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ABSTRACT

ESTIMATION OF DYNAMIC SOIL PROPERTIES AND SOIL AMPLIFICATION RATIOS
WITH ALTERNATIVE TECHNIQUES

Sisman, Fatma Nurten
M.Sc., Department of Earthquake Studies
Supervisor: Assoc. Prof. Dr. Aysegul Askan Gundogan
Co-Supervisor: Assist. Prof. Dr. Atilla Arda Ozacar

January 2013, 71 pages

Earthquakes are among the most destructive natural disasters affecting urban populations.
Structural damage caused by the earthquakes varies depending not only on the seismic
source and propagation properties but also on the soil properties. The amplitude and
frequency content of seismic shear waves reaching the earth’s surface is dependent on local
soil conditions. It is well known that the soft sediments on top of hard bedrock can greatly
amplify the ground motion and cause severe structural damage. When the fundamental
period of the soil is close to the fundamental period of a structure, structural damage
increases significantly. Estimation of the fundamental periods, amplification factors and types
of soils is critical in terms of reduction of loss and casualties. For the reasons stated,
estimation of dynamic behavior of soils has become one of the major topics of earthquake
engineering. Studies for determining dynamic properties of soils depend fundamentally on
the estimation of the S-wave velocity profiles, amplification factors and ground response.

In this study first, the Multi-Mode Spatial Autocorrelation (MMSPAC) method is used to
estimate the S-wave velocity profiles at the sites of interest. This method is different than the
other ones in the sense that it works for the higher modes as well as the fundamental mode.
In the second part, Horizontal to Vertical Spectral Ratio (HVSR) method will be used on both
microtremor and ground motion data. Finally, the amplification factors from alternative
methods are compared with each other. Consistent results are obtained in terms of both
fundamental frequencies and amplification factors.

Keywords: Microtremors, surface waves, MMSPAC method, S-wave velocity, dynamics of
soil properties, soil amplification



6z

ZEMINLERIN DINAMIK OZELLIKLERININ VE ZEMIN BUYUTME FAKTORLERININ
ALTERNATIF YONTEMLERLE BELIRLENMESI

Sisman, Fatma Nurten
Yiksek Lisans, Deprem Calismalari Bolumu
Tez Yoneticisi: Dog. Dr. Aysegul Askan Gundogdan
Yardimci Tez Yéneticisi: Yard. Dog.Dr. Atilla Arda Ozacar

Ocak 2013, 71 sayfa

Depremler, kentsel alanlari etkileyen en tahrip edici dogdal afetlerdendir. Depremlerin
olusturdugu yapi hasarlari, depremin yalnizca odak ve yayilim &zelliklerine degil, zemin
Ozelliklerine bagh olarak da buyutk farkliliklar gostermektedir. Yerylziine ulasan sismik
kesme (kayma) dalgalarinin genlik ve frekans icerikleri, lokal zemin kosullarina baglidir.Sert
anakayanin Uzerinde yer alan yumusak zeminlerin yer hareketini buylterek agir yapi
hasarlarina neden olabildigi bilinmektedir. Zemin hakim periyodu, yapinin hakim periyoduna
yakin oldugunda, yapisal hasar énemli dlglide artmaktadir. Hakim periyot, blyltme faktori
ve zemin tipi de@erlendirmeleri, can ve mal kaybini azaltma agisindan oldukga kritik bir
husustur. Belirtilen nedenlerden 6tlrl, zemin dinamik davraniglarinin degerlendirmesi
deprem muhendisligi icin temel konulardan birisi haline gelmistir. Zeminlerin dinamik
Ozelliklerini belirleme c¢alismalari, temel olarak S-dalgasi hiz profili, buyiutme faktori ve
zemin tepkisi elde etmeye dayanir.

Bu galismada ilk olarak, Coklu-mod Uzaysal Oziligki metodu kullanilarak ilgili sahalarda S-
dalga hiz profili dederlendiriimesi yapiimistir.Bu metot, temel modlarin yanisira yuksek
modlar icin de basariyla kullanilabiimesi agisindan digerlerinden farklilik gosterir. ikinci
asamada, Yatay/Dugsey Spektral Oran metodu, hem mikrotemor verileri hem de yer hareketi
verileri Uzerindeuygulanmistir. Son olarak, alternatif metotlardan elde edilen buyitme
faktorleri birbirleriyle karsilastiriimistir. Hakim frekans ve zemin blylitme faktdéld agisindan
birbiri ile uyumlu sonugclar elde edilmigtir.

Anahtar Kelimeler: Mikrotremor, yluzey dalgalari, MMSPAC yontemi, S-dalga hizi,
zeminlerin dinamik 6zellikleri, zemin buyutmesi
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CHAPTER 1

INTRODUCTION

1.1 General

Earthquakes are major natural disasters that cause severe social, economic and structural
losses. It is not yet possible to forecast the earthquakes but it is possible to reduce the
losses resulting from these catastrophes. Thus, for purposes of disaster mitigation,
interdisciplinary studies related to earthquakes have become popular among researchers
including geological, geophysical and civil engineers.

Nowadays, it is well-known that structural damage caused by the earthquakes depends not
only on the magnitude and wave propagation properties but also on the soil properties. Soft
soil layers on top of hard bedrock can greatly amplify the ground motions yielding severe
structural damage. This is in particular the case when the resonance frequency of the soil
and building are close to each other. As a result, site characterization is critical in terms of
disaster mitigation.

For the estimation of dynamic properties of soils (including the fundamental frequencies and
amplification factors), traditional methods such as seismic refraction, reflection and drilling
are used commonly in geotechnical and geophysical engineering fields. However, with these
difficult and costly methods, it is not always feasible and possible to obtain the S-wave
velocity of the deep soil layers. In addition, in urban areas invasive methods are not easy to
apply. Thus, as an alternative to the existing methods in the literature for measuring S-wave
velocities, surface wave techniques are used commonly. Surface wave techniques are
categorized with respect to their source properties: active sources and passive sources.
When an artificial source is used to create waves within the soil, the technique is called
active seismic method. On the other hand, surface wave methods, which employ ambient
vibrations of the earth (microtremors), are called passive seismic methods. Both active and
passive techniques are based on the same principle: the theoretical dispersion curve of a
model velocity profile is matched with the measured dispersion curve by a series of
iterations. While active methods are not suitable for deeper layers and are very expensive,
passive seismic techniques are less expensive and are much more efficient to resolve the
deeper part of the soil. Nowadays for practical purposes, Vs30 (Average shear wave velocity
in top 30m of soil layers) is used as the direct and only measure for site classification.
However, numerical experiments clearly indicate that the depth of bedrock and resolution of
soil layers affect the fundamental frequency and corresponding amplification factors
significantly. Thus, it is essential to resolve the deeper soil layers for accurate estimates of
the dynamics properties at a site of interest.

Among existing alternative methods for evaluating passive sources, the most efficient
method for the interpretation of microtremor data is the Multi-Mode Spatial Autocorrelation
(MMSPAC) technique. This method detects for the higher modes of seismic energy as well
as the fundamental mode to estimate the S-wave velocities independent of the direction. In
addition, this method works efficiently even with a small number of stations. As of today, all



over the world there are many MMSPAC applications. However, number of such studies is
very limited for Turkey. The heterogeneous basins located on the North Anatolian Fault zone
are indeed ideal places for such applications to estimate the sedimentary thicknesses and
bedrock levels.

In the long run, results of this study and similar studies could be used to construct two-or
three-dimensional regional velocity models. Examples of such models exist for many seismic
regions in world. These models can be used for several applications in various fields ranging
from wave propagation simulations to seismic hazard assessment.

1.2 Objectives and Scope

This study presents a case study for site characterization with alternative geophysical and
geotechnical techniques in sedimentary basins on the North Anatolian Fault zone in Turkey.
There are two main objectives of this thesis: First, one is to apply alternative methods to
compute the fundamental frequencies and amplification factors of soft soils located in
seismically active urban regions. Second objective is to compare the results with each other
and assess the comparative effectiveness of each method.

The structure of the thesis is as follows:

In Chapter 2, applications of the Multi-Mode Spatial Autocorrelation Method for Dizce and
Bolu case studies are presented. Microtremor data are collected and interpreted at selected
sites in Diizce and Bolu city centers. The collected data are used to form coherency curves.
From the (pseudo) inverse solutions of these curves, the variation of S-wave velocities with
respect to depth is obtained. The results obtained from the MMSPAC technique in this
chapter will be used as input to site response analysis for estimating the amplification factors
in Chapter 3.

In Chapter 3, two alternative methods for site amplifications are applied. The first technique
includes Horizontal to Vertical Spectral Ratio (HVSR) analyses of both microtremor and
strong ground motion data collected at Bolu and Dizce stations. The second technique is
One-dimensional Site Response Analysis using theoretical transfer functions. In this method,
analyses are performed with the S-wave velocity profiles obtained from the microtremor
analyses in Chapter 2. The results are presented in the form of one-dimensional velocity
structure and comparisons of frequency-dependent site amplifications from alternative
techniques at the selected sites.

In Chapter 4, main findings of this thesis are summarized along with the conclusions derived
from the analyses. In addition, recommendations for future studies are presented.

The related literature is discussed in detail within each Chapter.



