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Preface

The work presented in this thesis was initiated in August 2007 when I was
admitted to the PhD program at the University of Bergen (UiB). The thesis is
divided into two parts. The first part is a summary of my work done during my
time as a PhD candidate at the Department of Earth Science. Also, some
background and future perspectives for the study are included in the summary.
The second part consists of a collection of five research papers, all of which are
either published or in review in international journals and conference
proceedings. This is the main outcome of my studies.

The thesis concerns deterministic seismic hazard assessment using a broadband
frequency ground motion simulation technique. I have worked with two different
tectonic settings and problems, and the research papers can be divided into two
groups. The first group concerns a retrospect study of the 2008 M. 7.9
Wenchuan, China earthquake, where ground motion simulations are calculated
and different possible slip distributions across the fault plane are discussed. The
work serves as a verification study of the applied simulation method. A visit to
the earthquake affected area in October 2008, partly sponsored by the
“Norwegian Society for Earthquake Engineering” (Norsk Jordskjelvteknisk
Forening) served as the basis for comparing the simulated ground motions with
the observed damage for various sites along the fault zone. The second group of
papers deals with hazard assessment for izmir, Turkey and the surrounding area.
The area has not experienced significant earthquakes in more than 230 years.
Therefore, this part serves as a predictive study. The most significant faults in
terms of seismic hazard in Izmir are first identified. Following, the variation in
the simulation results due to uncertainties in the input parameters is identified.
Finally, site effect potential for various locations within {zmir is considered, and
estimates of ground motion taking soil conditions into account are presented. The
last part was based on field work in izmir, and was financially supported by “The
Meltzer Fund” (L. Meltzers Hgyskolefond).

Louise Wedderkopp Bjerrum,
April 2011
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Abstract

In areas with potential for large earthquakes, ground motion simulation based on
earthquake rupture scenarios serve as an important tool to quantify the seismic
hazard in terms of expected ground shaking. A kinematic hybrid broadband
frequency simulation technique, combining deterministic low frequency
modeling with stochastic high frequency modeling, is applied in a retrospect and
a predictive study in order to assess the seismic hazard. The geographical focus in
this thesis is on the region of the My, 7.9 2008 Wenchuan, China earthquake and
the city of izmir, Turkey.

On 12 May 2008, a devastating earthquake of My, 7.9 occurred in the Sichuan
Province of China. The earthquake had disastrous consequences and took more
than 80,000 lives. The rupture occurred along a 300 km long fault dipping
northwest along the Longmen Shan fold-thrust belt, which separates the Tibetan
Plateau in the northwest from the Sichuan Basin in the southeast. The earthquake
is simulated using three available finite-fault slip models as input in the
earthquake rupture scenarios. Acceleration values of the order of 1 g are
simulated, which is close to what was recorded during the event. The simulation
results reveal large variations in ground shaking due to the rupture complexity in
terms of a variety of factors, including the location of asperities and the width of
the fault plane. However, the simulated and observed ground motions are
comparable in terms of ground shaking level and frequency content.
Furthermore, from a field reconnaissance trip in October 2008, it is evident that
extensive damage occurred over a wide area due to the shear size of the
earthquake rupture combined with poor building practices. The combination of
several factors, including mountainous landscape, strong ground shaking,
extensive landslides and rock-falls, has exacerbated the human and economic
consequences of this earthquake.

West-ward migration and counter-clockwise rotation of the Anatolian microplate
in the Aegean Sea result in reactivation of several faults along the west coast of
Turkey, which produce destructive earthquakes. izmir, the third largest city in
Turkey, has been destroyed by earthquakes several times in recent history, latest
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in 1778 and the seismic hazard for the city is assessed in three parts. The first
part concerns identification of the faults that control the seismic hazard in the
area. Nine different earthquake rupture scenarios along recognized faults in the
area are defined, based on existing knowledge of source parameters from
earthquakes in similar tectonic regimes. From the ground motion simulations the
largest peak ground motions in izmir are associated with two faults, the izmir
fault (normal) which lies underneath the city and the Tuzla fault (strike-slip)
which lies southwest of the city.

The level and distribution of simulated ground shaking from ground motion
simulation studies based on earthquake rupture scenarios is highly dependent on
the input parameters used in the calculations. The second part of the hazard
assessment for izmir concerns the variability of the simulated ground motions,
due to uncertainties in the input parameters. In this part the uncertainties of the
input parameters are considered by calculating ground motions for a number of
scenarios, while varying the input parameters. The level of ground motion is
found to be most sensitive to the velocity model, seismic moment, rise time and
rupture velocity. Stress-drop and attenuation control the change in ground
motion levels to a large extent, if they are changed sufficiently. Low frequency
ground motion is mostly affected by the location of rupture initiation, seismic
moment, fault depth, rise time and crustal velocity model. The largest variability
in the simulated ground motion is found close to the fault plane, coinciding with
the center of izmir. The standard deviation of all the simulations exceeds 200
cm/s? and 20 cm/s for peak ground acceleration and peak ground velocity,
respectively.

[zmir, being located on thick sedimentary deposits, is vulnerable to local site
effects during strong ground shaking and it is therefore important to consider
these when assessing the seismic hazard. In the last part of this study, local site
effects are considered by evaluating transfer functions obtained from H/V
spectral ratios of ambient noise. The ground motion, taking into account the soil
layer, is then calculated as a convolution of the simulated waveform with the
transfer function. Additionally, for the Karsiyaka district in {zmir, a soil column is
modeled by theoretically calculating the soil response and comparing this to the
obtained H/V spectral ratios. Considering the soil layer in the calculated ground
motions suggests an increase in ground shaking due to the soil response.
Furthermore, potential of soil deformation, such as liquefaction, during an
earthquake is expected for the northern and innermost parts of Izmir Bay. Larger
amplification of the seismic waves is calculated for a thicker soil column.
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Although assessing the seismic hazard through ground motion simulations gives
valuable information, such as expected ground shaking level and frequency
content of the seismic waves, it is important to keep in mind that the question of
probability of occurrence of the simulated earthquake is not considered in such a
seismic hazard assessment. The applied methodology successfully reproduces the
strong ground motion distribution and frequency content of seismic waves in
retrospect studies and the simulation method is found appropriate in order to
obtain realistic ground motion estimates for predictive studies. The importance
of considering several possible rupture scenarios along the same fault when
assessing the deterministic seismic hazard is shown, since uncertainties in the
input parameters result in large variability of the simulated ground motion.
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Part I: Summary






1. Introduction

In areas of potential large earthquakes, seismic hazard assessment is an
important tool to quantify the ground shaking which can be expected. Seismic
hazard assessment can be done probabilistically, deterministically or by a
combination of the two. The probabilistic analysis determines the probability of
exceeding a specific ground motion level within a certain time period. This
analysis is based on earthquake catalogs, recurrence relationships and ground
motion attenuation relations. This approach therefore considers previous
seismicity of an area, and takes several possible earthquake sources into account.
The earthquake recurrence is either time-independent (Poissonian) or has a time
dependency. In the time-independent assumption an earthquake source is
expected to have no memory, and earthquakes can occur anywhere within a
given source zone at any time. In the time-dependent models, the probability of
future earthquake occurrence depends on the time passed since the latest large
earthquake (Reiter, 1990). In the deterministic approach, the focus is on a single
earthquake scenario with no information of the rupture probability available. The
effect of an earthquake at a given site is evaluated by empirical seismic
attenuation relations or by simulating the earthquake rupture scenario. From
such simulations, information of the expected frequency content and ground
shaking level can be retrieved. The work presented in this thesis concerns ground
motion simulations, using a hybrid broadband simulation technique. The
objective of the study is to assess the seismic hazard in two regions with a high
level of seismic activity.

1.1 Overview of ground motion simulation techniques

Deterministic seismic hazard assessed through ground motion simulations is
either based on kinematic or dynamic approaches. In the kinematic approaches,
parameters such as the slip distribution and faulting area are given as input. In
the dynamic approaches, on the other hand, the earthquake is studied using
stresses and friction laws (e.g. Archuleta and Day, 1980; Archuleta and Fraizer,



1978; Madariaga, 1976). In the following paragraphs some of the existing
simulation techniques are summarized. The main focus is on the kinematic
approaches, as this is the technique used in this thesis.

Kinematic ground motion simulation

Kinematic ground motion simulation methods can be divided into three main
groups: deterministic wave propagation (low frequencies), stochastic (high
frequencies) and hybrid (broad band) (Hartzell et al., 1999). In the deterministic
wave propagation a kinematic source model is defined and the slip along the fault
must be known. This method can simulate ground motions for the lower
frequencies. In the stochastic approach, earthquake ground motion is modeled as
random noise for higher frequencies and the spectral shape is given by the w?-
model (Beresnev and Atkinson, 1997; 1998; Boore, 2003; Brune, 1970). Hybrid
methods are a combination of the wave propagation and stochastic methods for
the two frequency ranges (e.g. Hartzell et al,, 2005; Liu et al.,, 2006; Somerville et
al,, 1991).

In both the wave propagation for lower frequencies and in stochastic models for
the higher frequencies, simulations of the Empirical Green’s Function (EGF)
method (Hartzell, 1978) is one of the most commonly used techniques. The
simulation of the earthquake is done by subdividing the fault plane into a
distribution of point sources. The EGF is taken as the response of the point
sources from recordings of the aftershocks closest to the point source. Finally,
summing all the contributions, while taking the phase delay into account, gives
the simulated ground motion of the main event. With the EGF method the
combined effect of the source process and wave propagation is considered in a
simple procedure. This cannot be predicted with simplified 1D or purely
stochastic methods. Using EGF requires recording of small events from the area
of the event to be simulated, which can be applied as Green’s functions. This can
be a disadvantage, since such recordings are rare, especially for areas prone to
large infrequent earthquakes (Kamae et al., 1998). For retrospect studies of large
earthquakes, recorded aftershocks can be used as Green’s functions in the
calculations of the ground motions caused by the main event. However, the
aftershocks adopted as EGF must be well distributed along the fault plane and
have the same focal mechanism as the main shock. Furthermore, each aftershock
must be recorded at the same stations as the main event. In this simulation
approach it is important to adopt aftershocks of a magnitude large enough to



excite response in the earth. However, it is also important that the magnitude of
the aftershock is small enough to be regarded a point source (Hartzell, 1978).

