the study area

Located in western Turkey on the enlargement of the
Western Anatolia tectonic plate, Izmir is a coastal city
where many rivers meet the sea and where especially
intensive sediment areas occur along the coast. The area
studied here is in the southern izmir Gulf and surrounded
by Mount Nif to the east. As Fig. 3 shows, Neogene
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Fig. 2 Tectonic map of study area and its environment and
the earthquake activity of the region between
2005 and 2015

sedimentary rocks containing fissured limestone—
claystone—clayey limestone alternately overlay the
Bornova complex (i.e., Bornova mélange, Bornova
Flysch Zone) without conformity, and units on the base
can be observed from the top-down in the study areca
and its immediate vicinity (Uzel ef al., 2012). According
to the generalized engineering bedrock model for the
study area defined by Ozdag et al. (2015), the Bornova
mélange is probably engineering bedrock for izmir Bay
and the surrounding area.

3 Methodology

To characterize the soil, the S-wave velocity profile
was determined from surface waves by using MASW
and ReMi, which employs the dispersive properties
of Rayleigh waves to image subsurface layers (Park
et al., 1999; Louie, 2001). As part of Nakamura’s
method, which is widely used to assess the effect of
soil conditions on earthquake shaking, the H/V spectral
ratio introduced by Nogoshi and Igarashi (1970) was
used, which is convenient and inexpensive for soil
investigations. Nakamura’s method is based on a theory
developed by Nakamura (1989), who demonstrated that
the ratio between the horizontal and vertical ambient
noise records related to the fundamental frequency of the
soil beneath a site. The spatial autocorrelation method
(SPAC) first proposed by Aki (1957) for horizontally
propagating waves was also used to determine deeper
V., profiles.

4 Data acquisition and data analysis

The geophysical site characterization has been
utilized in Tinaztepe region in the Buca district of the city
of Izmir. MASW (11 sites), ReMi (9 sites), single station
microtremor (28 sites) and SPAC (4 sites) measurements
were carried out in this study area (Fig. 4).

Within 1 km? of the study area, 11 one-dimensional
(1-D) MASW measurements were utilized. A MASW
system, consisting of a 24-channel Geode seismograph
with 24 geophones of 4.5 Hz were used. The seismic
waves are generated by impulse source of a hydraulic
sledgehammer or a sledgechammer with three shots.
Seisimager/SW software was used for analysis of the
MASW data. This software contains three-steps for data
processing. The first step is preparation of a multichannel
record, the second is dispersion curve analysis and the
third is inversion (using least-squares approach) (Fig. 5).

Also, nine ReMi measurements were carried out at
the same location as the MASW were measurements.
The recording time was 30 s for one record. For the ReMi
measurements, 1221 records were recorded at each site.
The array lengths were 46 m (two profiles), 115 m (three
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Fig. 3 Geological map of study area (modified from Uzel et al., 2012)

Fig. 4 Map of the study area with the locations of the 28 sites of the microtremor measurements and 11 sites of /. measurements

profiles), 57.7 m (three profiles) and 235 m (one profile).
The ReMi interpretation and analysis were carried out
using Seisimager/SW software. Data processing of The
ReMi consisted of three steps: 1)Velocity spectral (p-f)
analysis, 2)Rayleigh phase-velocity dispersion picking,
3)Shear wave velocity modeling (Louie, 2001). The
graphic representation of the data proccesing steps is
shown in Fig. 6.