CHAPTER 2

ESTIMATION OF ONE-DIMENSIONAL SHEAR WAVE VELOCITY PROFILES WITH
MULTI-MODE SPATIAL AUTOCORRELATION METHOD (MMSPAC)

2.1 General

Nowadays, traditional methods like seismic refraction, reflection and drilling are used
commonly for estimation of dynamic properties of soils. However, with these difficult and
costly methods, it is not possible to obtain the S-wave velocity of the deep soil layers. As an
alternative to the existing methods in the literature for measuring S-wave velocities, surface
wave techniques are used commonly. Surface wave technigues are categorized with respect
to their source properties: active sources and passive sources. Hammers, weight drops,
electromechanical shakers, seismic vibrators and bulldozers are instruments used as active
sources.

In the literature, there are two popular methods which mainly use active sources: Spectral
Analysis of Surface Waves (SASW) (Nazarian and Desai, 1993; Kramer, 1996; Zywicki,
1999) and Multi-Channel Array Surface Waves (MASW) (Park et al., 1999) techniques.
These techniques are based on the same principle: the theoretical dispersion curve of a
model velocity profile is matched with the measured dispersion curve by a series of iterations
(Rosenblad and Li, 2009).

On the other hand, surface wave methods which employ ambient vibrations of the earth
(microtremors) are called passive seismic methods. Passive Refraction Microtremor (ReMi)
(Louie, 2001), Frequency-Wavenumber (f-k) (Schmidt, 1986), Spatially Autocorrelation
(SPAC) (Aki, 1957) and Multi-Mode Spatial Autocorrelation (Asten et al., 2003) are the most
common passive seismic methods.

Among these alternative methods, the most efficient method for the interpretation of
microtremor data is the MMSPAC technique. This method resolves for the higher modes of
seismic energy as well as the fundamental mode and estimates the S-wave velocities
independent of the direction.

2.2 Microtremors (Microseism)

The continuous low-amplitude vibrations within the Earth which are not a result of any
seismic activity are called microtremors (microseism). These vibrations are generated by the
human activities (such as machinery, cars and people walking) with the frequency bands
higher than 1 Hz and natural events (such as rain, wind, atmospheric pressure differences
and ocean waves) with the frequency bands less than 1 Hz. Following are the main
properties of microtremors (Asten, 1976):

e The energy generated by oceans or coastlines is in a period range of 10 to 1 sec. It
can be propagated for hundreds or thousands of kilometers.



e The energy generated by atmospheric loading effects is in a period range of 100 to 1
sec.

e The energy generated by wind action is in a period range of 100-1 sec. It cannot be
propagated for distances greater than 1 km.

e The energy generated by human activities such as machines and traffic is in a
period range of 0.03 to 1 sec.

Due to the aforementioned sources (human activity and natural events), microtremors have
differences with time and are not repeatable. Because the amplitude content of the
microtremors is between 10™ to 10° mm, the microtremors cannot be perceived by the
human (Okada, 2003; Roberts and Asten, 2004). In the microtremor phenomenon, records
are both comprised of body and surface waves although most of the passive wave energy is
transported as surface waves (Toks0z and Lacoss,1968; Roberts and Asten, 2004).

2.3 The Microtremor Survey Method (MSM)

The Microtremor Survey Method is a practical field method for determining the properties of
the dispersion of the surface waves. To perform this method, the soil at the selected site
should consist of homogenous, isotropic and parallel geological layers.

The basic steps of the microtremor survey method are the following (Okada, 2003):

e Recording of the natural noise with a seismometer at a selected site.

o Determining response of the subsurface layers below the array with the dispersion of
the surface waves.

e Inversion of the dispersion curve with an appropriate algorithm for determining the
shear wave velocity profile.

Among the microtremor survey methods, SPAC method is an efficient tool to detect the
surface waves in records of the microtremor. Following are the main properties of SPAC
method(Aki, 1957; Okada, 2003):

e Microtremors are assumed to be stochastic processes in time and space.

e A spatial autocorrelation coefficient can be determined when the waves forming the
microtremors have dispersive behavior like surface waves.

e The spatial autocorrelation coefficient is a function of frequency and phase velocity.

2.4 Implementation of SPAC Method

Implementation of the traditional SPAC method for extracting S-wave velocity profile is
demonstrated in Figure 2.1. In this classical approach, the following main steps are
performed:
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Figure 2.1: Main steps of traditional SPAC Implementations (Figure is adapted from Maresca
et al., 2006)

a) Collection of the SPAC data acquisition

b) Computing the SPAC spectrum from array measurements

c) Determination of the observed surface wave dispersion curve. The dispersion curve
is plotted as phase velocity, v(f), versus frequency, f.

d) Inversion of the dispersion curve for an S-wave velocity profile with one of the
suitable algorithms for surface-wave inversion (Asten, 2006a).

2.4.1 Collection of SPAC Data and Properties of Array Geometry

In SPAC method, data is collected using three-component seismometers. Use of
seismometers with three-components helps for detection of both Love and Rayleigh waves.

In the classical SPAC method, data is collected as follows: The microtremors are recorded
with seismometers connected to each other (Figure 2.2) where all seismometers are
synchronized with GPS equipment (Okada, 2003).

Okada (2003) demonstrated that microtremors recorded at night are more convenient than
daytime in terms of minimizing the noise created by human activities. Although the duration
of the record is mostly 45 min. or 60 min. for long period microtremors, generally 30 min
records are enough for short period microtremors.
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Figure 2.2: Array geometries for SPAC method used in literature. (a) and (b) demonstrate
triangular arrays (c) is a hexagonal array, (d) is a square or a linear cross array, and (e) is a
semi-circular array (Figure is adapted from Asten, 2004).

2.4.2 Calculation of the SPAC Coefficient

In the original study by Aki (1957), the traditional SPAC method was introduced to derive S-
wave velocity structure based on the coherency of microtremor records. The method is built
on the theoretical framework of a stochastic wavefiled which is stationary in both time and
space. The traditional SPAC method uses the vertical wavefield acquired by seismometers
in a circular or semicircular array (Figure 2.3). Aki (1957) showed that:

p(f.r) = Jo2Ifr/v(f)) (2.1

where p(f,r) = foznp(r,f, 0)do is the spatially (and azimuthally) averaged coherency for

interstation distance r and frequency f. In Equation 2.1, J, indicates the Bessel function of
the first kind and zero order that identified Rayleigh phase velocity v(f) for a given f, or
relation of the dispersion.

Measured coherency is identified as the following normalized cross-power spectra:



Figure 2.3: Circular layout for microtremor measurement with traditional SPAC method

(s:-57(P)
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Gii(f) = (2.2)

where C ;;(f) is the complex spectral coherency, S;(f)and S;(f) are complex Fourier
spectra at stations i and j. In addition “s+“ indicates complex conjugate of S. This way the
cross power spectra can be calculated for each seismometer pair of the array at a given
interstation distance r (Stephenson and Odum, 2011). The difference between modeled and
observed SPAC curves must be minimum for the “correct” S-wave velocity structure at a site

of interest.

2.4.3 Estimation of the Phase Velocity with Traditional SPAC Method for Near-
Surface Structure

In a standard record of Rayleigh waves, first mode is more dominant than the higher modes.
In addition, the theoretical Rayleigh wave motion assumes that the geological layers of the
surface consist of horizontal layers. Phase velocity is calculated for determining the S-wave
velocity profile using the microtremor recordings. For performing this procedure, inversion is
used on microtremors. Traditional SPAC inversion includes the following steps:

1. Computing the differences between measured and calculated phase velocities for
each frequency bin.

2. Soil parameters are selected to identify the subsurface velocity profiles.

3. lterations are performed on selected parameters until the misfit is minimized.

This procedure is applied until the measured and calculated spectra match each other.
For determining the phase velocity of the Rayleigh waves as a function of frequency for a
circular or semicircular array (with radius r) measurement, A = 2Ilr,(r = ry) is accepted asa

constant.

Equation for SPAC coefficient (2.1) can be written as:

o, = Jo () = 1) 23)



Where x = (%) and J, is first kind and zero order Bessel function. The simplicity of Equation

(2.3) appears to suggest a possibility of easily finding the optimum Bessel function J,(x) from
a range of observed values of "p, (f)"by the least-squares fitting model. However, the

solution to the Equation (2.3) is theoretically not unique.

In practice,
v(f) = Af /x (2.4)

Provides a solution for the phase velocity where:

XO = anoro/v(fo) (2.5)
And phase velocity for frequency f,
211 fyr
v(fy) = —— (2.6)
Xo

2.5 Implementation of MMSPAC Method

Okada (2003) and several other authors who used the SPAC method have calculated the
coherency spectrum and then inverted the phase velocity dispersion curve. These authors,
basically fit the modeled and observed phase velocity dispersion curves to evaluate the S-
wave velocity profile at a site of interest.

An alternative approach to the SPAC method is introduced by Asten et al. (2002; 2004) and
Wathelet et al. (2005). The goal of this alternative approach is to fit the observed SPAC
spectra directly to modeled SPAC spectra (Asten, 2006a). In other words, dispersion curve is
not directly inverted but rather checked simultaneously while fitting the observed and SPAC
modeled curves.

A fundamental advantage of the MMSPAC method is identification of the higher mode
surface wave energy (Asten, 2004), and mitigation of Vs bias by calculating of azimuthal
averaging (Stephenson and Odum, 2011). Application of this method can be summarized in
two major steps:

a) Collection of the data in the field
b) Data analyses within a computational framework

These steps will be briefly discussed in the following subsections.