Recordings of small earthquakes or aftershocks on a specific fault are not always
available. For such cases the Hybrid Green’s Function (HGF) technique, which
computes synthetic Green’s functions, was developed (Pitarka et al, 2000;
Somerville et al, 1991). The Green’s functions are calculated using a hybrid
technique by combining two different methods: one used to calculate the low-
frequency ground motion, the other to compute the high-frequency ground
motion (Kamae et al., 1998; Hartzell et al., 1999; Pitarka et al,, 2000). In the HGF
technique, the high-frequency ground motion is computed using a stochastic
method with a high-frequency cut-off frequency and a frequency dependent Q-
value following Boore (1983). The low-frequency ground motion is obtained by
assuming a point source model and adopting a crustal velocity structure (1D or
3D). The HGF are computed as a combination of the low- and high-frequency
ground motions. The strong ground motion from the large earthquake is obtained
from summation of the HGF, using the same technique as for the EGF (Kamae et
al,, 1998).

Depending on availability of data for the area of interest, the 1D velocity structure
used in the EGF and HGF methods can be replaced by a 3D velocity structure. If a
3D crustal velocity structure is available along the entire wave path, the low-
frequency part of the ground motion can be calculated using 3D finite difference
schemes. Three-dimensional finite difference methods can combine the complex
source and wave propagation for a regional 1D velocity structure with site effects
calculated from a local 3D soil structure.

Dynamic ground motion simulation

In a dynamic ground motion simulation the earthquake is modelled as a
propagating stress relaxation across a finite fault (Archuleta and Day, 1980;
Archuleta and Fraizer, 1978). The dynamic approach is more complicated than
the kinematic approach, since parameters of the stress field and rock properties
are taken into account. In particular, the dynamic simulation requires a
description of the fault geometry, rock properties of the medium through which
the waves propagate, initial stresses on the fault and a fracture criterion. The
fracture criterion is a constitutive formulation which determines when the fault
slips (Harris, 2004). Therefore, the physical relationships between the important
faulting parameters such as stress-drop, slip, rupture velocity and rise time are



incorporated in the dynamic simulation (Hartzell, 2005). This has an advantage
when it comes to understanding the rupture dynamic and physics of an
earthquake. The rupture process in dynamic modelling is initiated at the
hypocenter, where the stress drops to the sliding friction value. A constant
rupture velocity, for which the stress relaxation spread across the fault plane, is
assumed and when the rupture front passes new areas on the fault, the area
undergoes immediate stress relaxation, corresponding to the stress-drop
(Archuleta and Day, 1980). The stress-drop is the change in stress from the initial
value of stress on the fault to the kinetic frictional stress value (Madariaga, 1976).
A challenge in dynamic simulations of earthquakes is to assign the initial stress
across the fault plane. In dynamic modelling of past earthquakes (see e.g. Olsen et
al. (1997) and Peyrat et al. (2001) for an example using the 1992 Landers
earthquake), slip distributions obtained from waveform inversions, can be used
to estimate the initial stress. This is done by calculating the change in stress
across the fault due to the slip distribution and the initial stress can then be
determined as the sum of the pre-existing stress field and the stress change
(Olsen et al., 1997). Through the dynamic simulation, the finial stress state, the
stress-drop, the final slip and the rise time across the fault can be determined.

In this study, a hybrid broadband frequency simulation technique, using a
physical representation of the fault plane, is adopted. The hybrid broadband
approach is preferred, since the ground motion calculated from this technique
yields spectral information in the frequency range 0.1-10 Hz, covering the
frequency band for which most structures are vulnerable. Therefore, the results
can be used in future risk and vulnerability assessments for the areas of the case
studies. 1D crustal velocity structures are used in the case studies and
simulations are generally performed at bedrock level. The issue of local site
effects is addressed in Section 3.5 and Paper 5.

1.2 Hybrid broadband simulation technique

In the hybrid broadband approach the strong ground motion from a finite fault
rupture of a known source mechanism and seismic moment is calculated. The
fault plane is defined as a rectangle and the high-slip areas across the fault plane
are defined as asperities. The total ground motion for a given site is a sum of all
contributions from the asperities across the fault plane, and the directional
radiation of the seismic energy is taken into account by applying a frequency
dependent radiation pattern. The methodology adopted in this study follows the



approach of Pulido and Kubo (2004) and Pulido et al. (2004). The ground
motions are calculated for the frequency range 0.1 to 10 Hz. Ground motion
simulations are calculated with waveform modelling in the frequency range 0.1-2
Hz and stochastic modelling for 1-10 Hz. In the frequency range 1.6-2 Hz the two
methods overlap and are combined using a Hanning taper. The simulation results
from the two simulation techniques are thereby smoothly replaced in this
frequency band. A frequency dependent radiation pattern is applied in the
simulation, ensuring that the theoretical double-couple for low frequencies is
transformed smoothly into a uniform radiation pattern at higher frequencies.

Low-frequency ground motion simulation

The low-frequency ground motion is calculated for the frequencies 0.1-2 Hz. In
the simulation of the low-frequency ground motion the fault and asperities are
divided into subfaults, which are treated as point sources. The total ground
motion at a site is obtained by summing point source contributions. A time delay,
calculated by applying a constant rupture velocity within each subfault, is added
to the simulated ground motion for the subfault, while propagating the rupture
along the fault. The seismogram for each point source is calculated numerically
using the discrete wavenumber theory of Bouchon (1981). From this method, the
wave propagation through a flat-layered crustal velocity structure can be
calculated for a known focal mechanism and source moment function. The point
source moment is defined as a smoothed ramp function

M(t) = %- (1 + tanh <M)>,

T

where My is the seismic moment of the point source, t is the rupture time and ris
the asperity rise time (Pulido and Kubo, 2004).

In the discrete wavenumber method Bouchon (1981) showed that the Green’s
functions for an elastic medium, expressed as a double integral over the
frequency and the horizontal wave number, can be exactly represented through a
discrete summation. Applying this, a source array of an infinite number of
circular sources is added to a point source at equal distance from each other. The
distance between the sources controls the time the sources need to respond, and
is a function of the wave velocity. From this distance, a discrete set of horizontal
wave numbers is defined, and these give the solution to the numerical problem.
The displacement field from an earthquake is used to calculate low-frequency



seismograms. The total displacement field is found from the superposition of the
elastic wave field radiation potential from a single source. The superposition is
made over the entire source array of point sources and the total radiation
potential is obtained as a sum over all the individual radiation potentials from the
point sources. Bouchon (1981) showed that the 1D discretization of the wave
field is in good agreement with the 2D case. For this reason, it is reasonable to use
the 1D method rather than the 2D method.

High-frequency ground motion simulation

The high-frequency ground motion (1-10 Hz) is calculated assuming a finite
asperity model, as in the calculation of the low-frequency ground motion. The
high-frequency ground motion for each point source is calculated using the
stochastic approach of Boore (1983). The total high-frequency ground motion for
all the subfaults is obtained by summation, following the summation approach
suggested by Hartzell (1978) for the empirical Green’s function method.

The stochastic simulation of high-frequency ground motion is based on
seismological models of radiated spectra. The simulations are conducted both in
frequency and time domain, where a suite of windowed stochastic time series is
filtered, such that the amplitude spectrum equals an averaged specified spectrum
(Boore, 1983). The method combines empirical and predictive techniques and
only shear wave contributions are considered. Transient time series are obtained
through multiplication of a target spectrum, with a preferred shape, and a
spectrum obtained from a time sequence of Gaussian white noise. From this, the
shape of the target spectrum is obtained and the time series are calculated by
transforming the new spectrum back into the time domain.

The stochastic method requires a target spectrum, which is defined as a spectral
shape function of the earthquake size and stress-drop. The cut-off frequency is
assumed to be independent of the earthquake size. The seismic moment My, and
the corner frequency f., are assumed to control the shape of the spectrum for
different earthquake magnitudes. The parameters are related by

Y
ﬁ=4.9-104-ﬂ-(?/1—z> ?



where fis the shear wave velocity and Ao is the stress-drop (Brune, 1970). The
strength of the high-frequency radiation is thought to be controlled by the stress-
drop (Boore, 1983).

The empirical Green'’s function method was originally given by Hartzell (1978),
and has later been improved by Irikura (1986). Irikura (1986) proposed a
method where ground motion from a large earthquake is represented as a
superposition of the ground motion records from several small earthquakes,
treating the problem as a combination of ruptures of single subfaults.

Frequency-dependent radiation pattern

In the stochastic model of Boore (1983) the average radiation pattern can differ
up to 10-20%, depending on whether an equal weighting of the whole focal
sphere is used, and if the root mean square or mean radiation pattern is applied.
This problem was solved by Pulido and Kubo (2004) with a frequency dependent
radiation pattern.

The variation of the radiation pattern for SV and SH waves is considered by
Pulido and Kubo (2004), where the double-couple low-frequency radiation
pattern is transformed into the isotropic high-frequency radiation pattern by a
smooth transition in the intermediate frequency interval (1-3 Hz in this study).
Based on this approach, the radiation pattern coefficient becomes independent of
the source-receiver azimuth and take-off angle for increasing frequency (Pulido
and Kubo, 2004).

The frequency dependent radiation pattern, Rpm, is given as
Rym(i,0,w) = Fp(9,6,4,1,0), for w < w4,

Rpm(i' 0; (1)) = Fm((l)! 61 /L i; 6) +

RS,ave _ . . (“)_(01)
5 Fn($,6,1,1,0) o) forw; < w < w,,

. RS,ave
Rym(i,0,w) = 5 for w = w,,

where F, is the traditional radiation pattern coefficients for SV and SH waves,
given by Aki and Richards (2002). ¢, 5, 1 are strike, dip and rake, respectively, at a
receiver with take-off angle i and azimuth § @ is the frequency, and w; and @; are
the limits to the frequency band, for which the frequency dependent radiation
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pattern is used . The factor V2 comes from the partitioning of the S-wave into SV
and SH. Rg 4. is the average radiation pattern coefficient for the total S-wave.
This was defined by Boore and Boatwright (1984) as

fTZ—T/Z fozn Fm(¢! A; 5; I:; 9) Sin l ' d9 " dl
[ [T sini - de - di

RS,ave =
m=SH,SV

The average radiation pattern coefficient is calculated for all rays departing from
the upper focal sphere (6=0°-180°).