Microtremor observations were carried out at more
than 28 sites in the study area. All of the study area's
Microtremor measurements were taken with the Guralp
Systems CMG-6TD seismometer. At each location, the
recording duration was 20—30 minutes with a sampling
rate of 100 Hz. The records were viewed using the
Scream 4.5 program. To remove intensive artificial
disturbance in data processing, all signals were filtered in
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Fig. 5 Data processing steps of MASW data in Site P1: (a) Middle shot record; (b) Determining the phase velocity of each frequency
(Dotted red line shows that signal/noise ratio, Continuous red line shows that determined fundamental mode dispersion
curve); (¢) Shear wave velocity (V) profile
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Fig. 6 Data processing steps of ReMi data in Site P: (a) An example of ReMi records; (b) Determining the phase velocity of each
frequency (Dotted red line shows that signal/noise ratio, Continuous red line shows that determined fundamental mode
dispersion curve); (c) Shear wave velocity (V) profile
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a pass band-pass of 0.05-20 Hz. Then they were divided
into 25 s long windows and tapered individually using
the Konno-Ohmachi smoothing method. For each
window, the amplitude spectra of the three components
were computed using a Fast Fourier Transform (FFT)
algorithm. As a result, the average spectral ratio of
horizontal-to-vertical noise components was thus
calculated. Microtremor measurements were processed
using the GEOPSY software package (www.geopsy.
org).

Figure 7 shows the data-processing steps taken at
the B1 microtremor measurement site. Two peaks are
noteworthy in the obtained H/V spectral ratio (Fig. 8);
the first occurred at very low frequencies (0.2-0.8 Hz),
whereas the other changed from 4 to 20 Hz. Although
very low frequencies are often not considered in

engineering studies, H/V curves are directly involved in
the interface characteristics (i.e., depth and impedance
contrast) of bedrock and sediment units, and the first
peak was associated with impedance contrast (V>
3000 m/s).

SPAC measurements were taken at each site
using circular array CMG-6TD three-component
seismometers, which consist of three recording stations
on the ring and another in the center. The radii of the
circular arrays were individually adjusted for each site
in the range of 20-227 m (P1: r1,2,3 = 25, 90, and
227 m; P8: rl1,2,3 =20, 75, and 198 m; P3: r1,2,3 = 30,
60, and 90 m; P12: r1,2,3 = 30, 60, and 100 m), and
recording duration changed from 30 to 60 min at each
array. SPAC coefficients obtained from observed values
and theoretical Bessel function values were investigated
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Fig. 7 Data processing steps for Bl microtremor measurement site: (a) Three-component records; (b) Windowing with 25 s;

(c) H/V spectral ratio
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by computing the dispersion curve values of the
corresponding frequency range. After obtaining the
dispersion curves, one-dimensional S-wave velocities
were obtained by applying the least-squares method
(Levenberg, 1944; Marquardt, 1963). Dispersion curves
obtained by active (i.e., MASW) and passive (i.e., ReMi
and SPAC) surface wave methods were combined to
enlarge the analyzable frequency range of dispersion
and improve the modal identity of the dispersion trends
(Fig. 9). High-resolution V_ profiles were obtained by
inverting the dispersion curve, and S-wave velocities
were obtained from the combined dispersion curves
using the damped least-squares method (Figs. 10, 11 and
12).

The Earthquake Research and Implementation
Center at Dokuz Eyliil University performed drilling
and MASW measurements near the borehole within the
scope of TUBITAK-KAMAG (Project No. 106G159)
in 2008. According to the drilling report, the ground is
gravelly clay at a depth down to 1.4 m, at which point
the ground becomes clayey limestone until a depth of
20 m (Fig. 13(a)). However, the clayey limestone is not
homogeneous, meaning that the geological unit’s ¥
values differ by depth.
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Fig. 9 An example of combining dispersion curves of
Rayleigh waves determined by the all surface wave
methods at Site P1
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Fig. 11 (a) Dispersion curves of Rayleigh waves at Sites P1, P3,
P8 and P12; (b) Shear wave velocities were obtained
from the combined dispersion curves

As seen in the Fig. 13(b), although clayey soil
is dominant in 20-160 m depth, higher than 760 m/s
velocity values have been observed in V_ sections that
are compatible with the first 180 m of V- depth section
at P8 site obtained as a result of inversion of combined
dispersion curves and DRL 2 drilling log implemented
as part of water studies of study area in 2002. It is
interpreted that these high velocities were caused by
gravel and block limestones in the clayey unit observed
in the drilling log.