2.5.1 Collection of MMSPAC Data and Properties of Array Geometry

Standard procedure for the MMSPAC data collection is demonstrated in Figure 2.4. It starts
with the selection of the field. The study field should be located in a silent area to omit
undesirable noise. After the set up and synchronization all of seismometers, recording is
started. All seismometer records in pairs are used for calculation of the Vs velocity model.
However, in rare examples, one of the four seismometers’ records can be omitted from
interpretations due to the poor intra-array coherency (Stephenson and Odum, 2011).


http://tureng.com/search/undesirable

2.5.2 Pre-processing and Data Analyses in MMSPAC Method

Data processing starts with an initial velocity profile that consists of P-wave velocity (Vp), S-
wave velocity (Vs), rho (density), and depth values (Figure 2.5(a)). The initial model is
generally selected from previous information on the lithology of the site of interest. Figure 2.5
(b) demonstrates the observed and modeled SPAC spectrum. The modeled SPAC spectrum
is calculated by first computing the theoretical phase velocity dispersion curve with open-
source codes of Herrmann (2001). (Figure 2.5(d)). The algorithm of Herrmann (2001) uses
matrix methods introduced from Saito (1979, 1988).

Figure 2.6 describes the major stages of the computational framework used for interpretation
of MMSPAC field data. In step 1 the related data with respect to recording date and time is
selected. A single time window is used for each interpretation. The selected time window is
extracted from the record to get rid of large amplitude spikes and noise in the records. In
addition, Hann window filtering is used for each selected time series. Then, Fast-Fourier
Transformation is performed for computing SPAC coherency spectrum of Equation 2.2. In
the step 2, the selection of the different format types such as USGS Sud format, Guralp Sac
format or others is performed. Then, average coherency curves are plotted. In step 3, single
or multiple SPAC files first is selected. Then, forward fitting is started with an initial velocity
profile until observed and modeled SPAC coherency curves match each other. The
goodness of the fit between the observed and modeled SPAC coherency is measured by the
Root Mean Square (RMS) error over a frequency range of interest. At the end of the
interpretation, the results are presented in the form of Vs versus depth profiles.
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2.6 Study Areas: Diizce and Bolu

This section of the thesis presents a series of attempts to perform site characterization with
microtremor survey technique at two strong motion stations (DZC and BOL sites) in Diizce
and Bolu.

The geology of North-Western Anatolia ranges from hard Mesozoic bedrock in mountain
ranges to large sediment-filled, pull-apart basins. Diizce and Bolu city centers are located in
major alluvial basins in the region, both of which have suffered from severe building damage
during the 12 November 1999 Diizce earthquake (Mw=7.1). Dizce and Bolu basins are
tensional basins, which have formed within the dextral shear system of the North Anatolian
fault (Figure 2.7). The two basins include coarse fluviatile sediments of Miocene age and
younger, overlain by lacustrine sediments of Pleistocene age. The thickness of Miocene and
later sediments is given by Sengdr et al. (2005) as approximately 260m for Diizce, and up to
200m for Bolu. The basement is mainly volcanic flysch of Eocene age. Figure 2.8 presents
the geological maps of Dizce and Bolu. In addition, stars indicate the location of the strong
ground motion stations where the measurements are taken. The MMSPAC method is
applied adjacent to buildings containing strong-motion accelerometers installed at Dizce and
Bolu as part of the Turkish National Strong Ground Motion Network.
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Figure 2.7: Map demonstrates tectonic settings of Turkey. The dashed rectangle indicates
the study areas and large arrows represent the direction of relative plate motions. (Figure is
adapted from Utkucu et al., 2003).
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Figure 2.8: Geological map of Diizce and Bolu (Grey areas are undifferentiated Quaternary at Diizce and Bolu. Stars indicate the
location of the strong ground motion stations where the measurements are taken.) (Figure is adapted from www.mta.gov.tr)



2.6.1 Previous Microtremor and Surface-Wave Surveys in the Region

In this section, a summary of previous studies for determining S-wave velocity profiles using
geophysical and geotechnical methodologies like drilling, seismic refraction, Re-Mi, SPAC,
SASW, Borehole and Standard Penetration Test (SPT) in Dizce and Bolu are presented.
Summary of information on velocities and depths obtained in these studies are demonstrated
in Table 2.1.In addition, S-wave velocity profiles are shown in Figures 2.9-2.19. It must be
noted that all of these studies are performed at the same location i.e. strong ground motion
stations.

Table 2.1: Information on the previous studies for determining S-wave velocity profiles in
Dizce and Bolu

Study | Maximum Depth

Study Method

Area Resolved (m)
Kudo et al. (2002) SPAC Dizce | ~500
Yamanaka et al. (2002) | f-k Duzce | ~1000
Rosenblad et al. (2006) | SASW Dizce |50
Yilmaz et al. )
(20084, 2008b) SASW,Borehole, MASW | Duzce |50
Alexoudi (2008) SPAC Dizce | ~250
Tokgdz (2002) Refraction Bolu 30
Basokur (2005) Re-Mi Bolu 64
Rosenblad et al. (2006) | SASW Bolu 50
Ansal et al. (2007) SPT Bolu ~100

From Figures 2.9-2.19, it is observed that the passive techniques are generally able to
resolve the velocity structure down to deeper layers. This is expected, as the active sources
do not penetrate into the deeper parts of the soils. On the other hand, it is also observed that
even the same technique used by different authors can yield not exactly the same profiles.
This indicates the non-uniqueness of the mathematical inversions. That is also why in this
thesis; a pseudo-inverse approach is taken via an iterative forward fitting algorithm. This
way, it is possible to get a more physical solution rather than getting stuck at any local
minimum that the inversion algorithms usually converge to. Next, the field work for MMSPAC
technique is described.
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Figure 2.9: Dlzce site: S-wave profile obtained by Kudo (2002)
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Figure 2.10: Duzce site: S-wave profile obtained by Yamanaka (2002)
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Figure 2.11: Dlzce site: S-wave profile obtained by Rosenblad (2006)
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DUZCE (SASW)
(Yiimaz et al., 2008a)
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Figure 2.12: Diizce site: S-wave profile obtained by Yilmaz et al. (2008a)

DUZCE (Borehole)
(Yimaz et al., 2008b)
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Figure 2.13: Diizce site: S-wave profile obtained by Yilmaz et al. (2008b)
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Figure 2.14: Dizce site: S-wave profile obtained by Yilmaz et al. (2008b)
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DUZCE (SPAC)
(Alexoudi, 2008)
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Figure 2.15: Dlzce site: S-wave profile obtained by Alexoudi (2008)

BOLU (Seismic Refraction)
(Tokgoz, 2002)
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Figure 2.16: Bolu site: S-wave profile obtained by Tokgdz (2002)

BOLU (ReMi)
(Basokur, 2005)
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Figure 2.17: Bolu site: S-wave profile obtained by Basokur (2005)
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BOLU (SASW)
(Rosenblad et al., 2006)
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Figure 2.18: Bolu site: S-wave profile obtained by Rosenblad et al. (2006)
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Figure 2.19: Bolu site: S-wave profile obtained by Ansal et al. (2007)

2.6.2 MMSPAC Array Data in Diizce and Bolu

Recording instruments are three components Guralp CMG6TD seismometers containing
internal data recorders, GPS sensors and a crystal clock synchronizable with a GPS signal
(Figure 2.20 (a)). The seismometer is sensitive to ground vibrations over a frequency range
0.033-50 Hz as standard. Array geometry performed in Dizce and Bolu sites is
demonstrated in Figure 2.20 (b) along with the sketch maps in Figures 2.20 (c) and Figure
2.20 (d), respectively. At Dizce, two nested four-station triangular arrays with side-lengths
30m and 90m are used, with a common baseline on the same road. At Bolu, a single
triangular array of side-length 33.3m is placed on an asphalt-surfaced car-park.
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Figure 2.20: a) Guralp CMG6TD seismometer (Figure is adapted from
http://www.guralp.com) b) Standard centered-triangular arrays c) Sketch map of arrays at
Duzce Strong Ground Motion Station d) Sketch map of array at Bolu Strong Ground Motion
Station

Each seismometer is placed on the asphalt surface and covered with a plastic bucket to
provide some degree of shielding from wind and sun. For data processing, Asten (2006a) is
followed using data segments with typical durations of 20 minutes selected from total
recording times of about 40 minutes. Vertical-component data is used although it is noted
that a modified methodology making use of three components in the MMSPAC method have
been used in other studies (e.g.: Cho et al., 2006; Koéhler et al., 2007; Garcia-Jerez et al.,
2008). In this application, there is an important assumption that the propagating seismic
noise consists of dominantly fundamental-mode Rayleigh waves, where sources are
sufficiently distant to produce plane waves across the array. The sampling rate is 100 Hz.

2.6.3 Results from MMSPAC Interpretations for Diizce and Bolu

From the selected data based on the previously-explained algorithms, SPAC dispersion
curves are obtained. In Figures 2.21, 2.23 and 2.26 black curve indicates real part of
MMSPAC field data whereas thin red curve is an imaginary part of the SPAC field data. In
addition, modeled SPAC curves for modes fundamental, first and second (RO, R1, R2) are
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shown with thick red, yellow and green curves in the figures, respectively. In Figures 2.22,
2.24 and 2.27 dispersion curves are displayed for the first and higher modes.