The amplitude of the high frequency ground motion, Am, including the frequency
dependent radiation pattern, at a receiver is given as

Rpm(i' 0, (1)) *M - S(w' fc) ' Fse—n-w-A/Q(w)-B ' P(w, wmax)

Am (@) = 4npBiA

This is the m’th component of the acceleration Fourier spectrum for a point
source, S(a, fc) is the @w-squared source model, with the corner frequency given as
above. Fsis the amplification due to the free surface, 4is the distance between the
source and the receiver and P(@ wmax) is the high-frequency cut-off of the point-
source acceleration spectrum (Pulido and Kubo, 2004). The hybrid broadband
simulation technique was successfully validated in retrospect studies of e.g. the
2000 Tottori, Japan (Pulido and Kubo, 2004) and the 2004 Sumatra, Indonesia
(Sgrensen et al., 2007a) earthquakes.

1.3 Addressing the deterministic seismic hazard

In this thesis the focus is on hybrid broadband frequency ground motion
simulations and the value of such simulations in seismic hazard assessment.
Studies of two different tectonic regions with potential for large earthquakes
have been conducted. This is meant as a comparative study of the performance of
the applied simulation technique. The first case study concerns a retrospect study
and the second is a predictive study for hazard assessment. The geographical
focus is the region of the 2008 Wenchuan, China earthquake and the city of [zmir,
located on the west coast of Turkey.

The retrospect study concerns the 2008 Wenchuan earthquake, and was
motivated as a verification of the applied simulation technique. The first part of
the study focuses on the performance of the hybrid broadband simulation
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technique’s capability to reproduce the observed ground motions. Also, the fault
complexity and the availability of several fault models opens up the possibility of
using different slip models in the ground motion simulations and in this way
evaluate the slip models (Paper 1). The Wenchuan earthquake resulted in heavy
damage and total collapse of a large number of buildings. A field trip to the
earthquake affected area in October 2008 served as a basis and motivation for a
reconnaissance study of the distribution of building damage and comparing this
to the observed and simulated ground motions (Paper 2).

In Izmir, the main concern is to assess the earthquake hazard for the city, and this
is a predictive study. No large earthquakes have occurred in this area since 1778
and the high probability of large earthquakes along faults in the vicinity of the
city of 4 million inhabitants is of course a major concern. The hybrid broadband
ground motion simulation technique is applied to calculate the expected ground
motions from several earthquake scenarios. Due to the proximity of several large
active faults to the city, the first part of the study focuses on the identification of
the faults posing the largest threat to the izmir area (Paper 3). Since the input
parameters used in the scenario earthquakes are associated with large
uncertainties, the variability of the simulated ground motions is investigated
(Paper 4). The applied hybrid broadband simulation technique calculates the
ground motion for bedrock conditions. Izmir is located on large sedimentary and
fluvial deposits. Therefore, amplification of bedrock ground motion as the wave
propagates through the soil column is an important aspect of the hazard
assessment for izmir. Potential of local site effects across the city has been
estimated using H/V spectral ratios obtained from ambient noise measurements.
Also, theoretical soil response is calculated based on modeled soil columns for the
Karsiyaka district in izmir (Paper 5).
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2. The May 12, 2008 Wenchuan
earthquake

On May 12 2008, a great earthquake of My 7.9 occurred in the Sichuan province
of China. The earthquake caused more than 80,000 causalities and left more than
5 million people homeless. It is estimated that more than 5.36 million buildings
were destroyed in the earthquake, and that 21 million buildings were left
damaged in Sichuan and the neighboring provinces. The economic loss due to the
earthquake is estimated at more than 124 billion USD (Klinger et al., 2010; USGS,
2009).

75" 80" gs o0 o5 1000 105

Figure 1. Tectonic setting around the Tibetan plateau situated between the northward moving
Indian plate and stable Eurasian plate. Major plate boundaries are given in gray, main faults are
given in black. The GPS velocities are shown as red arrows. The Longmen Shan fold-thrust belt
(LFTB) is located inside the black box
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The Wenchuan earthquake is one of the largest continental thrust earthquakes
ever recorded and following the event lot of field measurements have been
conducted. Also, due to the recent installation of the National Strong Motion
Observation Network System of China (put into formal operation in March 2008)
the earthquake was recorded on many near field stations.

The Wenchuan earthquake occurred along the Longmen Shan fold-thrust belt
(Figure 1), where the Sichuan Basin is underthrusted by the Tibetan Plateau. The
area is dominated by the collision of the northward-moving Indian plate into the
stable Eurasian plate. The northward motion of the Indian plate forces the
Tibetan Plateau to escape eastward; a motion which is mainly accommodated
along large east-west trending strike-slip faults such as the Kunlun (left lateral)
and the Xianshuihe (right lateral) faults. Across the Longmen Shan fold-thrust
belt the eastward motion of the Tibetan Plateau decreases with 4 mm/yr, and the
Wenchuan earthquake was a manifestation of this motion (Burchfiel et al., 2008;
Chen et al,, 2000; Zhao and Zhang, 1987), see Figure 1.
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Figure 2. Probabilistic seismic hazard map of Asia. The area of the Wenchuan earthquake is within
the blue dashed box and the approximate location of the Longmen Shan fold-trust belt is marked
with a black line. Modified from Zhang et al. (1999). The map is made for a 475 years return period.
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The seismic activity of the Tibetan plateau is known to be very high and several
M>7 earthquakes have occurred along the Kunlun and Xianshuihe faults within
the last century. In the period 638-1983 a total of 35 earthquakes with M>5
occurred in the Songpan-Longmen Shan region. Among these were an earthquake
of M 7.5 in 1933 in Diexi (north of the epicenter of the Wenchuan earthquake)
and two M 7.2 events occurred within a week in 1976 near Songpang (140 km
north of the Wenchuan earthquake) (Zifa, 2008). According to the seismic
zonation map of China, the largest expected earthquake along the rupture zone of
the 2008 Wenchuan event was an M 7.3 (Zifa, 2008). Figure 2 shows the
probabilistic seismic hazard map of Asia from GSHAP (Global Seismic Hazard
Assessment Program). Maximum expected ground motion along the Longmen
Shan fold-thrust belt were estimated to be about 3.2 m/s? for a return period of
475 years (Zhang et al., 1999), which is a much lower value than the ground
shaking levels observed during the 2008 Wenchuan earthquake.

The rupture of the Wenchuan earthquake started in the south and propagated
northward for approximately 300 km. The most southern part of the rupture had
thrust mechanism, while the northern segment ruptured predominantly as
strike-slip. Acceleration levels of up to 1 g were recorded (Li et al, 2008a).
Several parallel fault strands are expected to have ruptured during the
earthquake and vertical displacements of 4-5 m, together with dextral
displacements of up to 2 m, were reported at the surface along these fault strands
(Lin et al., 2009).

Several slip distributions obtained from different waveform inversions of
teleseismic data, have been published following the event (Ji and Hayes, 2008;
Koketsu et al,, 2009; Nakamura et al., 2009; Nishimura and Yagi, 2009; Wang et
al,, 2008; Zhang et al,, 2008; Zhao et al,, 2010) (see Figure 3 and Figure 3 of Paper
1). The main uncertainty among the different source models are the amount of
slip and the location of asperities. The models of Nakamura et al. (2009), Zhao et
al. (2010), Wang et al. (2008), Koketsu et al. (2009) and Nishimura and Yagi
(2008) all agree on one primary asperity located in the southern to central part of
the fault. The model by Zhang et al. (2008) agrees with a high-slip asperity close
to the epicenter, but this model obtains a rupture of the fault up to 200 km south
of the epicenter, and estimates a total fault length of 500 km along strike. The
model from Wang et al. (2008) comprises of several subevents, and it is the only
model which contains clearly separated asperities on three individual fault
segments along different parallel fault strands. This model is also the only model
that is obtained from a combination of waveform inversion and local coseismic
displacement from GPS. The amount of maximum slip from the models is in the
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range of 5 to 10 m, where the largest slip is found for the slip models using a
narrow fault plane.
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Figure 3. Slip distributions for the Wenchuan earthquake. Modified from a) Nakamura et al. 2009, b)
Zhao et al 2010, c) Zhang et al. 2008 and d) Wang et al. (2008). Notice, the slip models are not at the
same scale, and the width of the different faults are approximately the same. The length of the faults
also vary, with the longest being the model from Zhang et al. (2008), which is 500 km along strike,
whereas the others are approximately 300 km along strike. The segment “2” in d) is modeled for a
fault strand parallel to segment “1”.



17

2.1 Modeling ground motion for the Wenchuan earthquake

The ground motions during the Wenchuan earthquake were modeled using the
simulation technique described in Section 1.2. To constrain the asperity geometry
on the fault plane, three different slip models were used. By applying three
models, the effect of the slip models on the calculated ground motions could be
compared. This approach also opened up for a possible evaluation of the slip
models based on the simulated ground motion. The slip models used are shown
in Figure 3 of Paper 1 and are from Koketsu et al. (2009), Ji and Hayes (2008) and
Nishimura and Yagi (2008).

The slip model from Koketsu et al. (2009) is 310 km long and 40 km wide. The
model is divided into two segments, representing the southern segment of thrust
mechanism and the northern segment with strike-slip mechanism. The asperity
with the largest displacement is located in the southern end, with maximum
displacement of 9 m. The slip model from Ji and Hayes (2008) is 315 km long and
40 km wide. The largest slip is located in the central part of the fault, with
maximum displacement estimated to be 9-10 m. The slip model from Nishimura
and Yagi (2008) is 320 km long and 80 km wide. This model has two primary
asperities located close to the top of the fault plane. For the southernmost
asperity a thrust mechanism is identified, while the northern asperity, is of strike-
slip mechanism. The maximum displacement in this model is 7 m. This slip model
best corresponds to field observations of surface displacement following the
earthquake. Details on the input parameters used in each of the earthquake
simulations are summarized in Table 2 of Paper 1.