AV, contour map beginning with the V_ depth
section obtained from the combined dispersion of
ReMi and MASW was constructed; the V, values
varied between 420 and 960 m/s (Table 1). Whereas the
velocities decreased in the southwest part of the study
area, high velocities were observable in the northern
parts (Fig. 14). According to the National Earthquake
Hazards Reduction Program’s (NEHRP) (1997) soil
classification system based on ¥V, values, which are
critical parameters in the geotechnical analysis, the study
area was mostly of NEHRP Classes B and C (Table 1).

Engineering bedrock (V> 760 m/s) depth in the study
area was three-dimensionally mapped with topography
(Fig. 15 and Table 1) and its maximum depth was
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Fig. 10 (a) Dispersion curves of Rayleigh waves at Sites P2,
P9, P10 and P11; (b) Shear wave velocities were
obtained from the combined dispersion curves
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Fig. 12 (a) Dispersion curves of Rayleigh waves at Sites P4,
P5,P6 and P7; (b) Shear wave velocities were obtained
from the combined dispersion curves
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Fig. 13 (a) Shear wave velocity (MASW) section and the borehole at DRL, (b) Shear wave velocity (Part of P8 Site) section and the

borehole at DRL 2

Table 1 V, Values, estimated engineering bedrock depths, Z1.0 depth and soil class for study area

V_ measurement X (UTM- Y (UTM- AV 30 Engineering bedrock 1.0 depth (m) Soil class (NEHRP,
sites WGS84) WGS84) (m/s) depth (m) v aep 1997)
Pl 518322 4246453 687 12 26.3 C
P2 518020 4246367 796 0 29.67 B
P3 518072 4246746 966 17.39 27.17 B
P4 517888 4246816 644 6.25 9.16 C
P5 518378 4246735 700 0 20.42 C
P6 517587 4247031 780 10.42 15.27 B
P7 517611 4246897 858 10 16.66 B
P8 517326 4247154 850 0 0 B
P9 517415 4246884 851 10 10 B
P10 517588 4246530 430 30.55 54.16 C
P11 518091 4246628 680 12.5 20.83 C
50 I32
260 £ _ B 260
240 § E N 250 240 _
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Fig. 14 V__ contour map of the study area Fig. 15 Probable engineering bedrock mapping (3D)
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determined to be 30 m. In the northeast and northwest
parts of the study area, the depth was approximately 5
m, yet it reached 30 m in the southwest due to increased
sediment unit thickness. As shown in Table 1, the Z1.0
parameter (i.e., depth of horizon layers of V.= 1000 m/s)
now often used in ground motion prediction equations
was determined (Chiou and Youngs, 2008, 2014).

In addition, the predominant periods, depending
on local soil conditions of ground motion, were
determined by using the single station microtremor
(i.e., Nakamura’s) method (Table 2). Figure 16 shows
the predominant period contour map of the area and that
predominant period values ranged from 0.05 to 0.2 s.
Given the possibility of inferring a relationship between
V., and T, (Castellaro et al., 2008; Kuo et al., 2015),

the ¥, map and the dominant period map are arguably
compatible. A comparison of 7, and ¥, values obtained
showed a good correlation characterized by a linear
trend in Tmaztepe (Fig. 17). A linear regression on the
data was then performed and a result of V =
-3,262.7T, + 1,122.5 was obtained, in which 7| is the
predominant period with a determination coefficient of
0.72. Where velocities were high, the periods were low;
where the velocities were low, the periods were high.
Regarding changes of the dominant period, V,
and topography were examined in the A-A’ section,
which showed S-wave velocity sections obtained from
combined dispersion curves at sites P1, P3, and PS8. As
Fig. 18 shows, V', values gradually increased toward to
east, whereas predominant periods decreased (Fig. 18).

