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ABSTRACT

STRONG MOTION SIMULATION BY EMPIRICAL GREEN’S
FUNCTION METHOD FOR BURSA ARMUTLU PENINSULA

According to results of time dependent probabilistic hazard assessments, The fault
segment extending between Gemlik-Bandirma and segment passing through the southern
part of Iznik Lake have potentials of producing a magnitude 7.2+ event with 1000 year
recurrence time and second highest hazard rate in Marmara Region. For future risk

mitigation strategies, it necessitates preparing scenario earthquakes.

Near-field generation of scenario events from mentioned fault segments was
performed at nine BYTNET stations. Horizontal components of records with frequency
range of 0.5-10 Hertz were used. Simulations were performed by using Empirical Green’s
Function Method which essentially uses small events as Green’s function and sums them
up to follow the omega-squared scaling law. Gemlik Earthquake was utilized as Green’s
Function throughout analysis. As an initial calculation focal mechanism of Gemlik

Earthquake was confirmed by simulating it with Mw= 3.3 event.

For scenario case, assumption is that scenarios occur at the same location of Mw=
4.8 event with same focal mechanism. A single asperity model was adopted. Size of
asperities was determined according to stress drop ratio equality between target and
element event. Scenarios were defined by changing rupture initiation points. Near field
effects at each scenario simulation were investigated via observing components
perpendicular and parallel to fault plane. Various empirical attenuation relationships were
compared with simulated peak ground accelerations and velocities. Simulated acceleration
spectra pertaining to fault parallel and normal components were compared with Turkish
Seismic Design Code. Finally, It was observed whether peak values were in harmony with

attenuation curves or not.



OZET

BURSA ARMUTLU YARIMADASI ICIN AMPiRiK GREEN
FONKSIiYONU YONTEMIYLE KUVVETLI YER HAREKETI
BENZESIMI

Probabilistik deprem tehlike analizlerinin sonuglarina gore, Gemlik’den
Bandirma’ya kadar uzanan fay kismi ve Iznik Goliinlin giineyinden gecen fay segmenti
1000 yillik tekrarlama siireciyle 7.2 degerinden daha biiylik depremleri ve Marmara
Bolgesinde ikinci en yiiksek deprem tehlikesi liretme potansiyeline sahiptir. Gelecekte

risk azaltma stratejileri bakimindan, bu durum senaryo depremler hazirlamay1 gerektirir

Bahsedilen fay segmentlerinden senaryo depremlerinin yakin saha iiretimi dokuz
BYT-NET istasyonunda gerceklestirildi. Kayitlarinin yatay bilesenleri 0.5-10 Hz ferkans
araliginda kullanildi. Benzesimler ampirik Green fonksiyon metodu kullanilarak
gerceklestirildi, ki bu metod esasen kiiglik depremleri Green fonksiyonlar1 olarak kullanir
ve omega-kare Ol¢eklendirme kuralini takiben onlar1 toplamak suretiyle bir araya getirir.
Gemlik depremi analiz boyunca Green fonksiyonu olarak kullanildi. Hesaplarda ilk
olarak, Gemlik depreminin odak mekanizmasi moment biyiikliigii 3.3 olan depremle

benzestirilerek teyit edildi.

Senaryo durumu i¢in, senaryo depremlerinin Mw= 4.8 depremiyle ayn1 yerde ve
ayn1 odak mekanizmasiyla olduklar1 kabulii yapildi.Yalniz bir asperity kullanildi. Esas ve
hedef deprem arasindaki esit gerilme diislisii oranina gore asperitilerin bilyiikligu
belirlendi. Senaryolar kirilma baslangi¢ noktasinin degistirilmesi yoluyla tanimlandi. Fay
diizlemine parallel ve dik yondeki bilesenleri gozlemleme yoluyla her bir senaryo
benzesimi i¢in yakin saha yer hareketi etkileri incelendi. Cesitli ampirik azalim
iliskileriyle benzesim sonucu elde edilen maksimum yer ivmeleri ve hizlar karsilagtirildi.

Fay diizlemine paralel ve dik bilesenlere ait benzestirilmis ivme spektrumu Tiirk Deprem
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Yonetmeligiyle karsilastirildi. Sonucta, maksimum degerlerin azalim egrileriyle uyum

icinde olup olmadig1 gozlemlendi.
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1. INTRODUCTION

1.1. Near Fault Ground Motion and Its Characteristics

Ground motions close to a ruptured fault can be significantly different than those
further away from the seismic source. The near-fault zone is typically assumed to be
within a distance of about 20-60 km from a ruptured fault (Stewart et al., 2001). Near-
fault ground motions are different from ordinary ground motions in that they often contain
strong coherent dynamic long period pulses (near-field motions exhibit distinct lower-
frequency pulses) and permanent ground displacements. The dynamic motions are
dominated by a large long period pulse of motion that occurs on the horizontal component
perpendicular to the strike of the fault, caused by rupture directivity effects. These pulses
can place very high demand on certain types of buildings and other structures. Within
near-fault zone, ground motions are significantly influenced by the rupture mechanism,
the direction of rupture propagation relative to the site, and possible permanent ground
displacements resulting from the fault slip. These factors result in effects termed herein as
“rupture-directivity” and “fling step.” The estimation of ground motions close to an active
fault should account for these characteristics of near-fault ground motions. Near-field
effects include “directivity pulse” (wave field buildup in the direction of rupture
propagation), “fling step” (motions very near the fault trace associated with permanent
offset of the ground surface), and the polarization (radiation pattern) of energy release that
causes different motions to occur in the strike-parallel and strike-normal directions. In
earthquake engineering, the terms “directivity” and “fling” have been wused
interchangeably. Both effects result in large velocity pulses in the near fault ground
motion, but they have very different causes. Directivity effects result from constructive
interference of ground motions generated from different patches of slip located down
strike for strike-slip faults or down dip for dip-slip faults (Somerville et al., 1997). Fling
effects result from tectonic deformation at the site and are related to the slip on the fault

near the site. Fling can lead to very large velocities and displacements.



Near-field ground motions include large pulses that may greatly amplify the
dynamic response of long period structures, particularly if structures are called upon to
respond inelastically to earthquake ground motion. Pulses will amplify the maximum
interstory drift for elastic structures, and more so for inelastic structures. The amplified
interstory drifts may impose excessive deformation demands on elements, which in turn

may lead to incremental (P-delta) collapse.

1.2. Near Fault Effects

1.2.1. Rupture Directivity Effects

The effects of rupture directivity on near-fault ground motions have been
recognized by strong-motion seismologists for several decades. An earthquake is a shear
dislocation that begins at a point on a fault and spreads at a velocity that is almost as large
as the shear wave velocity. The propagation of fault rupture toward a site at a velocity
close to the shear wave velocity causes most of the seismic energy from the rupture to
arrive in a single large pulse of motion that occurs at the beginning of the record
(Archuleta and Hartzell, 1981; Somerville et al., 1997). This pulse of motion represents
the cumulative effect of almost all of the seismic radiation from the fault. The radiation
pattern of the shear dislocation on the fault causes this large pulse of motion to be oriented
in the direction perpendicular to the fault, as illustrated schematically in Figure 1.1 for
strike-slip faulting. This causes the strike-normal ground motions to be larger than the
strike-parallel ground motions at periods longer than about 0.5 seconds. To accurately
characterize near fault ground motions, it is therefore necessary to specify separate
response spectra and time histories for the fault normal and fault parallel components of

ground motion.
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Figure 1.1. Schematic map view of the radiation pattern for a vertical strike-slip fault and

its effect on near-fault ground displacements (Somerville et al., 1995)

Forward rupture directivity effects occur when two conditions are met: the rupture
front propagates toward the site, and the direction of slip on the fault is aligned with the
site. The conditions for generating forward rupture directivity effects are readily met in
strike-slip faulting, where the rupture propagates horizontally along strike either
unilaterally or bilaterally, and the fault slip direction is oriented horizontally in the
direction along the strike of the fault. However, not all near-fault locations experience
forward rupture directivity effects in a given event. Backward directivity effects, which
occur when the rupture propagates away from the site, give rise to the opposite effect:

long duration motions having low amplitudes at long periods, as shown in Figure 1.2.
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Figure 1.2. Map of the Landers region showing the location of the the rupture
(Wald and Heaton, 1994)

The conditions required for forward directivity are also met in dip slip faulting. The
alignment of both the rupture direction and the slip direction updip on the fault plane
produces rupture directivity effects at sites located around the surface exposure of the
fault (or its updip projection if it does not break the surface). Unlike the case for strike-
slip faulting, where forward rupture directivity effects occur at all locations along the fault
away from the hypocenter, dip slip faulting produces directivity effects on the ground
surface that are most concentrated in a limited region updip from the hypocenter. For this
reason, rupture directivity effects in the 1999 Chi-Chi earthquake were confined to
stations such as Tsaotun (TCUO075) and Mingchien (TCU129), which are located updip
from the hypocenter along the southern part of the fault rupture.