The distribution of the simulated ground motion on the bedrock level from the
three earthquake scenarios is shown in Figure 4. In all three scenarios the largest
simulated ground motions are above the fault plane and associated with the
location of the asperities. The simulation results from the scenarios based on the
models from Koketsu et al. (2009) and Ji and Hayes (2008) show very similar
distributions of both peak ground acceleration (PGA) and velcocity (PGV). Also,
the calculated ground shaking levels agree well with observed ground motions. In
the simulation based on the model from Nishimura and Yagi (2008) the ground
motion levels are not as high as in the other scenarios. With a fault model which
is twice as wide as the two other models, the scenario based on the model from
Nishimura and Yagi (2008) has a stress-drop much lower than in the other
models. This can explain the lower ground motion values.
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Figure 4. Simulated PGA (a-c) and PGV (d-f) distribution from the scenario earthquakes based on
three different finite fault-slip models. Black boxes show the surface projection of the ruptured fault
and the star, triangles and black squares show the epicenter, locations of seismic stations and cities,
respectively.

The finite fault slip models from Koketsu et al. (2009), Ji and Hayes (2008),
Nakamura et al. (2009), Zhao et al. (2010), Zhang et al. (2008) and Wang et al.
(2008) all have widths along dip of 40-50 km. Also, a study on the fault geometry

in the area by Hubbard and Shaw (2009) suggests a rupture width of
approximately 40 km. Considering the very low slip predicted in the deeper part
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of the fault plane in the slip model from Nishimura and Yagi (2008), the ground
motions were calculated for another scenario. In this scenario the slip model
from Nishimura and Yagi (2008) was reduced to only contain the upper 40 km.

The results of the simulation with the modified slip model from Nishimura and
Yagi (2008) is shown in Figure 5. From the simulation much larger ground
motion levels than the scenario earthquake, where the fault width was set to 80
km were obtained. Also, above the northernmost asperity the simulation
produces larger ground motions, which are similar to the simulated ground
motions based on the slip models of Koketsu et al. (2009) and Ji and Hayes
(2008), but with slightly higher ground motion levels.
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Figure 5. Simulated ground motion distributions based on the modification of the model from
Nishimura and Yagi (2008). Black boxes show the surface projection of the ruptured fault and the
star, triangles and black squares show the epicenter, locations of seismic stations and cities,
respectively.

The simulated ground motions from all the earthquake scenarios are found to be
lower than the values measured during the event. It is nevertheless important to
keep in mind that site effects are not included in the simulation. Located in the
boundary zone between the Sichuan Basin, approximately 500 m above sea level,
and at the eastern margin of the Tibetan Plateau, with local peaks of up to 4000 m
above sea level, many steep mountain sides are present. The mountain peaks are
associated with focusing of seismic energy, while deep valleys between the
mountains are expected to be filled with loose sedimentary material and fluvial
material from the river systems. Therefore, site effects have an important role in
the area, and such effects can change both the ground motion level, as well as the
predominant frequencies of the ground shaking.
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The intensities of the simulated ground shaking were estimated using the
relations from Wald et al. (1999) to be IX or above for the majority of the fault
length. Although such relations have large uncertainties and therefore should be
applied with caution, this gives a rough estimate of the expected near-field
intensities. For the near field area the intensities of the simulated ground motions
(see Figure 20 of Paper 1) are found to be similar to those reported by the China
Earthquake Administration. Away from the fault, the intensities based on the
simulated ground motions are very low. This is due to the applied simulation
technique which does not reproduce surface waves well, and these are
dominating at larger distances.

2.2 Reconnaissance visit to the earthquake affected area

A field reconnaissance trip to the rupture area of the Wenchuan earthquake on
October 18 and 19, 2008 served as a basis for discussing the damage distribution
after the earthquake. In addition to the very strong ground shaking, the
Wenchuan earthquake triggered more than 15.000 secondary effects, as
landslides, rock falls, debris flow and mudslides. The secondary effects alone are
estimated to have caused more than 20.000 fatalities (Yin, 2008). Taking the
mountainous landscape, strong ground shaking, landslides and rock fall into
account, it is evident that poor building practices and the mentioned secondary
effects contributed to the very large human and economic consequences
following the earthquake.

During the field reconnaissance trip, the cities Yingxiu, Bailu, Hangwang and
Beichuan, all located along the surface rupture, were visited; all located in the
direction of rupture directivity (see Figure 2 of Paper 2 for locations). Yingxiu is
located in the area of the rupture initiation. The building stock in the cities along
the fault had a high concentration of reinforced concrete structures with brick
infill and non-engineered adobe structures. Damage observed was both of non-
structural and structural nature, and many buildings had experienced soft story
collapse, due to failure or partial failure of columns. The fault scarp was visible in
all the visited cities, and in Bailu it ran in-between two school buildings, with a
vertical offset of up to 2 m (Figure 6a).
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Figure 6. Pictures taken during the field reconnaissance trip in October 18 and 19, 2008. a) Fault
scarp in Bailu, b) Yingxiu, c) Hangwang, d) rock fall in Beichuan, e) material carried the debris flow
in Beichuan.

Generally, damage and total collapse of structures were observed across large
areas within the cities. Especially in Yingxiu and Hangwang (Figure 6b and c) the
damage was widespread and buildings of both newer and older construction
practice were affected. The structures still standing after the earthquake were all
newer reinforced concrete buildings. The buildings sustaining the ground shaking
most probably fulfill the construction requirements of newer building codes. In
central Yingxiu, approximately 80% of the buildings collapsed during the
earthquake (Figure 6b). Correspondingly, in the central part of Hangwang, 90-
95% of the buildings were totally or partially collapsed in an area of
approximately 3 km? (Figure 6c). The very widespread damage in Yingxiu and
Hangwang, compared to Bailu might be explained by the very high ground
shaking levels for the two sites. While for Bailu a maximum ground motion of 633
cm/s? was reported, the maximum observed ground motion close to Hangwang
was more than 800 cm/s2 (Li et al,, 2008b). No records are available for Yingxiu,
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but with a very short distance to the rupture initiation point and the proximity to
the main asperity of the fault plane (Figure 3 in this text; Figure 3 of Paper 1;
Figure 2 of Paper 2), this area experienced very high ground motions during the
earthquake.

Figure 7. Overview of Beichuan. a) Photo of Beichuan before the Wenchuan earthquake (photo
source unknown). b) Photo of Beichuan, taken in July 2008, after the Wenchuan earthquake. (Photo
by Dr. Gonghui Wang, Kyoto University, Japan). a) and b) are from the homepage of USGS Landslide
Hazard Program (2009). c) Photo of Beichuan taken in October 2008, after the debris- and mudflow.
Houses are identified with colored circles on the three pictures.
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The damage in the city of Beichuan differs from the other cities visited, since the
city was located in a very narrow valley between steep mountains. Following the
earthquake, several large landslides and rock falls were triggered, causing
additional damage (Figure 6d). Furthermore, following the earthquake in May
2008, the city experienced a large debris- and mudflow in September 2008
(approximately one month prior to the field reconnaissance trip) (Figure 6e). The
maximum ground motion observed near Beichuan was about 350 cm/s? (Li et al,,
2008b). This is significantly lower than for the other visited cities. However,
especially two landslides, triggered by the ground shaking, caused heavy damage
to the city. During the visit, damage due to the ground shaking was evident from
structural damages in the areas of the city not affected by landslides or the debris
flow. In Figure 7, three pictures of Beichuan, taken from approximately the same
position, are compared. The first picture was taken before the earthquake, the
second picture after the earthquake and the third picture was taken after the
debris flow. It is seen that many of the structures sustained the ground shaking,
and are still standing following the earthquake (comparing Figure 7a and b, three
building have been matched with color circles for comparison), while buildings
close to the mountain sides have suffered more damage due to landslides. From
the picture taken following the debris flow (Figure 7c), a thick layer (up to 3 m) of
debris material and mud covering the entire southern part of the city is visible.
The force of this event caused additional damage to the structures in the area.

Comparing the damage distribution in the visited cities along the fault, with
simulated ground motions shows that strong ground shaking during the
earthquake, combined with unfavorable frequency distribution of the ground
shaking, have led to collapse of many structures. The simulated ground motions
were found to have a broader peak of the most significant ground shaking in the
acceleration spectra, compared to the recorded signals (Li et al., 2008a) (Figure
14 of Paper 1). However, the frequency band is overlapping, and the difference in
the frequency band can be caused by site effects, which are not included in the
ground motion simulations.

2.3  Other simulation studies of the Wenchuan earthquake

The Wenchuan earthquake has been simulated and presented by various authors,
using some of the simulation techniques mentioned in Section 1.1 of this thesis.
Paper 1 was published in the special issue on the Wenchuan earthquake of
Bulletin of Seismological Society of America (BSSA) in autumn 2010. In the
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following a short overview is given of the other studies presented in the BSSA
special issue, treating the simulation aspect of the Wenchuan earthquake (Chavez
et al., 2010; Ghasemi et al., 2010; Kurahashi and Irikura, 2010). The studies are
listed in Table 1.

Table 1. Overview of the simulation studies of the Wenchuan earthquake, presented in the special
issue on the event of BSSA, 2010.

Authors Method Slip model(s)

Chavez et al. 3D wave propagation, finite  Ji and Hayes (2009)
difference

Ghasemi et al. Stochastic Koketsu et al. (2008)

Random model

Kurahashiand  Hybrid: Low-frequency: Southern segment from
Irikura discrete wave number Koketsu et al. (2009)
method. High-frequency:
EFG

Chavez et al. (2010) conducted a three dimensional wave propagation modeling
study, where low-frequency synthetic seismograms were calculated. The
modeling was based on the staggered finite-difference method by Madariaga
(1976). The input required in the modeling includes geometric and mechanical
properties of the physical domain, seismic source description (strike, dip, rake
and slip) and spatial and temporal discretization parameters. The focal
mechanism from Ji and Hayes (2008) were adopted and the slip distribution was
converted into a moment rate distribution, used as the seismic source in the
finite-difference code. A thrust mechanism along the entire fault was assumed.
The simulation results were compared with recordings from four stations of
different epicentral distance. Also, comparison with surface differential radar
interferometry (DinSAR) ground deformation imagery was included as well as a
comparison of the 3D synthetic velocities with the observed intensities on the
Modified Mercalli Intensity scale. Furthermore, 3D visualizations of the low-
frequency synthetics were given.