These implementations are termed the multimode SPAC method because while the fitting is
performed using the modeled fundamental Rayleigh mode (R0), the simultaneous plotting of
modeled SPAC spectra for the first and second higher modes (R1, R2) allows identification
of frequency bands where higher-mode energy is present. The presence of higher-mode
energy is best seen when the same time segment of data is recorded for two or more station
separations. Thus in Figure 2.21 and 2.23 the observed SPAC in the frequency band 4-5 Hz
shows a clear shift towards the R; model curve indicating presence of mixed-mode energy
propagation.
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Figure 2.21: SPAC spectra at Dizce (small array) (Top Panel: SPAC spectra for r1, Bottom
Panel: SPAC spectra for r2)
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Figure 2.22: Dispersion curve at Diizce (small array) (Black curves indicate theoretical
dispersion curves whereas the red dots indicate observed dispersion)
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Figure 2.24: Dispersion curve at Diizce (large array) (Black curves indicate theoretical
dispersion curves whereas the red dots indicate observed dispersion)

In addition, the useful low-frequency limit of the SPAC data at both sites is approximately 2
Hz, despite the fact that the seismometers used had a flat pass band from 0.016 Hz to 50
Hz. This is a common problem where Guralp seismometers are set up on pavements (see
Roberts and Asten, 2007 and Claprood et al., 2011). When the seismometers are buried,
useful SPAC data is typically obtained down to frequencies of order 0.1 Hz (see Asten, 2005;
Stephenson et al., 2009 and Schramm et al., 2012). The useful high-frequency limit is highly
dependent on local conditions and the lateral uniformity of the layered earth. The high
frequency limit at Dizce is 25 Hz. The S-wave velocity profile for Dizce obtained after a
series of iterations is given in Figure 2.25 and Table 2.2.
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Figure 2.25: S-wave velocity profile at Dizce
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The SPAC spectra for Bolu are shown in Figure 2.26. The high frequency limit at Bolu is 20
Hz (at Bolu, the center station may have been poorly sited, because the SPAC curve is
cleaner on the small array circumferential (r2) data than on the radial (rl) data).Results are
consistent with interpretations from a prior microtremor survey with a surface layer of Vs<200
m/s and thickness 5m. The final S-wave velocity profile for Bolu is given in Figure 2.28 and

Table 2.3.

Table 2.2: Layered-earth model at Dlzce site from combined SPAC and HVSR modelling

Layer | Thickness SSS?L Vp Vs eyr?)r Rho
Number (m) (m) (m/s) (m/s) bounds (t/m~3)
1 2 2 400 100 107-93 1.78
2 4 6 400 200 212-184 1.8
3 8 14 1500 235 242-222 2.0
4 32 46 2000 400 430-360 2.14
5 50 96 2000 600 720-490 2.14
6 40 136 2000 650 nr 2.14
7 200 336 2940 1000 +10% 2.39 Interpreted
8 400 736 | 2940 | 1150 nr 239 |as baseof
Miocene
9 1300 2036 2940 1300 nr 2.39 sediments
10 0 4000 2250 +20% 2.8
nr: not resolved

An important point on depth of penetration is as follows; the low frequency limits from
MMSPAC data correspond to 136m and 209m at Dizce and Bolu, respectively. The
structure below these depths are obtained though HVSR analysis on microtremors which in
presented in the next Chapter. For complement, the full velocity profile is presented here.

24



AVE COH : Belu0B80D_2000_40

1.0 ]
o 4
) 4
[
5 4
az 05 —
L m
0
0 . |
: N%
a 0.0 " ;
E ' | )
‘S 1
8 i M '
-0.5 : L . ]
G 5 10 15 20
Frequency (Hz). Modes: Red=R0O; Yell=R1; Grn=R2
Radius=19 r1. Std Dev=0.160(0.160 0.160) Nm rma=0.1291
AVE COH : BeluDB0D_2000_40
1.D T T T
. 4
) 4
=
5 1
g 05 -
L m
0
0 4
o 1
= J
(=]
g oFf b4
] -
7 4
-0.5 .

Frequency {Hz). Modes: Red=R0O; Yell=R1; Grn=R3
Radius=33 rZ, Std Dev=0.112{0.112 0.112) [Im rma=0.0971

Figure 2.26: SPAC spectra at Bolu array (Top Panel: SPAC spectra for r1, Bottom Panel:
SPAC spectra for r2)
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Figure 2.27: Dispersion curve at Bolu array (Black curves indicate theoretical dispersion
curves whereas the red dots indicate observed dispersion)
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Figure 2.28: S-wave velocity profile at Bolu

Table 2.3: Layered-earth model at Bolu site from combined SPAC and HVSR modeling

Layer | Thickness gggﬁ] Vp Vs e?lr?)r Rho
N
Number (m) (m) (m/s) (m/s) bounds (t/m~3)

1 0.75 0.75 800 155 nr 1.78

2 2 3 800 155 171-145 2.0

3 2 5 1500 185 200-170 2.0

4 8 13 2000 220 227-208 2.0

5 32 45 2000 390 435-345 2.14

6 64 109 2000 500 550-410 2.14

7 100 209 2940 600 nr 2.14

8 200 409 2940 900 +10% 2.39
Interpreted
9 200 609 2940 1050 nr 2.39 as base of

10 1600 2209 4500 1200 nr 2.39 Mi(_)cene

sediments

11 0 2250 +20% 2.8

n

=

: not resolved
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Figures 2.29 and 2.30 show the comparisons of the S-wave velocity profiles obtained in this
thesis with those from previous studies. It is observed that MMSPAC method is more
effective for the lower frequencies (deeper parts of the soil than the higher frequencies
(shallow parts of the soil) as the lower frequencies (deeper parts of the soil). The S-wave
velocity values from previous studies are 15-20% different for first 30 m depth due to
frequency resolution of the MMSPAC method. In addition, for both Diizce and Bolu cities,
MMSPAC method resolves deepest part of the soil with low frequency content effectively.
Considering alternative methods for obtaining S-wave velocity, MMSPAC method has an
advantage of simultaneously resolving the shallow, middle and deeper parts of the soil.
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Figure 2.29: Comparison of the S-wave velocity profileobtained in this thesis with previous
studies at Duzce site
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Figure 2.30: Comparison of the S-wave velocity profileobtained in this thesis with
previous studies at Bolu site
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In this chapter, one-dimensional S-wave velocity profiles are derived for Dlzce and Bolu
strong motion stations. These results will be used as input to the site response analysis in
Chapter 3 to derive site amplifications.

Results of further applications of MMSPAC method on microtremor records from other
regions in the world are presented in Appendix A.
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CHAPTER 3

EVALUATION OF SITE RESPONSE BASED ON ALTERNATIVE METHODS

3.1 General

The main objective of this thesis is to compare the fundamental frequencies of soils and
corresponding amplification factors from three alternative approaches which are HVSR with
microtremor, HVSR with earthquake records and theoretical transfer functions. Comparative
effectiveness of these techniques are assessed in sedimentary basins of Miocene age on
the North Anatolian Fault zone. For this purpose, empirical Horizontal to Vertical Spectral
Ratio based on microtremors, weak motions and strong motions are compared with one-
dimensional theoretical transfer functions. The theoretical transfer functions are computed
using S-wave velocity profiles inverted from microtremor data presented in the previous
chapter.

HVSR method is performed for both microtremor and ground motion data recorded at two
strong ground motion stations in Northwest Turkey. Weak and strong ground motions are
analyzed separately for potential differences in the amplification factors and the fundamental
frequencies. Then the S-wave profiles obtained from the microtremor analyses are employed
in one-dimensional (1D) site response analyses. 1D site response modeling yields
theoretical transfer functions at the sites of interest. Finally, results from alternative
techniques are presented in the form of amplification factors and fundamental frequencies.
Figure 3.1 displays the methods and data employed in this chapter.

3.2 Horizontal to Vertical Spectral Ratio Method

In the literature, a common empirical and practical method for evaluating local site
phenomena is the Horizontal to Vertical Spectral Ratio method originally proposed by
Nogoshi and lgarashi (1971) and Nakamura (1989). This method relies on the assumption
that the vertical surface ground motion component is less amplified by the shallow soil layers
than is the horizontal component. Single-station HVSR was originally applied on microtremor
data (e.g.: Nakamura, 1989; Field and Jacob, 1993; Lermo and Chavez-Garcia, 1993;
Huang and Teng, 1999; Rodriguez and Midorikawa, 2002) and is accepted commonly by the
engineering community. Later research showed that it can also be employed effectively with
earthquake data using S-wave portions of strong motion records. (e.g.: Lermo and Chavez-
Garcia, 1993; Huang and Teng, 1999). Suzuki et al. (1995) demonstrated that HVSR from
microtremors and strong ground motion have similar peak frequencies. Lachet and Bard
(1994) argued that the HVSR from microtremors yields the correct resonance frequency
while the corresponding amplitudes are not necessarily accurate.
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However, there are other studies where HVSR amplitudes do correlate with site
amplifications from other methods. For instance, Massa et al. (2004) found consistent results
from HVSR based on both noise and earthquake records while evaluating local site
amplifications in southern lItaly.