For moderate magnitude earthquakes, near-field ground accelerations, velocities,
and displacements, can be quite high especially toward the direction of propagation of
fault rupture. Peak accelerations can exceed 1g, while peak velocities may exceed 1.5

m/sec, and peak displacements can exceed one meter.



1.2.2. Fling Step Effects

The effects of fling step ground motions on the structural performance of buildings
have received less attention than the effects of rupture-directivity. Recent earthquakes in
Turkey and Taiwan have highlighted the importance of permanent ground deformation
associated with surface rupture on the performance of buildings and lifelines that cross, or
are situated close to, active fault traces. The effects of surface fault rupture are commonly
evaluated as pseudo-static ground deformations that are decoupled from the ground
shaking hazard. Distinct offsets across ruptures, differential settlement, ground warping,
ground cracking, and extensional and compressional horizontal ground strains are the
focus of these evaluations, as differential ground movements and ground strains are most
damaging to overlying structures. As pointed out by numerous researchers (e.g., Byerly
and DeNoyer, 1958; Bray et al., 1994 and Lazarte et al., 1994), significant ground
deformation can occur away from the primary trace of the ruptured fault, so tectonic
deformation associated with surface fault rupture can affect structures located some
distance from the fault (although there are also many cases where relative ground

displacements are restricted to a fairly narrow zone along the main fault trace).

Fling step, being a result of a static ground displacement, is generally characterized
by a unidirectional velocity pulse and a monotonic step in the displacement time history.
The discrete step in the displacement time history occurs parallel to the direction of fault
slip (i.e., along strike for strike-slip events and along dip for dip-slip events). To gain a
sense of the magnitude of the fling step displacement that may be present in near-fault
records, the compilation of empirical data by Wells and Coppersmith (1994) provides a
useful starting point. For all fault types, the maximum fault displacement (MD) in meters

can be related to the moment magnitude (M) of the event through the regression equation

log,, (MD) = -5.46 + 0.82 M (1.1)

where the standard deviation for this estimate is 0.42 (in log,, units). The magnitude

range over which Equation 1.1 applies is M= 5.2-8.1, and the range of MD is 0.01 m to
14.6 m. The estimate of fault displacement is somewhat dependent on fault type, and

regression coefficients are given for strike-slip and normal faults separately in Wells and



Coppersmith (1994). Regressions on reverse fault data set were not statistically
significant. The maximum fault displacement occurs at one point along the fault with the

amount of fault displacement varying along the fault trace.

The average fault displacement (AD) for all fault types is

log,, (AD) = -4.80 + 0.69 M (1.2)

where the standard deviation for this estimate is 0.36 (in log;o units). The magnitude range
for these events is M= 5.6-8.1. In general, the average displacement along the surface
fault rupture is about half of the maximum displacement, although this ratio varies

significantly.

Strong fling effects were observed in the near fault ground motions from the 1999
Turkey and Taiwan earthquakes. For example, the very large velocities (300 cm/s)
recorded at the northern end of the Chilungpu fault during the Chi-Chi earthquake were
due to fling effects. If the fling effect is separated out from these recordings, the peak
velocity of the remaining ground motion due to transient displacement is reduced to about

90 cm/s.

A preliminary model of the fling is developed based on a single sine-wave cycle to
model the fling in acceleration. There are three parameters for this model: the amplitude
of the sine-wave, the period of the sine-wave, and the arrival time of the fling. The
amplitude is determined using empirical models of tectonic deformation based on
geodetic data. The period is based on empirical observations of fling from the 1992
Landers, 1999 Chi-Chi and 1999 Kocaeli earthquakes. The arrival time of the fling pulse

is just before the S-wave arrival.

Existing ground motion attenuation relations do not include fling effects. A separate
ground motion model needs to be developed for the fling. The total ground motion is then
computed by combining the ground motion from attenuation relations with the ground

motion from the fling.



An important outstanding question is does the fling have a significant effect on the
response of structures. Incorporating the fling into the ground motion adds complexity to
the development of the ground motion. It has not yet been determined which classes of
structures are affected by the fling that would justify the additional complexity in the

development of the design ground motions.

1.3. Orientation of Dynamic and Static Near Fault Ground Motions

Figure 1.3 schematically illustrates the orientations of dynamic and static near fault
ground motions. The strike-slip case is shown in map view, where the fault defines the
strike direction. The rupture directivity pulse is oriented in the strike-normal direction and
the static ground displacement (“fling step”) is oriented parallel to the fault strike. The
dip-slip case is shown in vertical cross section, where the fault defines the dip direction;
the strike direction is orthogonal to the page. The rupture directivity pulse is oriented in
the direction normal to the fault dip, and has components in both the vertical direction and
the horizontal strike normal directions. The static ground displacement is oriented in the
direction parallel to the fault dip, and has components in both the vertical direction and

the horizontal strike normal direction.

Figure 1.4 schematically illustrates the partition of near fault ground motions into
the dynamic ground motion, which is dominated by the rupture directivity pulse, and the
static ground displacement. For a strike-slip earthquake, the rupture directivity pulse is
partitioned mainly on the strike-normal component, and the static ground displacement is
partitioned on the strike-parallel component. If the static ground displacement is removed
from the strike-parallel component, very little dynamic motion remains. For a dip-slip
earthquake, the dynamic and static displacements occur together on the strike-normal
component, and there is little of either motion on the strike-parallel component. If the
static ground displacement is removed from the strike-normal component, a large

directivity pulse remains.
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Figure 1.3. Schematic diagram showing the orientations of fling step and directivity pulse

for strike-slip and dip-slip faulting (Somerville, 2002)
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1.4. Parameterization of Near-Fault Ground Motion

Somerville et al. (1997) parameterized the conditions that lead to forward and
backward-directivity. As shown in Figure 1.5, the spatial variation of directivity effects
depends on the angle between the direction of rupture propagation and the direction of

waves traveling from the fault to the site (@ for strike-slip faults, and ¢ for dip-slip

faults), and on the fraction of the fault rupture surface that lies between the hypocenter
and the site (X for strike-slip faults and Y for dip-slip faults). More significant forward-
directivity results from smaller angles between the site and fault and for larger fractions of
ruptured fault between the site and hypocenter. It should be noted that even when the
geometric conditions for forward directivity are satisfied, the effects of forward directivity
may not occur. This could happen if a station is at the end of a fault and rupture occurs
toward the station but slip is concentrated near the end of the fault where the station is

located.