In the study by Ghasemi et al. (2010) the stochastic finite-fault method of
Beresnev and Atkinson (1997; 1998) has been used to simulate the ground
motions of the Wenchuan earthquake. Two different finite-fault slip models; one
being the model of Koketsu et al. (2008) and the other being a model, where the
slip is assigned randomly by the simulation code, were assumed. In the applied
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simulation technique, effects of the finite source, wave propagation path and local
site effects were taken into account. However, the soil-station average transfer
functions applied in the calculations were derived for California in lack of detailed
information on the local site conditions. The simulation results were compared to
recorded data with comparison of seismograms and both 5% damped pseudo
acceleration response spectra and Fourier amplitude spectra. Also, bias and
standard deviation of the response spectra were calculated for each model.

Kurahashi and Irikura (2010) simulated the Wenchuan earthquake with a hybrid
method. The results were analyzed for the low-, high- and in the broadband
frequency domain. The low-frequency ground motions were obtained
numerically using the Discrete Wave Number method (Bouchon, 1981), while the
high-frequency ground motions were obtained by applying EGF. Since no records
of aftershock of the Wenchuan earthquake were available, the EGF are taken from
an aftershock following the 2008 Iwate-Miyagi Nairiku earthquake in
northeastern Japan which had a similar focal mechanism as the Wenchuan
earthquake. The path propagation effect and the site effects from the aftershock
record were removed following Iwata and Irikura (1999). The slip model used in
the simulation was from Koketsu et al. (2009). However, only the southern part
of the model was used in the scenario, and only the asperities were included. It
was consequently assumed that the ground motions were only generated from
the asperities based on an analysis of seismograms from six stations, from which
the distance to the asperities from the epicenter was also determined. The
simulation results were compared to seismograms in three frequency bands,
acceleration response spectra and pseudo velocity spectra.

Several assumptions and simplifications to the rupture and source model are
made in the simulation studies of the Wenchuan earthquake. Also, site effect
estimations are excluded or only considered to some extent in the studies.
Nevertheless, all the above mentioned simulation studies manage to some extent
to reproduce the ground motion characteristics observed during the Wenchuan
earthquake.

The amplitudes and polarities of the seismograms obtained from Chavez et al.
(2010) vary from the observed ground motion. However, especially for the far
field station, very close estimates of the Fourier Amplitude spectra were obtained
in this study. Also, from the 3D visualization of the low-frequency synthetic
velocities, a clear pattern of directivity along the fault is obtained. This can partly
explain the heavily damaged area along the fault, while the degree of building
damage was less extensive in a close distance perpendicular to the fault. The
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maximum synthetic velocity propagation pattern can to some extent be
compared with the observed Modified Mercalli Intensities in the near field area.
However, the ground motion level is under-estimated significantly for the
epicentral area.

The results from Ghasemi et al. (2010) give slightly higher PGAs than observed
during the earthquake on several of the stations, and the shape with several wave
packages is not clearly seen in the synthetic seismograms. As the case for Chavez
et al. (2010) the Fourier spectra and the spectral acceleration are generally in
good agreement with the spectra of the observed data. The model tends to over
predict the ground motion in the period range 1-4 s (Figure 11 of Ghasemi et al,,
2010).

In the study by Kurahashi and Irikura (2010) the amplitudes of the synthetic
waveforms, from the high-frequency ground motion modeling, tend to be
overestimated and under-estimated in the backward and forward directivity
direction, respectively. In the comparison of the acceleration response spectra
and pseudo velocity spectra a general agreement of the frequency content of the
simulated and observed waveforms is observed. The simulation procedure for
the high frequencies in this study can be spurious. EGF is a well know method to
simulate ground motions. By adopting aftershocks from the rupturing fault as the
EGF, propagation path effects and local site effects are taken into account in the
ground motion simulation. However, a requirement for using EGF is, as stated in
Section 1.1, that the aftershocks adopted as EGF must be recorded at the same
station as the main event. One could argue that since Kurahashi and Irikura
(2010) adopt an aftershock from a Japanese earthquake as EGF for the simulating
the Wenchuan earthquake, and afterwards remove the propagation path effect
and site effects, the authors could instead have used synthetic/theoretic Green’s
functions (HGF) in their calculations.

Based on this review of ground motion simulation studies of the Wenchuan
earthquake, it is evident that the simulated ground motion techniques to a large
extent succeed in reproducing the observed frequency content and spectral
levels. However, an exact representation of the waveforms for a broadband
frequency interval is somewhat more difficult to obtain. This was also found in
the ground motion simulations presented in Sections 2.1 and 2.2, where the
general frequency content of the ground shaking was obtained, while the
recorded waveforms were difficult to reproduce.
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3. Seismic hazard assessment for izmir

The predictive part of this thesis concerns the city of izmir, which is the third
largest city of Turkey with approximately 4 million inhabitants. Located within the
Aegean-Anatolian region, izmir is situated in one of the most seismically and
tectonically active regions in Europe.

[zmir is located close to several faults, which are reactivated through regional
deformations, associated with the westward migration and rotation of the
Anatolian microplate. The city is therefore characterized by significant seismic
hazard, and destructive earthquakes have occurred in historical times, most
recently in 1778. This event followed two preceding earthquakes, separated in
time by approximately 50 years (Ambraseys and Finkel, 1995; Papazachos and
Papazachou, 1997; Papazachos et al,, 1997).

Several large industries and the largest harbor in western Turkey are located
around Izmir Bay. In this respect, the city is an economically important center. In
order to be able to mitigate the seismic risk in the city, thorough and reliable
information is needed about the seismic hazard. The most densely populated areas
within {zmir are located on unconsolidated sediment deposits from river deltas.
These deposits are expected to amplify ground shaking during an earthquake, and
site effects are therefore important to consider when assessing the seismic hazard.

The seismic hazard assessment for izmir, presented in this study, is divided into
three parts. First, the active faults that control the seismic hazard in Izmir are
identified through ground motion simulations of earthquake rupture scenarios on
several of the faults in the vicinity of {zmir. Second, the uncertainties in the
simulated ground motions due to uncertainties in the input parameters are
considered. Third, expected ground motions are estimated taking into account the
effect of soil deposits, using the simulated ground motion for bedrock level and
transfer functions obtained as H/V spectral ratios from ambient noise
measurements. In order to give a framework for the study, a description of the
tectonic setting and seismicity as well as previous hazard estimates for the area are
given.
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3.1 Tectonic setting and seismicity of western Turkey and izmir

The regional deformation of the Aegean-Anatolian region is dominated by the
collision of the African and Arabian plates with Eurasia, the collision between
north-western Greece and Albania with the Apulia-Adriatic platform and the
Hellenic subduction zone in the south (Taymaz et al., 1991) (Figure 8). The
collision of the Arabian plate with Eurasia causes westward migration of the
Anatolian microplate, a motion which is accommodated along two large strike-
slip faults, the North Anatolian (right-lateral) and the East Anatolian (left-lateral)
faults. The African plate subducts underneath the Aegean Sea along the Hellenic
arc, and causes backarc extension. This is explained as a combination of slab-roll
back of the African plate, gravitational collapse of over-thickened crust, westward
extension of the Anatolian plate and south-west movement of the Greek block
relative to Anatolia (Jolivet, 2001 and references therein; Taymaz et al,, 2007).
Evidence of the occurrence of backarc extension is seen as east-west trending
graben structures, such as the Gulf of Corinth, the Gediz Graben and the Biiyiik
Menderes Graben, which are present on either side of the Aegean Sea. The
regional tectonic setting is summarized in Figure 8.
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Figure 8. Tectonic map of the Aegean-Anatolian region. Solid black lines show faults and plate
boundaries, modified from Bird (2003), ten Veen (2004) and McClusky et al. (2000). Heavy black
arrows show the plate motions of the African and Arabian plates relative to a stable Eurasia, the red
arrow gives the plate motion of the African plate relative to a stable Anatolian plate. All plate
motions are taken from the NUVEL 1A reference model (DeMets et al, 1990). Locations of the main
structures are given as follows: GC, Gulf of Corinth; G, Gediz Graben; B, Biiyiik Menderes Graben. The
location of Izmir is marked with a red dot.
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The seismicity around the Aegean Sea is dominated by thrust mechanisms of the
earthquakes along the Hellenic Arc and along the west coast of Greece and
Albania, with some strike-slip and normal fault mechanisms (Figure 9). Strike-
slip mechanism earthquakes occur along the westernmost part of the North
Anatolian Fault and its continuation into the northern Aegean Sea. Along the east
coast of Greece and the west coast of Turkey, normal faulting earthquakes
indicate extension of the landmasses. Active faults and focal mechanisms for the
area around the Aegean Sea are shown in Figure 9.

Figure 9. Active faults and earthquake focal mechanisms in the Aegean region. Red, green and blue
symbols are used for normal faulting events and faults, strike-slip faulting events and faults and
thrust faulting events and fault, respectively. The fault plane solutions are compiled from the INGV,
USGS and Global CMT databases.

Several GPS studies have been conducted for the Aegean-Anatolian area in order
to map the plate velocity and deformation (McClusky, 2000; Nyst and Thatcher,
2004 and references therein) (Figure 10). These studies confirm westward
migration of the Anatolian plate. A change in the velocity field is identified in
western Turkey and the Aegean Sea. McClusky et al. (2000) showed a clear
increase in the plate velocity of the Anatolian microplate from the east to the
west, confirming extention. There is a stable westerly orientation in eastern and
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central Turkey, while a counter-clockwise rotation was found in the Aegean area,
see Figure 10. A similar picture of the deformation in the Aegean Sea and
surroundings was obtained by Nyst and Thatcher (2004). The change in the
orientation of the velocity field is located in the area around Izmir.