The formulation of the HVSR method is explained following Lermo and Chavez (1993). Due
to the negligible amplification effects in the vertical component, the source spectrum (4;) can
be calculated with vertical components of the motions as follows:

A =
S VB

(3.1)

where Vs is the spectral amplitude of the vertical component of the motion at the surface and
Vgis the spectral amplitude of the vertical component of the motion at the half-space
(bedrock). An estimate of site effects is given as:

Hg

SE:HB

(3.2)

In Equation (3.2), Hs is the spectral amplitude of the horizontal component of the motion at
the surface and Hy is the spectral amplitude of the horizontal component of the motion at the
bedrock. To eliminate the source effects in Sy, modified site effect function S,, is calculated
as:

Sy = 3.3
W= (33)
Equation (3.3) is equivalent to the Equation (3.4)
Hs
1%
Su =ty (3.4)
Ve
Then, if the ratio HB/VB is assumed to be 1, the site effect function can be written as:
Sy =8 3.5
=T (35)
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3.2.1 HVSR Analyses of Microtremor Data

The microtremor data measured at stations Diizce and Bolu presented in Chapter 2 are used
herein. To summarize, in Dlzce, two nested four-station equilateral triangular arrays with
side-lengths 30m and 90m are employed whereas in Bolu, a single four-station triangular
array of side-length 33.3m is employed. A typical four-station triangular array is displayed in
Figure 3.2.For microtremor measurements; Guralp CMG6TD seismometers containing
internal data recorders are used. The sampling rate is 100 Hz.

To calculate HVSR spectra, data segments are used with a typical duration of 20 minutes at
the stations. HVSR spectra at Duzce and Bolu are computed simply by dividing the Fourier
amplitudes of the mean horizontal component to that of the vertical component.
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Figure 3.2: A typical four-station equilateral triangular array used for microtremor
measurements in this study (A, B, C and G indicate the seismometer locations; rl and r2 are
the inter-station separations)

The HVSR obtained from microtremors at Diizce and Bolu are displayed in Figure 3.3 and
3.4.
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Figure 3.3: HVSR from microtremors at Duzce
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Figure 3.4: HVSR from microtremors at Bolu
3.2.2 HVSR Analyses of Earthquake Data

Main steps of the HVSR analysis based on ground motion data are demonstrated in Figure
3.5. The analysis of each ground motion record starts with the picking of the S-wave portion
manually and computing the Fourier Amplitude Spectrum (FAS) of the horizontal and vertical
components of the motion. Then, the average FAS of the two horizontal components is
divided by FAS of the vertical component. A Hann filter of 0.4 Hz-bandwidth is performed to
smooth the computed spectra.

For the HVSR analyses based on strong ground motions, data from past events recorded at
Duizce and Bolu are used. The records are obtained from the webpage of the Strong Ground
Motion Database of Turkey (via http://daphne.deprem.gov.tr). In previous studies, it was
demonstrated that HVSR can systematically identify nonlinear site effects based on the
significant differences observed in H/V ratios of weak and strong motions (e.g.: Wen et al.,
1994). Similarly, in this section of the thesis, a further comparison is made between events
that generated weak motions (Mws< 4.0 and Peak Ground Acceleration (PGA)<0.015 g) and
strong motions (Mw>7.0 and PGA>0.2g)at the two stations with the objective of evaluating
any potential differences in the spectral ratios. It must be noted that the term “weak motion”
mostly refers velocity data from broadband seismometers. But, as explained within the
content of this thesis “weak motions” refer to acceleration records with low amplitude.

The epicentral distances of these events from the stations are within the range of 10-50 km.
Information on the weak motion records measured at Diizce and Bolu stations are displayed
in Tables 3.1 and 3.2. For Duzce, 31 weak motion records are used whereas 25 weak
motion records are used for Bolu to compute the mean HVSRs at these stations. There are
only two earthquakes that generated motions with Mw>7.0 and PGA>0.2g; the 17 August
1999 Kocaeli (Mw=7.4) and the 12 November 1999 Dizce (Mw=7.2) events. Thus, the
comparison between the HVSR from weak motions and the HVSR from these two main-
shock records are performed in this section. There are two objectives for this comparison:
first, to see if empirical HVYSR curves based on records from large events can estimate
resonance frequencies at a soil site, and second to observe any differences that can be
attributed to nonlinear effects.
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Table 3.1: Information on the ground motion records (with PGA<0.015 g) recorded at station

Duzce
Event ID Magnitude N-S E-W U-D R
Record (as given on the (Mw) PGA , PGA , PGA , (kmp)
ID database web page) (cm/sec?) | (cm/sec?) | (cm/sec?)
1 20030701143320_8101 3.2 0.76 2.9 15 13.84
2 20000518054600_8101 2.9 0.92 0.4 0.61 24.51
3 20000720045046_8101 2.9 1.01 1.25 0.58 19.67
4 20000622215935_ 8101 2.9 1.07 131 3.27 4.2
5 20000615163625_8101 25 11 2.11 0.7 16.2
6 20010915071042_8101 2.7 1.19 2.93 1.22 16.34
7 20000530115801_8101 2.8 1.22 1.59 0.82 14.07
8 20010424234526 8101 2.9 1.34 0.98 0.7 15.29
9 20010410202427_8101 3.2 1.37 1.37 1.37 11.91
10 20030308111824 8101 3.8 1.37 1.77 1.13 49.15
11 20000519013112_ 8101 2.6 1.43 1.77 1.07 9.58
12 20011004213753_8101 2.9 1.56 1.86 1.25 14.51
13 20000830202142_8101 3.2 1.62 1.62 3.14 13.41
14 20040913014845_ 8101 3.7 1.74 1.98 15 19.06
15 20040413214740_8101 4.6 1.95 2.87 1.01 39.96
16 20000323073912_8101 3.2 2.14 2.05 2.16 19.48
17 20000615124752_ 8101 3 2.17 3.97 1.07 19.79
18 20000614045331_8101 3.7 2.26 3.05 2.53 14.6
19 20000327110251_8101 3.8 2.33 2.83 1.98 33.39
20 20020110212154 8101 3.2 2.38 2.9 2.59 16.23
21 20020104204422 8101 3.4 2.63 3.57 1.59 21.91
22 20000322144913 8101 4 2.83 2.56 4.71 13.67
23 20010418210611_8101 3.7 2.99 3.66 2.29 22.17
24 20040816183913 8101 3.3 3.57 2.66 15 22.2
25 20070206010333_8101 3.6 3.66 3.75 1.74 21.9
26 20000709032249 8101 3.4 4.24 3.33 2.81 18.04
27 20030527232536_8101 3.9 6.5 4.88 12.15 15.91
28 20030527214821 8101 3.7 7.9 7.11 7.51 12.56
29 20000105141007_8101 4.4 9 15.42 7.64 7.52
30 20061017194040_8101 35 10.47 5.8 4.24 7.05
31 20020826224407_8101 3.7 14.62 10.62 5.68 14.54
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Table 3.2: Information on the ground motion records (with PGA<0.015 g) recorded at station

Bolu
Event ID North-South 5\75; Up-Down | o
Rechord da(tzsbg;veen on the Mw PGA , PGA PGA , (kml)
web page) (cm/sec”) (cm/sec?) (cm/sec”)

1 20000707001619_1401 4.2 0.69 0.84 0.29 196.3
2 20010616063327_1401 2.7 1.02 1.38 0.7 15.9
3 20000402185740_1401 4.5 1.13 1.29 0.89 111.5
4 20000327110251_1401 3.8 1.24 0.84 0.57 73.24
5 20000215192358 1401 2.7 1.34 0.72 0.99 34.45
6 20000215210356_1401 2.9 1.42 0.55 0.78 20.99
7 20000822114026_1401 4.8 1.5 1.19 0.83 67.01
8 20010322140248_1401 4.6 1.55 1.19 0.74 121.0
9 20000214222959 1401 34 1.61 0.81 0.69 18.85
10 20000216191446 1401 3.3 2.14 1.95 2.01 17.88
11 20000216053016_1401 34 2.33 2.21 0.9 22.42
12 19990820100035_1401| 4.4 3.54 3.36 2.08 85.85
13 20001113031242_1401 4.1 4.22 3.12 1.13 70.44
14 20010709225243 1401 3 4.44 1.71 2.64 5.64
15 20000331130444 1401 3.7 5.65 4.34 6.24 29.08
16 19991112231100_1401 4 6.33 7.7 7.79 18.67
17 19990820155919 1401 4.4 6.41 5.31 1.16 70.24
18 19991112182453 1401 4.7 7.65 1.39 3.77 22.73
19 19991113025900_1401 4.2 7.78 5.42 7.74 44.6
20 19991112224908 1401 4.2 8.03 6.49 7.78 47.08
21 20000823134129 1401 54 9.62 9.79 5.75 71.67
22 19991112175735_ 1401 4.8 11.24 10.45 4.43 13.03
23 19991112172305_1401 51 12.47 7.38 3.43 37.81
24 19991220032728 1401 4.1 13.41 7.02 7.78 55.47
25 19991112174658 1401 4.8 14.36 3.76 7.78 54.38

Figures 3.6 and 3.7 display the HVSR spectra from weak and strong ground motions at
Dizce and Bolu, respectively. Remarks and observations on these HVSR curves will be
discussed in detail in Section 3.4.
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Figure 3.6: HVSR spectra from weak (a) and strong (b) ground motion at Diizce

(b) HVSR from weak motions

c
O 10
S 8 N\ M\J
=/ u/vJ \
Ed \
2 A
1 2 3 4 5 6 7 8 9 10
Frequency (Hz)

(c) HVSR from strong motion

14 [ __HVSR from 12.11.1999
‘ mainshock record (Mw=7.2)

12

C
.(% 10 A
L 8
=, |\
<E( AN /J \
2,\‘/' \ A\
V NV \ N\ A\
1 2 3 4 5 6 7 8 9 10
Frequency (Hz)

Figure 3.7: HVSR spectra from weak (a) and strong (b) ground motion at Bolu
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3.3 One-Dimensional Site Response Modeling

One of the commonly employed methods in geotechnical engineering for computing site
amplifications is one-dimensional site response modeling. One-dimensional site response
modeling is used to predict the surface ground motions, to generate design response
spectrum, to assess dynamic stresses and strains for determining liquefaction hazards and
to calculate earthquake—induces forces (Kramer, 1996). One-dimensional site response
analysis is performed with SHAKE, a very common computer program that computes the
theoretical transfer function of a soil profile in the frequency domain (Schnabel et al., 1972)

3.3.1 Theory of One-Dimensional Site Response Analysis

One-dimensional site response modeling is based on the assumption that all boundaries of
the surface soil layers are horizontal and that soil response is caused by SH waves
propagating in vertical direction. It is also assumed that layers of the soil and bedrock extend
infinitely in the horizontal direction (Kramer, 1996). These aforementioned assumptions are
shown in Figure 3.8.