To account for directivity effects, Somerville et al. (1997) correlated the residuals of
response spectral ordinates (at five per cent damping) to the geometric parameters defined
in Figure 1.5, with the results shown in Figure 1.6. The ground motion parameters that are
modified are the average horizontal response spectra and the ratios of fault-normal to

fault-parallel response spectra (Stewart et al., 2001).
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Figure 1.6. Predictions from the Somerville et al. (1997) relationship for varying

directivity conditions

1.5. Development of an Improved Representation of Near-Fault Ground Motions

An improved representation of near-fault ground motions for use in building codes
is developed by Somerville (1998). Currently, all seismic design guidelines and codes
specify design ground motions using the response spectrum. The effect of forward rupture
directivity on the response spectrum is to increase the level of the response spectrum of
the horizontal component normal to the fault strike at periods longer than 0.5 seconds
(Somerville, 1996; Somerville et al., 1997). This causes the peak response spectral
acceleration of the strike-normal component to shift to longer periods, for example from
0.25 seconds to as much as 0.75 seconds (Somerville, 1998). Near fault effects cannot be

adequately described by uniform scaling of a fixed response spectral shape; instead the
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shape of the spectrum becomes richer in long periods as the level of the spectrum

increase.

Although the response spectrum provides the basis for the specification of design
ground motions in all current design guidelines and code provisions, there is a growing
recognition that the response spectrum alone does not provide an adequate
characterization of near-fault ground motions. For example, a broad consensus was
reached at the NCEER Workshop on National Representation of Seismic Ground Motion
for New and Existing Highway Facilities, held in San Francisco on May 29-30, 1997, that
the response spectrum alone does not provide an appropriate characterization of near-fault
ground motions for the design of bridges. This is because near fault ground motions are
characterized by a relatively simple long period pulse of strong motion having relatively
brief duration, rather than by a stochastic process having relatively long duration the
characterizes more distant ground motion. Unlike the case for more distant ground
motion, the resonance phenomenon that the response spectrum is designed to represent
has insufficient time to build up when the input is a near-fault pulse. The response
spectrum is thus not capable of adequately describing the seismic demands presented by a

near-fault pulse.

Current trends in the development of future building codes have all embraced the
concept of performance based design, and conceptual frameworks of that approach have
been developed by SEAOC Vision 2000 and FEMA-273. Since the goal of performance
based design depends heavily on realistic specification of ground motion inputs and
realistic models of building response, it is clear that some alternative approach needs to be
developed for specifying near-fault ground motions for seismic design. The new approach
that has been developed has the goal of supplementing the response spectrum with time
domain parameters such as the period and amplitude of the near-fault pulse. These ground
motion parameters have been identified as being important for predicting damage to

structures.
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1.6. Various Relations in Near-Field Ground Motion

1.6.1. Relationship between Pulse Period and Rise Time

It is expected that the period of the pulse is most strongly influenced by the rise time

T, of slip on the fault, which measures the duration of slip at a single point on the fault.

Somerville et al. (1999) found a self-similar relation between rise time and magnitude

from an empirical analysis of 15 crustal earthquakes:

log,, T, =-3.34+0.5M (1.3)

The self-similar relation between pulse period and magnitude obtained above is:

log,, T,=-3+0.5M (1.4)

Eliminating M from these two equations, the period T, of the pulse is related to

the rise time T, that is found by the relation:

T,=22 T, (1.5)

The period of the pulse is thus equal to about twice the rise time of slip on the fault.
This is consistent with the fact that the rise time is a lower bound on the period of the
pulse. If the fault were a point source, then the only source parameter that would
contribute to the period of the pulse would be the rise time, and the period of the pulse
would equal the rise time if wave propagation effects ignored. Since the fault is actually
finite, and the rupture velocity is less than the shear wave velocity, the finite apparent

duration of the rupture also contributes to the widening of the pulse.

1.6.2. Dependence of Rise Time (and pulse period) on Style of Faulting

Analyses performed by Professor Krawinkler (Krawinkler and Alavi, 1998)

demonstrate that the period of the near-fault pulse has a strong influence on the demands
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on the structure. The period of the pulse is directly related to the rise time. It is found that
a correlation between rise time and faulting mechanism may explain the style-of-faulting
factor. For a given seismic moment, the rise times for reverse earthquakes are on average
about half as long as those for strike-slip earthquakes. Strong ground motion simulations
show that halving the rise time causes an increase in ground motion amplitudes. This
increase is consistent with the style of faulting factor in empirical strong motion
attenuation relations, in which ground motions for reverse earthquakes typically exceed
those for strike-slip earthquakes. Thus the larger ground motion levels in thrust faulting
may be due to a shorter rise time. The shorter rise times of the reverse faulting events are
manifested in the velocity response spectrum by a peak or plateau occurring at a shorter

period than for strike-slip faults (Somerville, 1998).
1.6.3. Importance of Multiple Pulses

Structural response analyses by Professor Krawinkler (Krawinkler and Alavi, 1998)
using simple input pulses show that the response grows rapidly with the number of half-
cycles of input motion. The presence of multiple pulses in the velocity time history can
thus dramatically increase the damage potential of the ground motions. For example, the
destructiveness of the ground motions from the 1995 Kobe earthquake was accentuated by
the presence of two consecutive pulses in the recorded velocity waveforms. Some

recordings of the 1994 Northridge and 1989 Loma Prieta earthquakes also contained

velocity pulses having more than the 1 to 1% cycles that characterize the simplest pulses
recorded in other earthquakes. This indicates the need to identify the conditions that give
rise to multiple pulses in near-fault ground motions. A preliminary review indicates that
they may be due to multiple asperities on the fault rupture plane, and that their occurrence
depends on the relative location of the hypocenter, of asperities on the fault, and of the

recording site.
1.7. Magnitude Scaling of Response Spectra of Near Fault Ground Motions
Strong motion recordings of the recent large earthquakes in Turkey and Taiwan

confirm that the near fault pulse is a narrow band pulse whose period increases with

magnitude. The period of the near fault pulse is related to source parameters such as the
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rise time (duration of slip at a point on the fault) and the fault dimensions, which generally
increase with magnitude. These recent earthquakes also have surprisingly weak ground
motions at short and intermediate periods (0.1 to 3.0 seconds), weaker than those of
smaller (magnitude 6 % - 7.0) earthquakes. Near fault ground motions containing forward
rupture directivity may be simple enough to be represented by simple time domain pulses.
The narrow band nature of these pulses causes their elastic response spectra to have peaks
whose period increases with magnitude. The elastic spectra of near-fault recordings of
earthquakes with magnitudes 6.75 to 7.0 are much stronger than those of the larger
earthquakes (magnitudes 7.25 to 7.5) in the intermediate period range of 0.5-2.5 sec, but
are weaker at longer periods. These observations require reevaluation of the magnitude
scaling in current models of near fault ground motions and in current source scaling

relations (Somerville et al., 1999).

1.8. Ground Motions from Surface and Subsurface Faulting

The recent Turkey and Taiwan earthquakes have surprisingly weak ground motions
at short and intermediate periods (0.1 to 3.0 seconds), about 40 per cent weaker than those
of current empirical ground motion models. The recent large earthquakes in Turkey and
Taiwan, which caused large surface ruptures, have surprisingly weak ground motions at
short and intermediate periods. These new observations are consistent with previous
earthquakes that the strong ground motions of earthquakes that produce surface faulting
are weaker than the ground motions of events whose rupture is confined to the subsurface.
The rupture of the 1989 Loma Prieta and 1994 Northridge earthquakes stopped at depths
of several km below the surface. Although there was some surface faulting on Awaji
Island during the 1995 Kobe earthquake, the strong motion recordings of the Kobe event
were dominated by subsurface faulting on the Suwa and Sumayama faults. Thus the
earthquakes in the magnitude range of 6.7 — 7.0 characterized by subsurface faulting,
while all of the earthquakes in the magnitude range of 7.2 to 7.6 are characterized by large
amounts of surface faulting (Somerville, 2003). Consequently, some of the differences
may be attributable not only to magnitude effects, but to the effects of buried faulting.
Indeed, at short and intermediate periods, the ground motions from earthquakes that

produce large surface rupture appear to be systematically weaker than those whose
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rupture is confined to the subsurface, although current empirical ground motion models do

not distinguish between these different categories of earthquakes.