Figure 10. GPS horizontal velocities and 95% confidence ellipses in a Eurasia-fixed reference frame
from 1988-1997, data plotted is from McClusky et al. (2000). The plate boundaries and faults from
Figure 8 are also shown.

Counter-clockwise rotation of western Anatolia causes the reactivation of several
faults around the city of Izmir. Active faults in the vicinity of izmir have been
mapped by Emre et al. (2005) and reactivation of these and new developing
structures became evident during an earthquake swarm south-west of izmir in
2005, when three My > 5.3 events occurred within three days (Benetatos et al.,
2006).

The change in the regional velocity field in the area around izmir has been
investigated in detail by Aktug and Kilicoglu (2006) with a local GPS study
focusing especially on three large faults: izmir fault (striking east-west, located
underneath Izmir), Tuzla fault (striking southwest-northeast, located southwest
of Izmir) and Giilbahge fault (striking north-south, located west of izmir), see
Figure 11. The detailed GPS study mapped small-scale block rotations and
differences in relative velocities on both side of the faults, which are found to be
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significant, especially for Seferihisar and Tuzla faults. Continuous opening of
[zmir Bay is confirmed in this study by increasing velocities from the north to the
south.

26" 26.5° 27" 27.5° 28°

Figure 11. Map of the area around Izmir. Faults are given as thick black lines, and names are given in
red font (Emre et al, 2005). The historic earthquakes in the area are indicated as white circles
(Ambraseys and Finkel, 1995; Papazachos and Papazachou, 1997; Papazachos et al,, 1997) and the
GPS velocity field from Aktug and Kilicoglu (2006) is shown as white arrows.

[zmir and its surroundings are known to have experienced destructive
earthquakes several times in recent history. The most significant events in the
historical records are shown in Figure 11. The record of the historical events
indicates that izmir and Tuzla faults are the two most active faults in the area
(Ambrasey and Finkel, 1995; Papazachos and Papazachou, 1997; Papazachos et
al.,, 1997).

The latest large earthquake in izmir occurred in 1778 with estimated My, 6.4. This
event was preceded by two previous earthquakes in 1688 (Mw ~6.8) and 1723
(Mw ~6.4). The close spacing in time of the three large events can possibly be
explained by coupling between faults and stress transfer. The three earthquakes
all caused extensive damage in izmir. The 1688 event is reported to be a locally
very destructive event, with the most significant damage in the low lying areas.
Three-quarters of the houses and public buildings were heavily damaged, on the
verge of collapse, if not completely collapsed in the event. The sea shore was
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reported to advance inland due to ground sinking of approximately 60 cm, and it
was estimated that about 5000 people were Killed (Ambraseys and Finkel, 1995).
Following the 1778 earthquake, large parts of izmir were almost totally ruined
and the buildings left standing were on the verge of collapse. Also in this
earthquake, the ground sunk, changing the shoreline. More than 200 people were
killed in this earthquake (Ambraseys and Finkel, 1995).

During the last 230 years no large earthquakes have occurred in the area close to
Izmir. Considering the velocity differences across the faults identified by Aktug
and Kiligoglu (2006), large stresses are expected to have built up across the
faults. The faults around Izmir are therefore considered to be loaded and prone to
rupture in the near future.

3.2 Previous seismic hazard assessments for izmir

Previous seismic hazard analyses for izmir and the surrounding area have been
conducted on a regional scale and more local scale. All the previous hazard
estimates are probabilistic studies, and the methodology applied in this study
therefore differs from the previous estimates.

On a regional scale the probabilistic seismic hazard of western Anatolia has been
addressed in the GSHAP project (Gardini et al.,, 1999) and in the SESAME project
(SEismotectonic and Seismic hazard Assessment of the MEditerranean) (Jimenez
et al.,, 2003). With a return period of 475 years (10% probability of exceedance in
the ground motions in 50 years) the two studies predict PGAs of 0.3-0.5 g for
bedrock conditions. Since the studies are regional, no details can be related to
specific faults around izmir. Only larger scale structures, such as the North
Anatolian fault and the Hellenic Arc have a clear expression on the map.

On a local scale, two probabilistic studies address the seismic hazard of {zmir
(Deniz et al.,, 2010; MMI, 2000). The probabilistic seismic hazard assessment from
the [zmir Earthquake Master Plan (MMI, 2000) reports expected PGAs for
bedrock conditions with a 475 year return period to be 0.2-0.4 g, and slightly
larger for soft soil conditions. Deniz et al. (2010) obtain similar values (0.3-0.4 g)
for rock sites. These values are in agreement with the regional studies.
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3.3 Ground motion simulations on faults near izmir

The first step in the deterministic seismic hazard assessment for izmir was to
identify which of the faults in the vicinity of the city that controls the largest
seismic hazard. A rupture along the surface rupturing izmir fault, located along
the southern coast of izmir Bay, will obviously cause large ground deformation
and strong ground shaking in izmir. The objective of Paper 3 is to estimate
bedrock ground motion levels in izmir for ruptures along several of the active
faults, and from that identify the possible earthquake ruptures that pose the
largest threat. The applied simulation approach is described in Section 1.2.
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Figure 12. Map showing the simplified faults for which ground motion simulations were conducted.
The codes for the various scenarios are written in blue next to the respective faults.

Nine earthquake rupture scenarios were defined along the largest faults in the
area (Figure 12). Scenarios 1A-C and 5A-C are along izmir and Manisa faults,
respectively. These are normal faults, and large vertical offsets (>40 m) are
visible on the surface for both faults. For izmir fault three scenarios were defined;
corresponding to a rupture of the western segment, the eastern segment and a
combination of both. For Manisa fault, three earthquake scenarios were defined
on different segments of the fault. Scenarios 2 GF, 3 TF and 4 SF are earthquake
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ruptures along Giilbache, Tuzla and Seferihisar faults, respectively. All these are
strike-slip mechanisms. The source parameters for the nine earthquake scenarios
are summarized in Table 1 of Paper 3.

0 100 200 300 400 500 600
Acceleration, cm/s?

Figure 13. PGA distribution of the nine earthquake scenarios on active faults in the vicinity of [zmir.
White boxes show the surface projection of the ruptured fault plane.

The simulation results, in terms of PGA distribution, from all nine earthquake
scenarios are shown in Figure 13. The largest ground motions were simulated for
the scenarios along Giilbaghe, Tuzla and Seferihisar faults. However, the largest
ground motions in the center of izmir were found from the earthquake scenario
along Izmir fault. The waveform of the longest duration in the center of izmir was
also found for this scenario. In the earthquake scenario along Tuzla fault the
rupture initiation point was located in the southern end of the fault. The rupture
of the scenario therefore propagated towards izmir, and increased peak ground
motion levels, with a shorter duration, were observed to the north of the fault
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and in izmir. Based on the nine earthquake scenarios, it was concluded that
rupture along izmir and Tuzla faults pose the largest threat, in terms of ground
shaking to Izmir.

3.4 Effect of parameter uncertainty on simulated ground motions

The results from Paper 3 gave the expected ground motion distributions based on
earthquake scenarios along various faults. However, the input parameters
adopted for the scenario earthquakes in Paper 3 were based on information from
existing literature of previous earthquakes in other geographic areas with
corresponding magnitudes and faulting mechanism, occurring in similar tectonic
settings. Uncertainty in the input parameters introduces uncertainties in the
simulations. As concluded in section 3.3 and in Paper 3, the worst case scenario in
terms of seismic hazard for izmir was found to be a rupture along the izmir fault.
Hence, the effect of varying the input parameters in the ground motion
simulations was tested for a rupture along this fault.

Previously, such tests have been conducted for the Marmara Sea segment of the
North Anatolian fault (Pulido et al., 2004; Sgrensen et al., 2007b). In the present
study, the scenario earthquake had a smaller magnitude and a different faulting
mechanism (normal fault versus strike-slip fault) and tests of more input
parameters were included.

The method for this study followed the approach of Pulido et al. (2004) and
Serensen et al. (2007b), where a reference scenario was defined and source and
regional crustal parameters were changed one by one in a total of 27 test
scenarios. The tested parameters included fault depth, attenuation (in terms of
frequency dependent Q), rupture initiation point, velocity model, seismic
moment, stress-drop ratio (ratio between background and asperity stress-drop),
average stress-drop, rise time, rupture velocity, dip, rake and asperity location
(for details on the reference scenario and the tested parameters see Table 1 in
Paper 4). The ground motions were calculated for bedrock conditions, and the
effect of the sediment deposits underlying Izmir were not considered in this
study. The problem of site effects is treated in section 3.5 and Paper 5.
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Figure 14. PGA and PGV distributions for the reference scenario. White lines show the surface
projection of the fault plane and asperity, and the white star indicates the epicenter.

The distribution of PGA and PGV from the reference scenario is shown in Figure
14. The obtained simulated ground motion levels were higher than what was
observed from the earthquake scenario along izmir fault in Paper 3. For the
parameter sensitivity study a simpler fault model was assumed. The fault was
assumed to consist of a single segment, rather than three segments as assumed in
Paper 3. The fault width was slightly changed, and only one asperity was
assumed, whereas there were two in the study of Paper 3. The asperity in the
parameter sensitivity study was also located closer to the surface. Comparing the
simulated ground motions from the two scenarios with empirical attenuation
relations shows that the reference scenario in Paper 4 fits the empirical relations
better than the simulations from the scenario earthquake 1C IF along izmir fault
in Paper 3 (Figure 15).
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Figure 15. Comparison of the simulated peak ground accelerations to empirical attenuation
relations, see labels for details. Scenario 1C IF in Paper 3 (left) and the reference in Paper 4 (right).
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The simulated ground motion distributions from the test scenarios were
compared to the distribution of the ground motions obtained from the reference
scenario. The parameters that were found to influence the ground motion most in
terms of absolute change in ground shaking level were the applied velocity
model, seismic moment, rise time and rupture velocity. In addition, stress-drop
and attenuation model control the change in absolute ground motion level to a
large extent, if these parameters were changed sufficiently.

The largest variability of ground motion was observed above the fault. This is
shown as the distribution of the standard deviation of PGA and PGV of the
reference scenario and the 27 test scenarios in Figure 16. The largest variability
is found directly above the surface rupture of the fault plane, corresponding to
the most central part of izmir. Close to the asperity and rupture initiation point
the standard deviation is found to exceed 200 cm/s? and 20 cm/s for PGA and
PGV, respectively. For larger distances the variation of the simulated ground
motions decreases.