_:Ilv

Surficial layers

Path

Figure 3.8: Refraction process (Figure is adapted from Kramer, 1996)

Description of the terms used in the analysis is necessary to understand site response
modeling. In Figure 3.9 (a), motion at the soil layer surface is called free surface motion
whereas the motion at base of the soil layer is called bedrock motion. The motion at a
location where bedrock is exposed at the ground surface is called a rock outcropping motion.
If the soil deposit was not present (Figure 3.9 (b)), the motion at the top of the bedrock would
be the bedrock outcropping motion.
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(b)

Figure 3.9: Description of terms used in analysis (Kramer, 1996)

One dimensional site response modeling is performed with the computer program SHAKE
(Schnabel et al., 1972). The following section describes theory of the analysis performed.
Next, the theory is discussed in two groups with respect to number of the soil layers: single
soil layer and multiple soil layers.

a) Single soil layer

Figure 3.10 shows a profile that consists of an elastic layer of rock beneath a uniform soil
layer. Horizontal displacement due to the vertical propagation of the harmonic S-wave is
written as (Kramer, 1996):

ug(zg, t) = Agel@t+kszd 4 p pilwt=kszy) (3.5)
ur( Z t) = Arei(mt+k; 7r) 4 Brei(u)t—k; r) (3.6)

where the subscripts r and s indicate rock and soil, respectively. Here, w is the circular
frequency of ground shaking, k is the wave number (= w/V;), A and B are amplitudes of the
waves traveling in —z and z directions, respectively.

AS BS

o

Figure 3.10: lllustration of a single layer of soil an elastic rock
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Shear stress tis zero at the ground surface (z; = 0). Thus:

,0us(0,¢) B

7(0,t) = Gy (0,t) = G a7, 0 (3.7)

whereG; = G(1 + 2i¢)indicates the complex shear modulus and £.is the damping ratio of the
soil. Substituting Equation (3.5) and Equation (3.7)and differentiating yields:

Griks( Asetks©® — Bietks(©@)eiot = Grjfs( Ay — By)et =0 (3.8)

Equation (3.8) is correct when A; = B;. Compatibility of displacement and continuity of
stresses at boundary between the soil and rock require:

us(zs = H) = u, (2, = 0) (3.9
75(zs = H) = 7,(2, = 0) (3.10)
Substituting Equations (3.5) and (3.6) into Equation (3.9):
Ag(etksH +e7ksH) = A + B, (3.11)
From Equation (3.10) and shear stress definitiont = G; g—:

Agi Goke; (etsH — e~ksH) = { GYky (A, — B,)
or

Grk: - -
> Ag(etkst —emtksH) = (A, — B,) (3.12)
Gk

So the ratio becomes:
Gsks
Gk

= a;
wherea indicates the ratio of the complex impedance. Solving Equations (3.11) and (3.12)
1 o .
A =5 A + apetkst + (1 — ap)e~isH] (3.13)

1 o -
By =5 A1 —ape®st + (1 + ap)e ks ] (3.14)

If a vertical propagating shear wave of amplitude ,A, traveled upward through the rock and
the soil was not present, the free surface effect at the rock outcrop would produce a bedrock
outcropping motion of amplitude 2A. If the soil was present, the free surface motion
amplitude would be

4A

= — — 3.15
2(1 + ap)etrst + (1 — ay)e~tksH (3.15)

As

Finally, the transfer function F(w) can be calculated with Equation (3.16). F(w)isthe ratio of
the soil surface amplitude to rock outcrop amplitude.
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2
F = — — 3.16
@) 1+ ay)etkst + (1 — aj)e~thsH (3.16)

The complex transfer function can be also written with Euler’'s law as:

2

F = 3.17
(@) coski;H +iajsink; H ( )
b) Multiple Soil Layers
The horizontal displacement for layer j is computed as follows:
u;( z,t) = (Ajeik; i+ Bje_ik} Zf)ei“’t (3.18)

Compatibility of displacement at the boundary between layer j and layer j+1 is expressed as:

Aj+1 + Bj+1 = Ajeik}f hj + Bje_ik}f hj (319)
/]

\L Zl hl G]_Xl r]_

\1’ Z h, GyX3 12

\l/ Z(p hq) G(pXj r,-

\l/ Zo+: hp+1 Gos1X+1 M+

\l/ ZN hy GnXn I

\l/ ZN+1 Rys1 Gn+1Xn+1 Thet

y

Figure 3.11: lllustration of a layered soil deposit on elastic rock

And continuity of shear stresses requires that

Gk}

Ajy1— Bjyg = o
j+1%j+1

(Ajeik; hj _ Bje—ik; hj) (320)

It should be noted that Equations (3.19) and (3.20) for multiple soil profiles replace Equations
(3.11) and (3.12) for single layer soil profiles. In Equation (3.21),e; indicates the complex
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impedance ratio between layers j and j+1. The wave amplitudes for layer j+1 can be
computed from amplitudes of layer j by solving Equations (3.19) and (3.20):

*

1 wn 1 N ik’ s
Ajyq =§Aj(1+aj)e”‘1 M+ 5 Bil(1-aj)e Hej h (3:21)

*

1 wn 1 N ik’ s
Bja =7 A;(1 - o) )e™i M + 5 Bil(1+aj)e Hej h (3:22)

At the surface (z; = 0) , the shear stress is zero which means A; = B;. Applying Equations
(3.21) and (3.22) for j=1,2,3,...,N, the coefficient 4;,; and B;,, can be related to A; and B,

by:
Ajpr = aj41(w) 4y (3.23)
Bjy1 = bjy1(w) By (3.24)

where the function a;,,and b;,,indicate the effects of the wave interactions that take place at
all of the layer interfaces. Finally, the transfer function can be computed as:

a;(w) + b;(w)

Fij(w) =

c¢) Egquivalent Linear Analysis

Modeling the nonlinear stress-strain behavior of soft soils is a very significant research
problem in geotechnical engineering. However, this complex behavior cannot be fully
modeled in SHAKE analyses because the calculation of the transfer functions relies on the
superposition principles that are only valid for linear systems. Still, the nonlinear soil
response can be approximated with an equivalent linear approach.

In this approach, analyses assume the secant shear modulus as the dynamic shear
modulus. While the shear strain level increases, the corresponding secant shear modulus
reduces. The relationship between secant shear modulus and shear strain amplitude is
defined by a modulus reduction curve. SHAKE models the damping of soil layers with an
equivalent viscous damping. Similar to the modulus reduction curve, there is also a damping
curve for every soil layer that defines the relationship between the equivalent damping ratio
and shear strain.

An equivalent linear analysis starts with an initially assumed value of shear strain, the
corresponding shear modulus, and damping ratios. After the first iteration, the effective shear
strain is defined as:

Veft = Ryymax (326)

whereR,, is the strain reduction factor. SHAKE assumes that:

M-1

where M is the moment magnitude of the event that the records belongs to.
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In the next iteration, shear modulus and damping ratio corresponding to y.¢ is utilized. The
computations are repeated until the calculated effective strain remains almost constant from
one iteration to the next. The equivalent linear analysis is assumed to have converged when
effective strain does not vary any more at each iteration.

3.3.2 Implementation of One-Dimensional Site Response Modeling

In SHAKE program the soil is modeled as a series of infinite horizontal layers on top of
uniform half-space where the non-linear behavior of the soil is simulated with an equivalent
linear analysis. The input parameters required are thickness, density, wave velocity, shear
modulus reduction, plasticity index (Pl) and damping curves of each layer. The geotechnical
information for the stations along with detailed borehole logs is available on the web page for
Turkish National Strong Ground Motion Network (http://daphne.deprem.gov.tr). For the wave
velocities, 1D shear-wave velocity models obtained from the MMSPAC analyses are
employed. The corresponding input parameters for soil profiles at Dizce and Bolu are
displayed in Tables 3.3 and 3.4.

As explained before, site response analyses require ground motion records as input at the
bedrock level yielding the surface acceleration and the transfer function as outputs. Since
the soil layers are assigned viscoelastic properties, the results depend on the amplitude of
the input accelerograms. In this study, two different ground motion records are used as input
to the SHAKE analyses; first is a weak motion record with a PGA of 0.003g measured at a
rock station in Northwestern Turkey (Station SKR in Sakarya) and second is from the 17
August 1999 Kocaeli (Mw=7.4) mainshock with a PGA of 0.4g, also recorded at SKR.

The transfer functions for these two accelerograms are computed and displayed in Figures
3.12 and 3.13 for Dlzce and Bolu stations, respectively.