Information about near fault effects can be summurized as follows:

Near Fault Effects

e Directivity

— Related to the direction of the rupture front
e Forward directivity: rupture toward the site (site away from the epicenter)
e Backward directivity: rupture away from the site (site near the epicenter)
e Fling

— Related to the permanent tectonic deformation at the site

Velocity Pulses

e Forward Directivity
— Two-sided velocity pulse due to constructive interference of SH waves from
generated from parts of the rupture located between the site and epicenter
e Constructive interference occurs if slip direction is aligned with the rupture
direction
e Occurs at sites located close to the fault but away from the epicenter for strike-slip
e Fling
— One-sided velocity pulse due to tectonic deformation

— Occurs at sites located near the fault rupture independent of the epicenter location

Table 1.1. Observations of directivity and fling

Sense of Slip Directivity Fling
Strike-Slip Fault Normal | Fault Parallel
Dip-Slip Fault Normal | Fault Normal

1.9. Scope, Objective and Goals

The major goal of this study was to investigate the methodology, applicability scope

of empirical Green’s function method in near field ground motion simulation by handling
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the Gemlik Bay earthquake, the area of Armutlu Peninsula and field-test the methodology
for this task. In addition, it was to observe that how graphs that were drawn according to
simulated values obtained by changing some source parameters were influenced by the
near-field strong ground motion effects. In order to fulfill this general goal, the following

objectives are aimed:

e To do a literature review about near-field ground motion, its characteristics, effects
and simulation methods

e To gather and review the available information about concerned area, Gemlik
earthquake and recording stations

e To investigate the site by using H/V method

e To confirm focal mechanism of Gemlik earthquake via performing test simulation

e To get information about up-to-date empirical attenuation relationships (next

generation attenuation)
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2. GENERAL INFORMATION ABOUT GROUND
MOTION SIMULATION

2.1. Ground Motion Simulation

If strong motion recordings are unavailable for a particular earthquake engineering
application, simulated earthquake motions are utilized. Strong motion recordings may not
be available for some geographical regions where recordings are meager or for particular
magnitude and distance ranges that may be within the scope of a project. In both cases,
simulated earthquake motions stand for synthetic data which can supplement recorded
motions. Earthquake ground motion results from a complex physical system which
involves three processes: The strain energy released due to the rupture of an active
geologic fault (earthquake source process) generate seismic waves; the subsequent
propagation of the seismic waves through the earth’s crust (wave propagation) and the
approach of the seismic waves to the surface of the earth, where they are further modified
during their propagation through shallow soils (shallow soil response). These three
processes give rise to complex earthquake ground motions, with basically different

characteristics in the short-period and long-period ranges.

Generally, it is recognized that long-period motions are deterministic since their
waveforms and spectral contents can be reasonably predicted with the use of
seismological models that do not include any stochastic element either in the input or the
theoretical formulation. It is relatively difficult to achieve matches to the high frequency
waveforms of earthquake motions with the use of a deterministic approach since source
radiation and wave propagation become progressively more incoherent at short periods on
account of some diminutive heterogeneities in the earthquake source process and crustal

properties. In short, the behavior of the observed high-frequency motions is stochastic.
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2.1.1. Earthquake Source Processes

The basic framework for modernized seismic source modeling of tectonic
earthquakes is provided by the elastic rebound theory proposed by Reid (1911).
According to Reid’s (1911) theory, rupture takes place when stress accumulation on a
fault reaches the point which exceeds the shear strength of the rock, resulting in rapid
rupture across the fault. The point where the rupture begins is called hypocenter. The
rupture then propagates across the fault surface. The propagation speed is typically less
than or close to shear wave velocity of the rock. Slip at a particular point on the fault takes
place when the rupture front passes that point, and the duration of the slip’s reaching its
final value and stopping is a finite amount of time. The rise time is defined as the time
between the initiation and termination of the slip. A kinematic source model is typically
utilized in a simulation procedure in order to describe such a fault slip process. Rupture
geometry (rupture area, fault strike, and fault dip), rupture nucleation point, rupture
velocity, slip direction (rake angle), and a slip-time function form the key parameters of a

kinematic source model.

2.1.2. Point Source or Finite Source

The fault slip process is finite in both time and space. A finite source is necessary
when a site is located a few fault lengths from the source of a strong earthquake.
However, a point source in space may be assumed rather than a finite source at
considerable distances from the fault, and/or for small-magnitude earthquakes. The
assumption of a point source model is advantageous over using a finite source model in

that it is computationally less demanding (Stewart et al., 2001)

2.2. Simulation Methods

Three different approaches can be used to simulate ground motion generated by an
earthquake. A fourth approach which is a combination of the three approaches is also
available. Stochastic simulation is the first approach which is used to simulate high

frequency ground motion while deterministic approach is the second one for simulating
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low frequency motion. Third one is Empirical Green’s function method. Hybrid method is

a combination of these three methods, taking the advantage of them.

2.2.1. Stochastic Method

As mentioned before, high frequency accelerations are very incoherent, and they
result from rupture irregularities, heterogeneous co-seismic slip distribution and
irregularity of the fault geometry, propagation transfer, and abrupt changes in rupture
velocity and slip amplitude. It is not possible to know and predict these irregularities and
hence, which is why it is difficult to model them by deterministic method. Thus, the use of
stochastic models account for the incoherence of ground accelerations in strong ground
motion simulations. The work of Hanks and McGuire (1981) forms the basis of the
stochastic method. Hanks and McGuire (1981) combined seismological models of the
spectral amplitude of ground motion with the engineering approach that high-frequency
motions are intrinsically random (Hanks and McGuire, 1981). Filtering and windowing
the white-noise time series in accordance with seismologically determined average spectra
and duration is traditionally accomplished in stochastic simulation (Boore, 1983). This is
a common and practical method for simulating higher-frequency motions; nevertheless, it

lacks low frequency information.

2.2.2. Deterministic Method

A variety of methods have been used to achieve deterministic simulation of strong
ground motion. Virtually, in all of these deterministic methods, the source function is
convolved with synthetic Green’s functions in order to produce the motion at ground
surface. Discrete wave-number method, three-dimensional finite difference method,
indirect boundary element method, modal summation method, ray theory, 2.5-D discrete
wave number-boundary integral equation method, 2.5-D pseudo spectral method, and 2.5-

D finite difference method are some of the deterministic methods.
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2.2.3. Empirical Green’s Function Method

The general concept of the empirical Green’s function method (Hartzell, 1978) is to
account for realistic path and site effects by using observed records of so-called subevent
small earthquakes originating within the rupture area of the simulated large earthquake,
which can individually represent heterogeneities, asperities, etc. For the validity of this
approach, all subevents must have focal mechanisms similar to that of the simulated main
event. That is, empirical Green’s function methods use micro earthquakes as point
dislocation Green’s functions, assuming that the focal mechanisms and propagation paths
of the small and large earthquakes are identical. The method is valid up to the corner
frequency of small earthquakes used in the simulation of large earthquakes, and depends

on the availability of micro earthquake data.

Since the method utilizes real recordings associated with a subsection of a fault,
small event data already contain all the information about the physical processes involved
in the problem, such as source effects, seismic energy radiation, anelastic wave
propagation, scattering by random heterogeneities, the effect of the Earth’s surface, and
local site effects. The main shock or a future large event expected on the fault is found by
moment scaling of small events, correction for radiation pattern, introducing a lag time for
modeling of rupture propagation along the fault, and possibly a correction for site
conditions if the original data are from sites with different site conditions (Erdik and

Durukal, 2002).