27
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Figure 16. Spatial distribution of standard deviation of PGA (left) and PGV (right) based on the
reference scenario and the 27 test scenarios. Surface projection of the fault plane and asperity of the
reference scenario are shown as white boxes; the rupture initiation point of the reference scenario is
indicated as a star.

The input parameters were found to affect the simulated ground motions in
different frequency bands. Stress-drop, stress-drop ratio and Q only affected the
high-frequency ground motions, while location of rupture initiation, seismic
moment, fault depth, rise time and velocity model had the largest effect on the
low-frequency ground motions.
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The 5% damped velocity response spectra for a site in the center of izmir, for the
reference scenario and the 27 test scenarios is shown in Figure 17. A large
variation among the different scenarios was found and the spectral level of the
reference scenario represents an average. For the lower frequencies, larger
variation among the different scenarios was observed, than for the higher
frequencies. This is also illustrated in Figure 18 of Paper 4, where the distribution
of the standard deviation of the response spectral velocity is shown in three
frequency bands.
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Figure 17. 5% damped spectral velocity for a station located in the center of [zmir. The black line
show the spectral velocity for the reference scenario, while the gray lines are for the 27 test
scenarios.

This study showed the importance of considering several earthquake scenarios,
when assessing the seismic hazard through ground motion simulations. With this
approach the variability of ground motions from several scenarios are considered
in the hazard assessment. For Izmir it was found that the most populated area
along the coast of izmir Bay, coincide with the area where the largest variability
in ground motion for an earthquake rupture along Izmir fault is predicted. This
suggests a challenge in the structural engineering of buildings and structures in
the area.

3.5 Estimation of ground motions taking into account soil conditions

The city of izmir is largely located on sediment deposits, and seismic waves are
expected to amplify as they propagate through the soil layer overlying the
bedrock. Until now the ground motions presented for {zmir have been calculated
for bedrock conditions, and local site effects are therefore not included. In Paper
5 the local site effects are considered in order to provide a more reliable hazard
estimate. This exercise is done for selected sites in zmir.
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Even without an earthquake, soft soil conditions for various sites in fzmir are a
problem. Figure 18 shows pictures of buildings in the Karsiyaka district of izmir,
which are sinking into the ground and tilting due to the soft soil foundation. The
ages of the houses are up to 20 years, and these structures have therefore not
experienced strong ground shaking due to a large earthquake. Site effects during
an earthquake are of high importance when considering the seismic hazard in
[zmir.

Figure 18. Pictures of houses in the Karsiyaka, district of [zmir. Tilting of the structures due to soft
soil conditions is visible. The picture at the lower right is from the rear of the house shown in the
upper row. The angle between the yellow lines is approximately 10-15 °

In the izmir Earthquake Master Plan the problem of local site effects for izmir
was treated and presented as maps of expected amplification and liquefaction
potential (Figure 19) (MMI, 2000). The amplification potential was estimated
through core penetration tests. From this, large amplifications were expected for
the northern side of izmir Bay, as well as in the center of the city (innermost part
of the bay). Furthermore, it is clear that liquefaction during strong ground
shaking is an important issue to consider.
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Figure 19. Amplification factors (top) and liquefaction potential (bottom). The colored area
corresponds to the limits of the metropolitan area of Izmir. Modified from MML (2000).

The study by MMI (2000) does not consider the frequency dependency of the
amplification, which is necessary in order to determine the change in frequency
content of the seismic waves from bedrock level to the top of a soil column. In
Paper 5 this problem was treated using H/V spectral ratios (Lermo and Chavez-
Garcia, 1994; Nakamura, 1989; 2008; 2010) obtained from ambient noise
measurements as transfer functions. The ground motions simulated for bedrock
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conditions are convolved with transfer functions in order to estimate the ground
motion on top of the soil columns (Kramer, 1996). In this study the reference
scenario of Paper 4 was used as input ground motion. The variation of the ground
motion due to input parameter uncertainty was not considered in this study.

Soil conditions vary across izmir, where topographic high areas are associated
with bedrock outcrops, while topographic low areas are located on sediment
deposits. Due to several rivers emptying into izmir Bay, the thickness of the
sediment layers is expected to vary, although no detailed information concerning
this is available. The Gediz River used to have its mouth on the northern coast of
Izmir Bay, close to the Mavisehir district (see Figure 20 for locations). The river is
now redirected, but the old river delta, located in Mavisehir, is expected to consist
of very thick sedimentary deposits. In the inner part of izmir Bay, Kavak River
plays a role. This river is not as large as the Gediz River, and it is therefore
thought to transport less fluvial deposits. The thickness of the sediments in this
area is therefore considered to be less than in the western part of the bay.

Ambient noise measurements were conducted across most of izmir in a 2 by 2 km
grid. Focus was given to three areas within the city, where detailed
measurements were taken within a small area. This was done for Karsiyaka,
Konak and Mavisehir (see Figure 20 for locations). From the H/V spectral ratios,
information on fundamental frequency and amplification was extracted. General
agreement exists on the method’s ability to estimate the fundamental frequency,
while the capability of the method to predict the amplification is under debate
(Bour et al., 1998; Huang et al., 2002; Nakamura, 1989; 2010; Teves-Costa et al.,
1996). Comparing the distribution of expected amplification in Figure 20 with the
amplification factors from MMI (2000), the distribution of higher and lower
expected amplification fits well, although the two studies do not always agree on
the level of amplification. Compared to the study by MMI (2000) the expected
amplification from the H/V spectral ratios did not systematically over- or
underestimate the previous values. Despite the uncertainty in the estimated
amplification, it was found appropriate to use the amplification values from the
H/V spectral ratios in the transfer functions in an initial attempt to estimate
ground motions taking into account soil conditions within izmir. For the areas
Karsiyaka, Konak and Mavisehir average H/V spectral ratios were calculated
based on the measurements in each of these areas. The ground motion corrected
for soil conditions was calculated and higher ground motion levels were found,
see Table 4 of Paper 5 for details.
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Figure 20. Distribution of maximum amplification factor found from the H/V spectral ratios. The
sites of special interest are marked with blue boxes. Triangles show the locations of measurements.

Nakamura (2010) uses a value, Kg (Kg = A2/fy, where A is the amplification and fy
is the fundamental frequency), to estimate ground failure potential, such as
liquefaction, during large bedrock ground shaking. The Kg value found based on
the H/V spectral ratio confirmed ground failure potential, such as liquefaction, in
the area around Bayrakli (innermost part of the bay to the north) for bedrock
ground motions lower than what was found from the ground motion simulation.
Using the amplification factors from Erdik et al. (2000) in the calculations for Kg,
the areas of Mavisehir and Karsiyaka were also found to be potential locations for
ground failure during an earthquake rupture along Izmir fault. This is consistent
with the high water level in the area, as well as sinking of the structures into the
top-most soil layer, especially in Karsiyaka (Ziya Cakir, personal communication).

For the area of Karsiyaka initial estimates of the soil column were modeled, by
calculating the theoretical soil response, and comparing this to the H/V spectral
ratio obtained from field measurements of ambient noise. This was done even
though very limited knowledge on the soil structure for the area exists and with
no borehole data or seismic reflection surveys to constrain the thickness of the
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soil column. The modeling of transfer functions was conducted using SHAKE2000
(Ordéiiez, 2011). The soil response of a soil column was calculated and the
fundamental frequency of the obtained transfer function was matched to the
fundamental frequency found from the H/V spectral ratio for Karsiyaka. Two soil
columns of different thickness (60 m and 100 m) were modeled, using the
relation between fundamental frequency, fo, average shear wave velocity, vsave ,
and thickness of soil column, H:

_ VUs,ave
fo=72 -

The modeling was done by a trial-and-error approach.
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Figure 21. Transfer functions calculated for the two soil columns. The type of input ground motion is
given in the legend, and the average H/V-curve for Karsiyaka is shown in green. The modeled soil
columns are also shown with corresponding layer thicknesses and velocities.

In Figure 21 the transfer functions obtained when propagating ambient noise and
the simulated waveform through the obtained soil columns are shown. The
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transfer functions obtained when ambient noise is propagated through the soil
column predict much larger amplification than found from the H/V spectral ratio.
Also, when larger ground motions are used as input, the strain is large and the
fundamental frequency and amplification decreases, as expected from the
relation between shear wave velocity and frequency in the equation above,
together with the relation between shear modulus/rigidity, G, and shear wave
velocity

where p is the density. The largest amplification of bedrock ground motion, due
to the soil response of the two soil columns is found for the soil column of 100 m
thickness.

The study verified that local site effects across Izmir are an important issue in
hazard assessment for Izmir. The study in Paper 5 is meant as an preliminary
study for identifying site effect potential and soil structures within the city of
[zmir. The study is based on several assumptions and simplifications. It should be
extended with focus on obtaining velocity structures of the soil columns. With
such an approach the soil response due to large bedrock ground motions can be
treated with a non-linear approximation.
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Conclusions

Two case studies have been presented in this thesis. A kinematic hybrid
broadband frequency ground motion simulation technique has been applied, in
order to study the seismic hazard near Wenchuan, China and [zmir, Turkey. The
following conclusions can be drawn based on this work:

For Wenchuan, China:

The ground motion simulations of the May 12, 2008 Wenchuan, China
earthquake reproduce to a large extent the observed ground motion. The
simulated peak ground motion correlates with the observed ground
motion levels, although topography and local site effects have not been
considered in the simulations.

The width of the fault plane in the input model used in the simulations of
the Wenchuan earthquake affects the simulation results significantly due
to the influence on the stress-drop. The simulated ground motions match
the observations best when the input model is 40 km wide.

The predominant periods of the simulated ground motions coincide with
those observed, and with the fundamental periods of many of the
buildings in the earthquake affected area of the Wenchuan earthquake.
The extensive damage observed is explained by this, along with the shear
size of the earthquake and poor construction practices, especially for the
older buildings.