(d) Transfer Function
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Figure 3.12: Transfer function at Duzce
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Figure 3.13: Transfer function at Bolu

Table 3.3: Geotechnical and geophysical parameters of the soil layers at Dlzce site

Layer i H Vs
Y Material Modulus Curve Damping Curve
Number Type (m) (m/s)
1 Filling 2 100 Linear Linear
Clay - PI=10-20 (Sun Clay — Lower
2 Clay 4 200 et al.) Bound (Sun et al.)
Clay - PI=20-40 (Sun | Clay - Average
3 Clay 8 235 et al.) (Sun et al.)
4 Sand 32 400 Sand (Seed & Idriss) S_and (Seed &
- Average Idriss) - Average
5 Sand 50 600 Sand (Seed & Idriss) S_and (Seed &
- Average Idriss) - Average
6 Sand 40 650 Sand (Seed & Idriss) S_and (Seed &
- Average Idriss) - Average
7 Rock Infinite 1000 Rock Rock
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Table 3.4: Geotechnical and geophysical parameters of the soil layers at Bolu site

Layer i H Vs
Y Material Modulus Curve Damping Curve
Number Type (m) (m/s)
1 Filling 0.75 155 Linear Linear
5 Clay - PI=20-40 (Sun | Clay - Average
2 Sandy-Clay 2 155 et al.) (Sun et al.)
Clay - PI= 40-80 Clay — Upper
3 Clay 2 185 (Sun et al.) Bound (Sun et al.)
. Clay - PI=10-20 (Sun Clay - Lower

4 Silty- Clay 8 220 et al.) Bound (Sun et al.)
Clay - PI=20-40 (Sun | Clay - Average

5 Clay 32 390 etal) (Sun et al.)
Clay - PI=20-40 (Sun | Clay - Average

6 Clay 64 500 et al.) (Sun et al.)

7 Rock Infinite 900 Rock Rock

In the literature, there are correlations between Vs and Standard Penetration Test (SPT)
values. However, estimates of Vs from these conversions are always approximate. Thus, in
this thesis Vs profile from MMSPAC is used.

34 Comparison of Results from Alternative Techniques

The differences in the amplification curves from alternative methods are investigated for
each station separately. Figure 3.14 compares the results in terms of HVSR from
microtremors, mean HVSR from weak motion records, HVSR from strong motion records
and theoretical transfer functions for Duzce. The HVSR curve based on microtremors
indicates a fundamental frequency of 1.2 Hz corresponding to an amplification factor around
6 (Figure 3.14.a). On the same curve, there is a second peak between 2 and 2.5 Hz with a
lower amplification ratio (around 3) corresponding to the second mode. There are two other
smaller peaks around 4 Hz and 5 Hz. HVSR curve from weak motion records shown in
Figure 3.14.b confirms the fundamental frequency obtained from microtremors as well as the
corresponding amplification factor. Other clear peaks around 2.5 Hz and 3.5 Hz are also
observed on the HVSR from weak motion records. The single-record strong motion HVSR
from the Dulzce record of the 17 August 1999 Kocaeli event yields the same fundamental
frequency (around 1.2 Hz) that the weak motion and microtremor HVSR curves indicate
(Figure 3.14.c). However, the amplification factor from this strong motion record
corresponding to the fundamental frequency overestimates the values from the previous
curves by a factor of 1.5. The HVSR curve from the Dlzce strong-motion record of the 12
November 1999 Dulzce event is slightly shifted to lower frequencies yielding a lower
fundamental frequency around 0.9 Hz. This curve shows approximately 10% lower
amplitudes when compared to the HVSR from the Duzce record of the 17 August 1999
event. This observation could indicate potential nonlinearity of the soil at Duzce for the 12
November 1999 event where Dizce was located only 9 km away from the epicenter with a
PGA of 0.5g. Figure 3.14.d shows that the theoretical transfer functions computed in SHAKE
are in close agreement with the first and higher order modal frequencies obtained from
microtremors. For the fundamental frequency, the theoretical curves from both weak and
strong motions are the same as the frequency obtained from microtremor HVSR. For the
higher modes, the transfer function from a strong ground motion input is slightly shifted to the
lower frequencies with lower amplitudes when compared to the transfer function computed
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using a weak motion record. This is expected as a consequence of the inelastic soil
modeling implying nonlinearity of the soil due to the strong motion record. In addition, the
amplitudes from transfer functions exceed the observed amplitudes from microtremors by a
factor of 1.5 for the fundamental frequency, although for the higher modes, the difference is
smaller. On the other hand, the amplification factors from the theoretical analysis are
consistent with those observed from both weak and strong motion HVSR. Finally, at Diizce,
for the higher modes, all empirical HVSR curves tend to give similar peak frequencies and
consistent amplification values.

Figure 3.15 shows the corresponding comparisons for Bolu. The HVSR from microtremors at
Bolu does not show peaks as distinctive as those at Duzce. Nevertheless, there are two
subtle peaks at around 1.5 to 2 Hz and 4 Hz. The HVSR based on weak motions yields local
peaks consistent in frequency with the microtremors (at 1.8 Hz, and 3.5 Hz) although with
larger amplification factors. There is no strong motion record available at Bolu from the 17
August 1999 Kocaeli mainshock, but the strong motion record from the 12 November 1999
Dizce mainshock vyields an interesting result. The fundamental frequency is around 2 Hz
which is slightly higher than that observed with weak motion HVSR. On the other hand, the
frequency corresponding to the second peak obtained from the mainshock record is
consistent with those observed on microtremor and weak motion records. Interestingly, when
the theoretical transfer functions at Bolu are compared with the HVSR curve from strong
motions (Figures 3.15.c and 3.15.d), we observe consistent results in terms of fundamental
frequencies (around 2 Hz) and the corresponding amplification factors (around 12).

Finally, it should be noted that at both stations, amplification factors from transfer functions
are found to be closer to those observed on mean HVSR from weak motions and the single
strong motion records.

Further detailed conclusions are expressed in the next chapter.
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Figure 3.14: Comparison of amplification spectra at Dizce in terms of (a) HVSR from
microtremors, (b) HVSR from weak motions, (c) HVSR from 1999 Kocaeli and 1999 Dizce
mainshocks, (d) Theoretical transfer functions
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Figure 3.15:Comparison of amplification spectra at Bolu in terms of (a) HVSR from
microtremors, (b) HVSR from weak motions, (c) HVSR from 1999 Kocaeli and 1999 Diizce
mainshocks, (d)Theoretical transfer functions
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CHAPTER 4

SUMMARY AND CONCLUSIONS

4.1 Summary

In this thesis, soil amplification factors and modal frequencies from alternative methods are
computed and compared with each other at two different sites located in Northwestern
Turkey. The input soil model is obtained in the first part of the study and employed later in
the second part.

In the first part of the thesis, microtremor records collected in Dlzce and Bolu are interpreted
with MMSPAC methodology. In the field work, triangular arrays are utilized with four three-
component seismometers to obtain inter-station coherency spectra. Then, starting with an
initial S-wave velocity profile, iterative forward fitting is performed until observed and
modeled coherency curves match each other. Finally, S-wave velocity profiles are obtained
at sites of interest.

In the second part of the study, amplification factors and the corresponding modal
frequencies are obtained from empirical HYSR methods as well as 1D theoretical transfer
functions. The empirical HYSR method is performed on both microtremor and earthquake
data. The earthquake data are categorized into two groups with respect to their PGA values:
weak and strong ground motions. The purpose of this categorization is to evaluate potential
nonlinearity effects of the soil. The theoretical transfer functions are computed from the 1D
shear-velocity profile obtained in Chapter 2.

Alternative methods yielded complementary results suggesting that whenever possible
different methods should be used together for reliable S-wave velocity profiles.

4.2 Conclusions

In Chapter 2,following conclusions are drawn during the implementation of the MMSPAC
method:

e The use of a multi-mode method allows the S-wave velocity profiles to include the
high-frequency energy which otherwise would be missed.

e Use of a small array with even 4 stations is helpful to obtain a reliable velocity model
at each site of interest.

e MMSPAC has the advantage of simultaneously resolving the shallow, middle and
deeper parts of the soil structure.

e Use of MMSPAC method together with HVSR makes it possible to obtain velocity
profiles down to deeper structure.

e Rather than the costly and invasive methods such as drilling, explosions and other
seismic methods, MMSPAC solely relies on passive noise measurements. This is
important in particular in the urban areas where the invasive methods cannot be
easily utilized.
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e Other than the initial instrument cost, MMSPAC method is much less expensive and
faster than the other techniques.

e It is important to get rid of the extra background noise during measurements for
reliable results.