2.2.4. Hybrid Method

It is not possible to extend deterministic predictions into the frequency regions
above 3- 4 Hz, because the heterogeneities in the fault rupture, which are impossible to be
accounted through a deterministic manner, control high frequency ground motions. Thus,
either the stochastic source models or the stochastic treatment of the high frequency
component of the ground motion is necessary for this. Hence, in order to simulate strong
ground motion, hybrid methods are developed. Thereby, ground motions are computed
separately in the short and long period ranges, and they are combined into a single time

history using matched filters. It is thought that the transition from the deterministic to
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stochastic behavior is associated with source radiation and wave propagation conditions,
which are coherent at long periods and incoherent at short periods. There are several
hybrid techniques proposed. The finite fault methodology of Hartzell and Heaton (1983)
was combined by Wald et al. (1997) for long period deterministic simulation of ground
motion with actual acceleration recordings. The low frequency part was simulated by
Papageorgio et al. (1997) with the use of the discrete wave number method of Bouchon
(1979). Besides, Papageorgio et al. (1997) used an empirical Green’s function method in
order to simulate intermediate and high frequencies, and superposed the two. Moreover,
low frequency motions for point sources are calculated numerically by Irikura and Kamae
(1996), who found corresponding high frequency motions following Boore (1983). Irikura
and Kamae (1996) combined the two and determined ground motions caused by a large
earthquake by summing these hybrid Green’s functions with regard to the empirical
Green’s function method. A similar study was made by Pitarka et al. (2000) who added
the effect of radiation pattern to the stochastic Green’s function. Hutchings et al. (1997)
combined synthetic Green’s functions computed by Kennett’s (Kennett, 1983) reflectivity
code through empirical Green’s functions in order to synthesize strong ground motion
along the Sanyi-Tungshih-Puli seismic zone. The hybrid broadband simulation procedure
adopted by Pitarka et al. (2000) involves the source as an empirical source time function.
A theoretical representation of radiation pattern, rupture directivity and wave propagation
effects are included in Green’s function computations to achieve low frequency

simulation. Stochastic techniques are used for higher frequency simulations.
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3. INFORMATION ABOUT GEMLIK EARTHQUAKE, MARMARA
REGION, STATIONS AND SITE INVESTIGATION

3.1. Information about Gemlik Earthquake

Gulf of Gemlik Earthquake occurred at the west of Iznik Lake and south of the
Armutlu Peninsula on October 24, 2006 had a moment magnitude of 4.8 with 20 km depth
(according to determination of KOERI). Gemlik Earthquake was recorded by nine
BYTNet stations (BYTO1, BYT02, BYT04, BYTO05, BYT06, BYT07, BYT08, BYT11
and BYT12).

Moment tensor solutions for Gemlik Earthquake were obtained from

web page http://www.emsc-csem.org/index.php?page=current&sub=rawmt&id= GASU9
via European-Mediterranean Seismological Centre (EMSC). EMSC moment tensor
solutions are provided by ETHZ (Swiss Seismological Service Institute of Geophysics,
ETH-Zurich), KOERI (Kandilli Observatory and Earthquake Research Institute), NOA
(National Observatory of Athens Institute of Geodynamics), and INGV-MEDNET
(Istituto Nazionale di Geofisica e Vulcanologia) as presented in Table 3.1 and depicted in
Figure 3.1. Figure 3.1 was downloaded from web page of EMSC (http://www.emsc-
csem.org/index.php?page=current&sub=indepth&id=0OF512;INFO).

Table 3.1. Moment tensor solutions provided by ETHZ, KOERI, NOA and INGV-

MEDNET
EMSC Moment Tensor INGV-
Solutions ETHZ KOERI NOA MEDNET
GULF OF GEMLIK
EARTHQUAKE 14:00:20.8 14:00:21 14:00:21 14:00:37
Date (10/24/2006)
Latitude
Coordinates of 40.40N 40.421N 40.52N 40.32N
the epicenter Longitude
29.00E 28.996E 29.24E 28.25E
Depth(km) 25 20 5 12
Moment Magnitude M =515 M =4.78 M, =5.10 M, =49
Strike 250 316.83 125 226
Plane Dip 32 86.55 40 69
Rake -144 156.91 -30 -179
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Figure 3.1. EMSC moment tensor solutions

In a study by some geophysicists of Kocaeli University (Irmak et al., 2007) focal
mechanism was given as strike-slip, strike 14, dip 71 and rake -12. As it is going to be
described in the next section test simulations were performed by using the focal
mechanisms determined by KOERI and Kocaeli University geophysicists (Irmak et al.,
2007) and real record figures and synthetic figures drawn after simulations were
compared. As a result of this comparison scenario simulations were started taking the

focal mechanism proposed by KOERI as basis.

For Gemlik Earthquake recorded by nine BYTNet stations, Band-pass filtering was
applied to the records for the frequency intervals [0.5-2] Hz and [1-5] Hz. Instantaneous
and sharp peaks were investigated in a short time interval of the records through the plots
produced with these frequency intervals. As it is known, in short time interval hard
grounds give instantaneous and sharp peaks. It is wanted to obtain information by looking
at the general trends of the plots. Instantaneous and sharp peaks in short time intervals

cannot be observed for soft grounds. Given in Appendix A are the figures generated with
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the data of Gemlik Earthquake which were band-pass filtered for [0.5-2] and [1-5] Hz.

intervals. In these figures, X and Y axes show the time (sec) and numerical values

belonging to acceleration in cm/s?, velocity in cm/s and displacement in cm,

respectively.
3.2. Information about Marmara Region

Since there is not information in the literature about the tectonic properties,
seismicity and hazard assessment for the region of Armutlu Peninsula, information about
the Marmara Region is going to be given. In the prospect of the studies performed in the
Marmara Region, it has been tried to obtain a general knowledge about the region where

Gemlik Earthquake occurred.
3.2.1. Tectonic Properties of the Marmara Region

Western portion of the North Anatolian Fault Zone (NAFZ) controls the tectonic
regime in the Marmara region. West of 31.58E toward the Marmara Sea region (Mudurnu/
Akyaz1) the NAFZ begins to loose its single fault line character and splays into a complex
fault system. Based on low-resolution bathymetric data and earthquake occurrences,
several researchers have developed different tectonic models for Marmara Sea (Pinar,

1943; Barka and Kadinsky-Cade, 1988; Crampin and Evans, 1986).
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Figure 3.2. Comparison of the structural models suggested for the Marmara Region

(Erdik et al., 2004)

The active tectonic map of the region prepared by the General Directorate of
Mineral Research and Exploration (MTA) Turkey is given in Figure 3.3. Le Pichon et al.
(1999) developed a fault model based on the data collected in 1997 by the ship ‘MTA
Sismik-1°. Data obtained during the recent high-resolution bathymetric survey of the

Ifremer RV Le Suroit vessel indicates that a single, thoroughgoing strike-slip fault system
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(Main Marmara Fault) cuts the Marmara Sea from east to west joining the 17.8.1999
Kocaeli earthquake fault with the 9.8.1912 Sarkoy-Miirefte earthquake fault (Le Pichon et
al., 2001) as in Figure 3.4.
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Building upon and reinterpreting the extensive studies conducted, the tectonic
evolution of the Marmara Sea region is defined as the superposition of two different aged
fault systems. These are the early Miocene—early Pliocene Thrace—Eskisehir Fault Zone
and its branches and the late Pliocene—recent NAF and its branches. The northwest—
southeast trending Thrace—Eskisehir fault is a major dextral strike-slip system, which was
active during the early Miocene—early Pliocene. It has been divided into four parts by the
NAF at the end of the late- Pliocene. This event marked the initiation of the late
neotectonic period. During that period the NAF extended westward as a number of splays
by joining the Ganos, Bandirma-Behramkale and Manyas—Edremit Fault Zones. The
connection of the northern branch of the NAF to the Ganos Fault Zone in the west caused
the development of a single buried fault in the Marmara Sea and the formation of the
troughs and ridges, superimposed onto the negative flower structure formed by the Ganos
fault in the early neotectonic period. The middle strand extends East-West from Iznik
Lake to Bandirma and connects to the N608E-trending Bandirma—Behramkale zone and
turns southward near Bandirma. The southern branch of the NAF connects to the
Manyas—Edremit Fault zone, forming three pull-apart basins along Yenisehir, Bursa and
Manyas segments. The branches of the NAF cut the Thrace-Eskisehir fault at three places:
the East Marmara Sea region, in Gemlik Bay and to the East of Bursa. The lateral offsets
at those locations which amount to 58-59, 7-8 and 10-11 km respectively give a clear
idea about the relative displacements and slip rates along each of the three branches of the
NAF in the Marmara Sea region. Based on recent findings it has been developed a fault
segmentation model for the Marmara Sea region. This model is based on the tectonic
model of the Marmara Sea, defining the Main Marmara fault, a thoroughgoing dextral

strike-slip fault system, as the most significant tectonic element in the region.
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Figure 3.5. Tectonic map of Marmara region compiled from various studies