Table 2 Predominant Period Values

Microtremor station X (UTM-WGS84)

Y (UTM-WGS84)

Predominant period (s)

Al 517450
A2 517418
A3 517350
A4 517304
B1 517720
B2 517627
B3 517535
B4 517464
Cl 518035
C2 517955
C3 517830
C4 517743
D1 518296
D2 518213
D3 518118
D4 518038
El 518729
E2 518554
E3 518384
E4 518211
F1 518320
F2 518085
F3 517850
F4 517592
F5 517392
Gl 517190
G2 517104

G3 516999

4247050 0.07
4246870 0.07
4246715 0.06
4246582 0.20
4247140 0.11
4246930 0.11
4246698 0.17
4246456 0.20
4247035 0.14
4246852 0.14
4246627 0.14
4246420 0.15
4246919 0.09
4246720 0.14
4246508 0.10
4246354 0.10
4246788 0.11
4246646 0.13
4246493 0.17
4246349 0.19
4246757 0.10
4246860 0.07
4246954 0.14
4247041 0.14
4247128 0.16
4247224 0.10
4247177 0.09
4247122 0.09
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5 Conclusions

The S-wave velocity and soil stratification were
determined by using surface wave methods (i.e.,
MASW, ReMi, and SPAC) that use the dispersive curve
of Rayleigh waves. SPAC measurements were used to
obtain V_ in deeper sections, whereas MASW and ReMi
were used to find ¥ from shallower ones. Dispersion
curves obtained with the methods were then combined
to obtain high-resolution V_ profiles.

Single station microtremor measurements were
performed at 28 sites, and using the horizontal-to-
vertical spectral ratio (HVSR), the predominant period
and H/V spectral ratio were identified at each site. Since
the distribution of predominant periods correlates with
the geology and other geophysical methods in the study
area, the site classification map derived for this study
was based only on the predominant period distribution
map. Our analysis of single station microtremor
measurements showed that resonance frequency does
not vary considerably throughout Tinaztepe, since it
decreases when basement depth increases. The results
of microtremor data also conform with S-wave velocity
profiles in the study area.

It was specified that the engineering bedrock was
no deeper than 30 m and that the S-wave velocity in
the ground would not change suddenly in the lateral
and vertical directions in Tinaztepe. When compared,
the depth of engineering bedrock and the dominant
period map are generally compatible. Particularly in the
southeast section of the study area, the increased depth
of bedrock and values increases in the dominant period
are remarkable. Regression results (V,, = -3262.7T, +
1122.5) thus provided an efficient assessment tool for
V., though the data show obvious scattering.

An analysis of deep S-wave velocity sections
obtained with SPAC indicates that velocities generally
increase in parallel with depth; however, at some depths,
they decrease due to possible fractured-fissured structures
in geological units. As the analysis of the boreholes in
the study area and the adjoining S-wave velocity section
obtained by MASW showed, velocity changes at less
than 15 m arise from the fissured structure in the unit, not
from geological unit differences. Since the depth of the
engineering bedrock was no deeper than 30 m, NEHRP
soil classes were available and the soil type of the study
area was found to be of class B and C according to the
V., values (Table 1)

According to Ozdag (et al., 2015), the Bornova
Complex unit was defined as engineering bedrock
surrounding izmir Bay has not been observed after
DRL boring at 25 m depth and DRL 2 boring at 180 m
depth. In addition, the state of ¥, >760 m/s (engineering
bedrock) has been reached in the first 30 m. Due to these
reasons, for the soil stratification at the depth where it
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shows engineering bedrock properties for the study
area, it has not been possible to designate a generalized
geological denomination.

For the study area, the ground shows acoustic
impedance changes in the lateral and vertical direction.
This situation reveals that a homogeneous effect on the
ground surface in the event of a possible earthquake
affecting the study area should not be expected. It is
suggested that these effects for the study area be studied
via 2D and 3D modeling.
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