The strong ground shaking, mountainous landscape, extensive landslides
and rock falls have exacerbated the human and economic consequences of
the affected area. Fault rupture complexities further contributed to the
intensity and distribution of the damage, with a rupture directivity
enhancing the ground motions along the fault, as clearly demonstrated e.g.
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in Beichuan, located on the surface rupture of the fault in the forward
rupture directivity direction.

For izmir, Turkey:

e The worst case scenario in terms of seismic hazard in {zmir is a rupture of
the entire 42 km long Izmir fault, corresponding to an My, 6.9 earthquake,
striking underneath the city. The attenuation of the simulated ground
motions away from the fault is found to agree well with empirical
attenuation relations, which indicates realistic rupture scenarios. Ground
shaking on bedrock level, for the central part of the city, is expected to
exceed 750 cm/s? and 60 cm/s for PGA and PGV, respectively.

e The input parameters with the largest influence on the absolute ground
motion level are the velocity model, the seismic moment, rise time and
rupture velocity. Stress-drop and attenuation will influence the absolute
level of ground motion significantly, if they are sufficiently changed.

e The largest variability in the simulated ground motion is found above the
fault plane with standard deviations exceeding 200 cm/s? and 20 cm/s for
PGA and PGV, respectively.

e The low-frequency ground motion is mostly affected by the location of
rupture initiation, seismic moment, fault depth, rise time and rupture
velocity. These parameters are therefore the most important when it
comes to building damage potential. The attenuation model, average
stress-drop and stress-drop ratio only affect the high-frequency ground
motion.

e The fundamental frequencies found from H/V spectral ratios correlate
well with the topographic changes within izmir. Low lying coastal areas,
located on sedimentary deposits, are associated with very low
fundamental frequencies, while topographic high areas, associated with
bedrock outcrops, are found to have higher fundamental frequencies.

e The amplification factors found from the H/V spectral ratios are in fairly
good agreement with previous estimates. Large amplification of seismic
waves is expected in the innermost and northern part of izmir Bay. Based
on Kg values, especially Bayrakli is suggested to have significant soil
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deformation potential, such as liquefaction, during an earthquake rupture
along izmir fault.

e The ground motions taking into account soil conditions, calculated from
the H/V spectral ratios obtained from field measurements, are found to be
amplified when compared to the ground motions for the bedrock
conditions.

e The soil response of two modeled soil columns for Karsiyaka imply an
increase in ground motions on top of the soil layer for the lower
frequencies, compared to the bedrock ground motion. The thicker model
of 100 m results in the largest amplification level of the ground motion.

The hybrid broadband simulation technique was found to be a powerful tool to
simulate realistic ground motions. The simulated ground motions are comparable
to observed values in retrospect studies, as long as realistic input models are
used. Comparing the performance of the applied simulation technique in the two
case studies presented in this thesis and with previous studies of the My 6.8,
2000 Tottori, Japan (Pulido and Kubo, 2004) and the My 9.3, 2004 Sumatra,
Indonesia (Sgrensen et al, 2007a) earthquakes, the method is found to
successfully simulate earthquakes over a range of magnitudes. Based on this, the
simulation method is found appropriate to obtain realistic ground motion
estimates where the seismic hazard assessments are deficient due to very large
return periods. Occurrence of earthquakes as the 2008 Wenchuan, China and the
2011 Honshu, Japan earthquakes confirms that exercises of simulating ground
motions, even for events expected to have extremely low occurrence probability,
are important in seismic hazard assessments. Nevertheless, it is important to
keep in mind that the ground motion simulations do not assign a probability of
the occurrence of the simulated scenarios. The probability of occurrence,
together with the expected ground shaking level and dominating frequencies
obtained from the simulations, is important information for city planners and
engineers when determining the level of conservatism to be applied in the design
of buildings and structures.

The comparison of the different ground motion simulation studies of the
Wenchuan earthquake, presented in the special issue on the earthquake in
Bulletin of the Seismological Society of America, showed that the different
kinematic simulation methods to a large extent are capable of reproducing the
observed ground motion level and the frequency content of the seismic waves,
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while exact representations of the seismograms are more difficult to reproduce.
In that sense, the hybrid broadband frequency simulation technique applied in
this thesis performs equally well as the other simulation techniques.

When applying deterministic ground motion simulations in seismic hazard
assessments it is important to keep in mind that the uncertainty in the input
parameters are known to have a large effect on the simulated ground motions.
Several earthquake scenarios, with varying rupture parameters, must therefore
be considered when the seismic hazard for an area is assessed through ground
motion simulations. The variation found in the simulated ground motion due to
input parameter uncertainty is expected to be representative for similar exercises
using other ground motion simulation techniques than the technique applied in
this study.



49

5. Future perspectives

Assessment of seismic hazard is a continuing process, and the input models used
in the calculations of ground motion, as shown in this thesis, can always be
improved. The problem of uncertainties in input parameters (Section 3.4 and
Paper 4) can be addressed through more detailed studies of the faults in question.
Investigation of the input parameters and fault geometry, including asperity
location, can hopefully lower the level of uncertainty in the simulated ground
motions. Also, inclusion of the site effect potential should be incorporated in the
simulations, either by the use of EGF or by site effect potential estimates for the
area of interest, as described in Section 3.5 and Paper 5. Specific suggestions for
future work regarding the seismic hazard assessment of both the Wenchuan area
and Izmir are given in the following sections.

5.1 Future aspects in assessing the seismic hazard for the Wenchuan
area

Following the 2008 Wenchuan earthquake, Coulomb stress transfer analysis have
been conducted (e.g. Parsons et al,, 2008; Toda et al., 2008). These studies yield
increased stresses on several faults in the area close to the fault rupture of the
Wenchuan earthquake. According to Parsons et al. (2008) the largest stress
increase were identified for the Xianshuihe fault (see Figure 1 for location). This
is a left-lateral strike-slip fault, with Coulomb stress increase over a length of
more than 125 km. Such a rupture length corresponds to an earthquake of
magnitude 7.5 (Wells and Coppersmith, 1994). Similar Kunlun fault (right-lateral
strike slip fault) is brought closer to rupture, which is a fault of almost 200 km
length. Both of these faults are known to have produced earthquakes of M > 7 in
the past, and pose a significant threat to the area along the faults. Therefore,
ground motion simulations of these scenario earthquakes should be conducted in
order to estimate expected ground shaking in the areas of these faults, and
attempts to mitigate the seismic risk, e.g. by building reinforcement should be
initiated.
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The 2008 Wenchuan earthquake occurred in an area of high site effect potential.
Topographic high peaks and deep valleys with sedimentary fill of varying depths
add to a very complex picture. The site effect potential should be investigated in
detail, and included in the simulations for a better understanding of the ground
motion distribution. The input models used in the ground motion simulations
(Section 2.1 and Paper 1) can be refined to better match the recorded waveforms
of the 2008 Wenchuan earthquake when they become available to the scientific
community. This concerns e.g. asperity location and variation of the rupture
velocity on the different fault segments, corresponding to higher rupture velocity
on the northern segment, which ruptured with strike-slip mechanism, compared
to the southern segment, rupturing with a thrust mechanism.

The heavily damaged area following the 2008 Wenchuan earthquake will take a
long time to re-build. In some of the visited cities during the field trip in October
2008, “earthquake memorial parks” were planned as memorials and museums for
structural engineers to study types of building damage. This will hopefully
contribute to improved knowledge and building practices in areas with potential
to experience strong ground shaking due to earthquakes.

5.2 Future actions needed in the hazard assessment of izmir

Assessing the seismic hazard through scenario based deterministic methods is
appropriate to apply in areas where the seismic hazard is controlled by single
nearby faults. However, in such a case the earthquake recurrence and its
statistical basis are not recognized. On the other hand, the standard probabilistic
approach ignores fault interaction, stress transfer and fault rupture complexity
due to the fault rupture dynamics and wave propagation. Therefore, in cases, like
zmir, where several active faults exist, having the potential of generating
destructive earthquakes, the seismic hazard must be treated through
methodologies which link the scenario based on deterministic ground motion
simulations with probabilistic seismic hazard assessment.

The earthquake history of Izmir, with three large earthquakes in a period of 90
years followed by a long period of quiescence, indicates fault linkage. Attention
should therefore be given to investigating this problem, and stress transfer
analyses should be conducted for different fault rupture scenarios along the
faults in the area.
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As the results presented in Section 3.3 and in Paper 3 also identified a rupture
along Tuzla fault to pose a threat towards izmir, analyses of the ground motion
variability due to parameter uncertainty should be considered for such a scenario
earthquake. However, there are many faults in the area together with many
population centers and therefore, detailed studies for several rupture scenarios
are important to assess the seismic hazard in the area.

On the northern side of the izmir Bay, Cigli fault crosses the area through
Karsiyaka and the ancient part of izmir. The fault was classified as a non-active
fault by Emre et al. (2005). However, evidence of this fault extending offshore in
the outer Izmir Bay and with small earthquakes offshore, imply possible activity
along this. A rupture along this fault, as a rupture along izmir fault, will have
serious consequences for izmir. The potential ground shaking from such a
scenario earthquake should be investigated.

A preliminary study of the site effect potential for the selected sites within Izmir
was presented in Section 3.5 and Paper 5. This work must be continued and
expanded. A technique based on array measurements of ambient noise is
suggested for obtaining the seismic velocity structure through dispersion curve
inversion. Information on the soil properties is needed in order to treat the
problem of site amplification in a non-linear way, which is needed since large
bedrock ground motions are expected during a future earthquake along izmir
fault.
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Data and Resources

Many of the figures in this text and in the research papers were made using
Generic Mapping Tools (GMT) (Smith and Wessel, 1990; Wessel and Smith,
1998).

The ground motion simulations were calculated with BroadBand Simulation
(BBSIM) program package version 1.2 (Nelson Pulido, personal communication).

In the study presented in Section 3.5 and Paper 5, SEISLOG (Utheim and Havskov,
1998) was used for data acquisition and SEISAN (Ottemoller et al., 2011) was
used for checking and organizing the data. The ambient noise data was processed
using GEOPSY (Wathlet, 2011). SHAKE2000 (Ordoéiiez, 2011) was used in the
modeling of transfer functions.
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