(Yaltirak, 2002)

The segmentation provided relies on (Le Pichon et al., 2001) discussion of several
portions of the Main Marmara Fault based on bathymetric, sparker and deeptowed seismic
reflection data and interprets it in terms of fault segments identifiable for different
structural, tectonic and geometrical features. From east to west the Main Marmara fault
cuts through Cinarcik, Central and Tekirdag basins, which are connected by higher lying
elements. The fault follows the northern margin of the basin when going through the
Cmarcik trough in the northwesterly sense, makes a sharp bend towards west to the south
of Yesilkoy, entering central highs, cuts through the Central basin and alternates in this

manner until it reaches the 1912 Miirefte—Sarkdy rupture.
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Figure 3.6. Fault segmentation model proposed for the Marmara region

(Erdik et al., 2004)

3.2.2. Seismicity of the Marmara Region

For more than two millennia the Marmara region has been the crossroads between
east and west. Being a continuously populated region and having as its center Istanbul, the
capital of both Byzantine and Ottoman empires, the historical seismic records are
continuous and assumed to be complete (Erdik et al., 2004). The long-term seismicity of
the Marmara region is illustrated in Figure 3.7. Earthquake records spanning two
millennia indicate that, on average, at least one medium intensity (Ip= VII-VIII)
earthquake has affected Istanbul in every 50 years. The average return period for high
intensity (Ip=VII-IX) events has been 300 years. Ambraseys (2002) states that: there has
not been any earthquake that ruptured the entire length of the Main Marmara Fault from
Gulf of Izmit to Gulf of Saros; the seismicty accounts for all of the expected 2.2 cm/year
slip and; there is a time dependence of seismic activity that should be accounted in

earthquake hazard assessments.
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Figure 3.7. The long-term seismicity of the Marmara region (Erdik et al., 2004)

Recent studies conducted after the 1999 Kocaeli (My, = 7.4) and Diizce (M, = 7.2)
earthquakes indicate (assuming that the stress regime in the Marmara Sea remains
unchanged) about 65 per cent probability for the occurrence of an My, > 7 magnitude
earthquake affecting Istanbul which is the most critical region. The earthquake damage
experienced by regional cities as well as by the historical structures in Istanbul has been
well documented. It is known that the 1470-year old Hagia Sophia Museum was strongly
and repeatedly affected by the earthquakes that took place in the region and was
subsequently repaired after every damaging earthquake. Compared to seismic activity in
the Marmara region during the past two millennia, the 20" century has been relatively
active with five earthquakes of Ms > 7.0 (9.8.1912 Ms = 7.3, 18.3.1953 Ms = 7.1,
26.5.1957 Ms = 7.2, 22.7.1967 Ms = 7.2 and 17.8.1999 Ms = 7.4) (Erdik et al., 2004).
The association of earthquakes between 1500 to present with the segmentation proposed

for the North Anatolian Fault in the Marmara Region is given in Table 3.2.
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Table 3.2. Association of earthquakes between 1500-present with the segmentation

proposed for the North Anatolian fault in the Marmara region (Erdik et al., 2004)

Earthquake Fault Segment
10.9.1509 (Ms=17.2) 7,8

10.5.1556 (Ms=7.2) 9

25.5.1719 (Ms=7.4) 2,3,4,5
6.3.1737 (Ms=17.2) 43

2.9.1754 (Ms=6.8) 6

22.5.1766 (Ms=17.1) 7,8

5.8.1766 (Ms=7.4) 11

28.2.1855 (Ms=17.1) 40

10.7.1894 (Ms=7.3) 3,4,5

9.8.1912 (Ms=7.3) 11
1.2.1944 (Ms= 7.3) 19
18.3.1953 (Ms= 7.2) 45
26.5.1957 (Ms=7.0) 22
22.7.1967 (Ms= 6.8) 12

17.8.1999 (Mw= 7.4) 1,2,3,4
12.11.1999 (Mw=7.2) | 21

In the Marmara region, there exist some potential seismic gaps. For example, along
the middle strand from the Mudurnu Valley region to the Aegean Sea there has not been
any significant earthquake for the last 400 years, except the 1737 earthquake in the Biga
peninsula (Erdik et al., 2004). The most western portion of the southern strand has not
ruptured since 1855. Maps of recent seismicity indicate a potential seismic gap in the
central part of the Marmara Sea. Ambraseys and Jackson (2000), based on the absence of
large, damaging earthquakes along the northern shore of the Marmara Sea, define this area
as seismically quiet. The rupture associated with the Kocaeli earthquake leaves the only
remaining gap across the Marmara Sea, to the south of Istanbul. This gap is well defined
and corresponds to the location of the 1766 earthquake. This implies increased
probabilities for a strong earthquake similar to the 1766 event. Recent paleoseismological
studies indicate that the surface rupture of this event extended towards Diizce, thus having

a similar geometry with the August 17, 1999 event (Erdik et al., 2004).

The 1995 microseismic experiment conducted in the Marmara region (Polat et al.,
2002) has shown a lineament in coincidence with the location of the main Marmara fault.
The alignment of the Marmara Fault is also clearly evident in Figure 3.8, where

respectively the epicentral distribution of earthquakes with M > 3 from 17.08.1999 to
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present is illustrated. There exists a seismic gap associated with segments S6, S7 and S8
(Figure 3.6) that correspond to ruptures associated with 1754 and 1766 earthquakes. The
existence of these seismic gaps was also confirmed by the results of the microseismic

experiment carried out in the Marmara region by Gurbuz et al. (2000).
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Figure 3.8. The seismic activity of the Marmara region with M > 3 events from

August 17, 1999 to present (Erdik et al., 2004)

In Figure 3.9, epicenters of all events with M > 1 are plotted for the last 10 years.
Most of the small events on the Thrace peninsula seen in Figure 3.9 to the north of the
main Marmara Fault are associated with rock blasts (Erdik et al., 2004). Clusters of
seismic activity in Yalova and Gulf of Izmit are mainly the aftershocks of 1999
earthquake. The activity in the Marmara Sea stops at the west of Gazikoy in the Gelibolu

Peninsula forming a seismic gap at the location of the 1912 earthquake.
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Figure 3.9. The seismic activity of the Marmara region with M > 1 events

between 1994 and 2004 (Erdik et al., 2004)

Some cluster of seismic activity exists to the south of the Iznik Lake on the middle
branch of the North Anatolian Fault. The southern branch of the North Anatolian Fault

shows a rather diffuse activity in the vicinity of Bursa.

An earthquake of magnitude M,, 7.4 occurred on the NAFZ with a macroseismic
epicenter near the town of Golcuk (40.702 N, 29.987 E) in the western part of Turkey on
17 August 1999. The total observable length of the rupture was about 100 km. The lateral
offset varied between 1.5 and 5 m. Most of the aftershock activity is confined to the
region bounded by 40.5—40.8N and 29.8-30.0E, which covers the area between Izmit and
Adapazari to the east of the epicenter. Seismic imaging of the Kocaeli earthquake rupture
indicates almost pure lateral strike-slip rupture that runs west at a velocity of about 3 km/s
and towards east at a very high velocity of 4.7 km/s for a distance of about 40 km before
dropping to about 3.1 km/s at the easternmost segment (Erdik et al., 2004). The largest
slip, 7 m, occurred between 25 and 45 km east of the epicenter. At west of the epicenter
the slip is large between distances of 10-30 km. The rise time is generally between 2—4 s.
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The damage caused by the earthquake covered a very large region extending from
Tekirdag to Eskisehir, cities mostly affected being Sakarya, Yalova, Kocaeli, Bolu and
Istanbul. The intensively damaged area follows a zone of about 20 km in width (10 km to
the north and south of the fault) along the fault rupture. The numbers of condemned
buildings after the earthquakes are declared as 23,400. 18,373 persons were killed and
48,901 injuries occurred. 120,000 families were left in need of homes after the
earthquake. The maximum MSK intensity of the Kocaeli earthquake was X, essentially

assigned on the basis of fault rupture and excessive ground deformations.