In Chapter 3,comparison of results from alternative techniques in terms of amplification
factors and fundamental frequencies yields the following conclusions:

e Empirical estimates of the fundamental frequencies from HVSR method based on
microtremors and weak motions are generally consistent. However near-field strong
motion data with larger amplitudes could indicate lower fundamental frequency
values than those from weak motions and microtremors. This is mostly due to near
source effects or nonlinear behavior of the soil under strong ground motions.
However, this observation is valid for the lower modes only. For the higher modal
frequencies, empirical estimates from HVSR based on different types of data are
consistent with each other.

e The amplification ratios obtained with the HVSR method vary depending on the type
of data employed to compute the spectral ratios. The strong motion HVSR and weak
motion HVSR vyield similar results in terms of the amplification factors however the
amplitudes are generally underestimated by the microtremor HVSR.

e The amplitudes corresponding to low frequencies obtained from HVSR of strong
motion records are larger than the results from other techniques. This is believed to
originate mostly from source effects dominant in near-fault strong motion records
which cannot be fully eliminated in the HVSR applications. Again, near-field large
amplitude strong motion records could indicate nonlinearity with lower amplification
ratios when compared to other strong motion records with smaller amplitudes. Thus,
even though HVSR based on single strong motion records can be employed to study
potential nonlinear effects during a particular event, they are not recommended as
reliable estimates of site amplification factors since they dominantly contain active
seismic energy as opposed to microtremors and weak motions. Empirical HVSR
based on aftershocks or microtremors are thus more stable for estimating site
response.

e The microtremor dataset which is used to construct the empirical HYSR curves is
also employed in MMSPAC inversions to obtain 1D wave velocity profiles at the sites
of interest. The theoretical transfer functions computed using these soil profiles yield
estimates of the fundamental and higher mode frequencies that are consistent with
the values obtained from other methods. However, due to the inelastic material
modeling involved, SHAKE results are naturally dependent on the input base ground
motion record. Thus, the amplification factors can vary considerably with the input
motion employed. The results of this thesis show that the amplitudes from the
theoretical transfer functions with weak motions are consistent with single-record
empirical HVSR curves.

e The efficiency of theoretical transfer functions based on 1D soil models in estimating
the fundamental frequencies and amplification factors is an interesting observation
considering that both stations are located in sedimentary basins with heterogeneous
velocity structures.
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4.3

Finally, the results are obtained at two soil sites only. Yet the results of this thesis
are consistent with several past studies from other regions (e.g.: Lebrun et al., 2004;
Massa et al., 2004). Further confirmation of conclusions will require similar case
studies at other locations. Such studies will guide the choice of method for future
estimation of dynamic properties of soils in earthquake risk assessment studies.

Future Work and Recommendations

For future studies, MMSPAC method could be used with higher number of stations
per array whenever possible for obtaining more inter-station separations yielding
higher accuracy.

MMSPAC method could be used in deriving not only 1D velocity models but also 2D
and 3D heterogeneous basin structures. Such an attempt would require long and
dense arrays in both horizontal directions. The author and the supervisor of this
thesis are working towards such a study in Erzincan basin.

For the empirical HVSR, larger number of records could be employed at each
station. Different magnitude bins could as well be further categorized to study the
nonlinear effects in detail.

Performance of all methods employed in this thesis relies on the quality of the data
used. For both ground motions and microtremors, recording and storing high-quality
data is extremely significant in terms of reliable results.

1D theoretical transfer functions are used in this thesis. In the future, spectral ratios
from 2D or 3D wave propagations could be used to account for theoretical
(numerical) amplification phenomena. Such studies would as well include the basin
and topography effects in site amplifications.

While it is recognized it may be difficult to apply alternative methods for modeling
site response at all locations of interest, it is recommended that whenever possible,
alternative estimates for fundamental frequencies and amplification factors should
be assessed.
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APPENDIX A

ADDITIONAL CASE STUDIES

In addition to the MMSPAC analyses performed at Diizce and Bolu, raw SPAC data from
other locations in the world are analyzed to gain further insight to the method. The data
presented herein is obtained from field tests performed in Austria as a part of the EU-
SERIES project in 2009. These arrays are constructed on as soccer ground in Wien, Austria.
The tests are performed during daytime but on Sunday to eliminate noise. Three vertical
geophones are used and small radius of 7m is employed.

Results of MMSPAC analyses performed on these data are presented herein.

A.l Wien 1 Data

sampling ratio: X setup for ambient measurements

500 Hz
0,002 sec Lennartz 1

Lennartz 2

Lennartz 3

signals in
time domain:
Len,
Len,
Leng

Figure A.1: Sketch map of array measurements
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Figure A.3: Dispersion curve at Wien 1 (Black curves indicate theoretical dispersion curves

whereas the red dots indicate observed dispersion)
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Figure A.4: S-wave velocity profile at Wien 1(Radius: 10m)
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Table A.1: Layered-earth model at Wien 1 (Radius: 7m)

L r Thickn Vs (m Rh
Number ‘Em)ess Vp (m/s) ?ng/s/)S) (t/ons)
1 1 450 150 18
2 2 600 200 18
3 2 900 300 2.0
2 8 1750 550 2.0
5 16 2400 800 2.20
6 25 3000 1000 2.20
7 250 3500 2000 2.20
8 Infinite 6040 3490 2.4

A.2 Wien 2 Data

The orange triangles displayed in Figure A.4 show the planned sensor positions whereas the
red triangles depict the final test positions (i.e. the correct ones). Radii are 10m, 20m, 40m,
80m and 160m. In addition, to single site solutions, multiple interpretations are performed
with 40m, 80m and 160m arrays.

Figure A.5: Sketch map of arrays at Wien

61



A.2.1 Results of the radius 10m
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Figure A.6: SPAC coherency curve at Wien 2 for radius 10m
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Figure A.7: Dispersion curve at Wien 2 for radius 10m (Black curves indicate theoretical
dispersion curves whereas the red dots indicate observed dispersion)
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Figure A.8: S-wave velocity profile at Wien 2 (Radius: 10m)
Table A.2: Layered-earth model at Wien 2 (Radius: 10m)
Layer Thickness Vs (m/s) Rho
Number (m) VP (M/s) (m/s) (t/m"3)
1 2 450 120 1.78
2 4 500 160 2.0
3 8 600 200 2.0
4 25 750 250 2.14
5 50 900 300 2.14
6 75 1500 500 2.14
7 100 2940 1000 2.39
8 Infinite 6040 3490 2.8

A.2.2 Results of the radius 20m
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Figure A.9: SPAC spectrum at Wien 2 for radius 20m
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Figure A.10: Dispersion curve at Wien 2 for radius 20m (Black curves indicate theoretical

dispersion curves whereas the red dots indicate observed dispersion)
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Figure A.11: S-wave velocity profile at Wien 2for radius 20m
Table A.3: Layered-earth model at Wien 2 (Radius: 20m)
number | o | @9 | VoY | ey
1 2 450 120 1.78
2 4 500 140 2.0
3 8 600 180 2.0
4 32 800 265 2.14
5 64 1500 440 2.14
6 128 200 500 2.14
7 300 2940 2000 2.39
8 Infinite 6040 3490 2.8
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A.2.3 Results of the radius 40m
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Figure A.12: SPAC spectrum at Wien 2 for radius 40m
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Figure A.13: Dispersion curve at Wien 2 for radius 40m
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Figure A.14: S-wave velocity profile at Wien 2 for radius 40m
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Table A.4: Layered-earth model at Wien 2 (Radius: 40m)

Layer Thickness Vp (m/s) Vs (m/s) Rho
Number (m) (m/s) (t/m~3)

1 2 450 120 1.78
2 4 500 150 2.0
3 8 600 170 2.0
4 32 800 270 2.14
5 64 1200 380 2.14
6 128 1800 560 2.14
7 300 2940 900 2.39
8 Infinite 6040 3490 2.8

A.2.4 Results of the radius 80m
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Figure A.15: SPAC spectrum at Wien 2 for radius 80m
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Figure A.16: Dispersion curve at Wien 2 for radius 80m (Black curves indicate theoretical

dispersion curves whereas the red dots indicate observed dispersion)
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Figure A.17: S-wave velocity profile at Wien 2 for radius 80m
Table A.5: Layered-earth model at Wien 2 (Radius: 80m)
number | o | s | Vi) |

1 2 450 120 1.78
2 4 500 140 2.0
3 8 600 165 2.0
4 32 800 245 2.14
5 64 1200 410 2.14
6 128 1400 465 2.14
7 300 2940 800 2.39
8 Infinite 6040 3490 2.8
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A.2.5 Results of the radius 160m
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Figure A.18: SPAC spectrum at Wien 2 for radius 160m
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Figure A.19: Dispersion curve at Wien 2 for radius 160m(Black curves indicate theoretical
dispersion curves whereas the red dots indicate observed dispersion)
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Figure A.20: S-wave velocity profile at Wien 2 for radius 160m
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Table A.6: Layered-earth model at Wien 2 (Radius: 160m)

Layer Thickness Vp (m/s) Vs (m/s) Rho
Number (m) (m/s) (t/m~3)

1 2 400 120 1.78
2 4 450 140 2.0
3 8 600 175 2.0
4 32 800 250 2.14
5 64 1200 370 2.14
6 128 1400 440 2.14
7 300 2940 545 2.39
8 Infinite 6040 3490 2.8
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A.2.6 Results of the multiple solution (Radii 40m-80m and 160m)
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Figure A.21: SPAC spectrum at Wien 2 for multiple solutions
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Figure A.22: Dispersion curve at Wien 2 for multiple solutions (Black curves indicate
theoretical dispersion curves whereas the red dots indicate observed dispersion)
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Figure A.23: S-wave velocity profile at Wien 2 for multiple solutions

Table A.7: Layered-earth model at Wien 2 (multiple solutions)

Layer Thickness Vp (m/s) Vs (m/s) Rho
Number (m) (m/s) (t/m"3)

1 2 400 120 1.78
2 4 450 140 2.0
3 8 600 175 2.0
4 32 800 250 2.14
5 64 1200 400 2.14
6 128 1400 600 2.14
7 300 2940 750 2.39
8 Infinite 6040 3490 2.8
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Figure A.24: S-wave velocity profile at Wien 2 for multiple solution
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