This earthquake is associated with fault segments 1, 2, 3 and 4 (Erdik et al., 2004).
Location of these segments is shown in Figure 3.6. That earthquake generated six motions
within 20 km of the fault (Sakarya, Yarimca, Izmit, Diizce, Argelik, and Gebze), adding
significantly to the near-field database of ground motions for My, > 7.0 strike-slip
earthquakes. According to Polat et al. (2002) the rupture propagation to the west was
relatively homogenous with a rupture velocity of about 3.5 km/s. To the east, however,
the fault within the first 7.5 s of the process ruptured slower than it did on the west,
afterwards accelerating to velocity levels of 3.5 km/s and thus contributing to the high
amplitude motion observed at Sakarya station. According to Delouis et al. (2002) the
rupture reached the speed of about 4.8 m/s at this portion of the fault. As indicated in the
source rupture models developed for the earthquake, the directivity effects may have
contributed to damage in Yalova and Cinarcik. ‘Fling’ type pulses due to directivity
effects are evident in the strong motion data of the Kocaeli earthquake with fling
durations in the order of 2-3 s (Erdik et al., 2004). The Ambarli region to the west of

Istanbul recorded unusually large accelerations.
3.2.3. Earthquake hazard in Marmara Region

Earthquake hazard in the Marmara Region has been investigated using time-
independent probabilistic (simple Poissonian) and time-dependent probabilistic (renewal)

models (Erdik et al., 2004).

In this study, it is acted in thought of dealing with fault segments which go along
from Gemlik to Bandirma and go along the south of Iznik Lake to Gemlik (S41 and S25).

As it can be seen in the Figure 3.6, S25 fault directs to the north-west. It can be shown
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that strike is 316.83 if the focal mechanism of Gemlik Earthquake (M =4.8) determined

by KOERI is checked. This gives the indications that S25 fault and believed to be its
continuation S41 fault conform to the focal mechanisms determined by KOERI. Strike
angle corresponds to 316.83 north-west direction measured from north in clockwise

direction.

According to the results of time dependent probabilistic hazard assessments for
Turkey, the middle strand of the North Anatolian Fault (NAF) which passes through Iznik
Lake to Bandirma has been found to be capable of producing the second highest hazard
rate (PGA: 0.4-0.6g for bedrock) in the Marmara Region as compared to the Northern
strands in Marmara Sea with the highest rate. As clarified in Table 3.3, the fault segment
corresponding to S41 fault extending between Gemlik-Bandirma and the segment
corresponding to S25 fault passing through the southern part of Iznik Lake have potentials
of producing a magnitude 7.2+ event with 1000 year recurrence time (Erdik et al., 2004).
For future risk mitigation strategies it is necessary to prepare scenario earthquakes so as to
understand the complexity of the ground shaking to be expected in a future earthquake,

since the concerned area accommodates dense urban and industrial areas.

Table 3.3. Poisson and renewal model characteristic earthquake parameters associated

with the segments (Erdik et al., 2004)

Last ‘cov’ Mean Char. Time since Time dependent (renewal) Poissonian
Segment | characteristic recurrence time | magnitude | last char. eq. | 50 year prob. | Annualrate | Annual rate
earthquakes
1 1999 0.5 140 7.2 3 0. 0344 0. 0007 0. 0071
2 1999 0.5 140 7.2 3 0. 0344 0. 0007 0. 0071
3 1999 0.5 140 7.2 3 0. 0344 0. 0007 0. 0071
4 1999 0.5 140 7.2 3 0. 0344 0. 0007 0. 0071
5 1894 0.5 175 7.2 108 0.3723 0. 0093 0. 0057
6 1754 0.5 210 7.2 248 0. 4095 0.0105 0. 0048
7 1766 0.5 250 7.2 236 0.3374 0. 0082 0. 0040
8 1766 0.5 250 7.2 236 0.3374 0. 0082 0. 0040
9 1556 0.5 200 7.2 446 0.4191 0.0109 0. 0050
10 Unavailable 0.5 200 7.2 1000 0.3340 0. 0081 0. 0050
11 1912 0.5 150 7.5 90 0.4206 0.0109 0. 0067
12 1967 0.5 250 7.2 35 0. 0203 0. 0004 0. 0040
13 Unavailable 0.5 600 7.2 1000 0.1771 0. 0039 0. 0017
14 Unavailable 0.5 600 7.2 1000 0. 1771 0. 0039 0. 0017
15 Unavailable 0.5 1000 7.2 1000 0. 0974 0. 0020 0.0010
19 1944 0.5 250 7.5 58 0. 0597 0. 0012 0. 0040
21 1999 0.5 250 7.2 3 0.0012 0. 0000 0. 0040
22 1957 0.5 250 7.2 45 0. 0347 0. 0007 0. 0040
25 Unavailable 0.5 1000 7.2 1000 0. 0974 0. 0020 0.0010
40 1855 0.5 1000 7.2 147 0. 0006 0. 00001 0.0010
41 Unavailable 0.5 1000 7.2 1000 0. 0974 0. 0020 0.0010
42 Unavailable 0.5 1000 7.2 1000 0. 0974 0. 0020 0.0010
43 1737 0.5 1000 7.2 265 0. 0086 0. 0002 0.0010
44 Unavailable 0.5 1000 7.2 1000 0. 0974 0. 0020 0.0010
45 1953 0.5 1000 7.2 49 Unavailable Unavailable 0.0010
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3.3. Information about Stations

3.3.1. Strong Motion Network

Occurrence of the major Marmara and Bolu earthquakes in Turkey during 1999 has
brought the importance of strong motion seismology into renewed focus. The need for
better acceleration records to be used in earthquake engineering applications was realized
once again after these destructive earthquakes. Although Turkey is an earthquake country,
there is still an inadequate number of seismological and strong earthquake motion
recording stations. When the intensity of earthquake activity and the land area of Turkey
are considered, it can easily be said that Turkey has a very sparse strong ground motion
network (Figure 3.10). Figure 3.10 was obtained from web page of General Directorate of
Disaster Affairs Earthquake Research Department (http://angora.deprem.gov.tr/
BYTNet/smamap.gif). Some "early warning" networks, which are built in Istanbul, may
only give information about ground motion intensity on a local basis. On the other hand,
stations installed within or around a probable earthquake nucleating zone in a geometrical
pattern will yield valuable information about the mechanism of the rupture, properties of
the ground waves produced, attenuation relationships and spectral properties of a probable

future earthquake in that area.
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Figure 3.10. National Strong Motion Network of Turkey
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Enhancement and modernization of the current Turkish National Ground Motion
Network, which consists of about 140 instruments having different technologies, is very

helpful for the studies on decreasing the damage of future earthquakes.

3.3.2. Information about BYTNet (Bursa — Yalova Turkey Accelograph Network)

BYTNet, local accelograph network, has been positioned near one of Turkey’s
active seismic regions in the Bursa — Yalova region. Stations have been positioned on the
splitting western part of the North Anatolian Fault and on an axis traversing fault lines
near Bursa in North-South direction (Figure 3.11). It consists of 14 Kinemetrics Etna
instruments that have been emplaced in small structures specially built for recording free
field acceleration within gardens of, or inside, one story public buildings (Figure 3.11). In
Figure 3.11, map of BYTNet strong motion stations was obtained from web page of
General Directorate of Disaster Affairs Earthquake Research Department
(http://angora.deprem.gov.tr/BY TNet/BY TNetharita.htm). Names and coordinates of the
stations are given in Table 3.4 downloaded from the web page of General Directorate of

Disaster Affairs (http://angora.deprem.gov.tr/BY TNet/BY TNetistyer.htm).

Table 3.4. Names and coordinates of BYTNet stations

Station Latitude, | Longitude,
Code N E

BYTO1 40,18249 | 29,12966 | General Directorate of Rural Services 17th Regional Office

BYTO02 40,22606 | 29,07522 | Bursa Emergency Management Center

BYTO03 40,27360 29,09611 | Demirtas Town, Kirantepe

BYTO04 40,36322 29,12221 | Kurtul Village, Garden of the Mosque

BYTO5 40,39431 | 29,09811 | Gemlik Military Veterinary Training Command

BYTO06 40,41039 | 29,17993 | Umurbey Town, Celal Bayar Medical High School

BYTO07 40,42510 29,16659 | Gemlik Industrial Crafts Vocational School

BYTO8 40,42223 | 29,29090 | Cargill Agricultural Industries Factory

BYTO09 40,44975 29,25869 | Gedelek Medical Services Building

BYTI10 40,49440 | 29,29976 | Orhangazi Basic Education School

BYTI11 40,56413 | 29,30600 | Dogus Meat and Milk Company

BYTI2 40,59648 | 29,27140 | Sogucak Post Office

BYT13 40,65069 | 29,27900 | Yalova Nursing Home for the Aged

BYT14 40,65753 29,24722 | Yalova Atatiirk Agriculture Works Directorate

Description of Station Location
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Figure 3.11. BYTNet strong motion stations

Stations are located near residential areas for the ease of obtaining electricity and
telephone lines. All of the stations are connected to METU and General Directorate of
Disaster Affairs Earthquake Research Department’s monitoring centers. Recordings made

on all of the planned arrays are available to the world research community on the Internet.

Local ground conditions, wave velocities and geological profiles of most stations in
Turkey are unknown. Further, a major part of those stations are placed inside buildings,
and as a result they record the modified earthquake motion, affected by the motion of the
building, rather than the true free field motion. Stations for the subject arrays are
purposely placed on sites with different lithological properties. Some geological,
geophysical and borehole tests (down to 30 meters) were performed on all sites by staff of
the General Directorate and the ground profiles have been obtained. Also detailed
investigations were made in order to obtain the ground profiles of the stations located in
small huts. Both the records obtained and other information, which may be helpful for the

researchers, are available.
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The location of all BYTNet stations, S41 and S25 faults were placed on the map

shown in Figure 3.12.

40° 30

Figure 3.12. Location of BYTNet stations, fault S41 and S25

In NEHRP-2000 (http://www.bssconline.org/NEHRP2000/comments/provisions/),

sites are classified as follows:

A- Hard rock with measured shear wave velocity Vg > 1500 m/s

B- Rock with (760 m/s < Vg < 1500 m/s)

C- Very dense soil and soft rock with (360 m/s < V< 760 m/s) or with either
Standard Penetration N > 50 or Average undrained shear strength at top 30 m

Su > 100 kPa

D- Stiff soil with (180 m/s < Vg <360 m/s) or with either 15 < N <50 or

(50 kPa < Su < 100 kPa)

E- A soil profile with V< 180 m/s or with either N < 15, Su < 50 kPa or any

profile with more than 3 m of soft clay defined as soil with PI > 20 and Su <25 kPa

F- Soils requiring site-specific evaluations:
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e Soils vulnerable to potential failure or collapse under seismic loading such as
liquefiable soils, quick and highly sensitive clays, collapsible weakly cemented

soils.

e Peats and/or highly organic clays with thickness h >3 mof peat and /or highly
organic clay

e Very high plasticity clays (H > 8 m with PI > 75)

e Very thick soft/medium stiff clays (H >36 m)

Information about bore hole data and soil column of each BY TNet stations for 30 m
is obtained from BYTNet web page. Soil columns belonging to each BY TNet stations for

30 m are indicated through Figure 3.13. Under this circumstance, average V,, value for
each BYTNet station can be calculated with the assistance of Equation 3.1. and sites

pertaining to each station can be classified according to NEHRP-2000 as illustrated in
Table 3.5.

30
Vs30 = (3.1)
hi

=V,
where ;
Vgy, : Average shear wave velocity for 30 m
h : Each soil column height
V., : Shear wave velocity at each soil column height

Z : Number of soil columns
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Table 3.5. Soil conditions and S-wave velocities of medium belonging to BY TNet

stations
BYTNet web page Calculation result Estimation
Stations Soil Condition Average VS 30 (M/5) Soil Condition(NEHRP)
BYT1 Rock 369 C
BYT2 Soft Soil No information —
BYT3 Hard Soil 570 C
BYT4 Soft Soil 338 D
BYT5 Soft Soil 279 D
BYT6 Soft Soil 299 D
BYT7 Soft Soil 274 D
BYTS8 Soft Soil 462 C
BYT9 Hard Soil 503 C
BYT10 Rock No information —
BYT11 Hard Soil No information —
BYTI12 Soft Soil 678 C
BYTI3 Soft Soil 260 D
BYTO1 BYTO03 BYT04 BYT05 BYTO06
=1
E - q | ——= 4 -
g — -
V5,30=369 m/ Sz‘é Vs,30=570 m/s £ g Vs,30-338 mis_ ; Vs,30=279 m/s§ é Vs,30=299 m /S§ ;
E N (Tl (g
BYTO07 BYTO08 o BYTO9E BYT12 BYT13
4{\:‘ - < 5 E] E
: E :
g i = I g 8 gl €
Vs,30=274 m/Sé 2 V30402 i 3 Vs,30=503 m/sE S Vs,30=678 m/s EE Vs30=260misg| <
< = “
- £

Figure 3.13. Soil columns pertaining to BY TNet stations for 30 m



Table 3.6. BYTNet station information of National Strong-Motion Network of Turkey ( Partl)

. ) i Amp. | Timing System ) ]
No City Station Name Station Lat. Long. |Altitude| Opening Num?aer off Max. | (Internal/GPS Acc. tr1gger12ng Com.
Code | (North) | (East) | (m) Date bits (em/s?)| /DCE/TCG) level (cm/s”) | System
45 Bursa Cargil BYTO8 | 40,422 |29,291| 20 2001 18 2500 GPS 1.25 TIf
46 Bursa Demirtag BYTO03| 40,274 |29,096| 180 2001 18 2500 GPS 1.25 TIf
47 Bursa |Engiiriiciik Koyt BYTO05 | 40,394 | 29,098 | 66 2001 18 2500 GPS 1.25 TIf
48 Bursa | Gedelek Koyii | BYT09| 40,450 |29,259| 211 2001 18 2500 GPS 1.25 TIf
49 Bursa Gemlik BYTO07| 40,425 |29,167| 65 2001 18 2500 GPS Threshold TIf
53 Bursa | Kurtul Kéyii |BYT04| 40,363 |29,122| 109 2001 18 2500 GPS 1.25 TIf
54 Bursa Merkez BYTO1| 40,182 {29,130 2001 18 2500 GPS 1.25 TIf
55 Bursa Merkez BYT02| 40,286 |29,075| 50 2001 18 2500 GPS 1.25 TIf
57 Bursa Orhangazi |BYTI10| 40,494 |29,300 | 897 2006 11 1000 Int 1.25 TIf
58 Bursa Umurbey BYT06| 40,410 |29,180 | 252 2001 18 2500 GPS 1.25 TIf
167 | Yalova Merkez BYTI13| 40,651 |29,279| 106 2001 18 2500 GPS 1.25 TIf
168 | Yalova Merkez BYTI14| 40,658 |29,247| 33 2001 18 2500 GPS 1.25 TIf
169 | Yalova | Sogucak Koyl | BYT12| 40,596 |29,271| 181 2001 18 2500 GPS 1.25 TIf
170 | Yalova | Su Goren Koyii | BYT11| 40,564 |29,306 | 904 2001 18 2500 GPS 1.25 TIf

1974



Table 3.7.BYTNet station information of National Strong-Motion Network of Turkey (Part 2)

No City Station | Station | Lat. Long. | Interr. Sensor Recording system S:;l:' Soil que.llit.ative Instrument site
Name Code | (North) | (East System (bits) description
45 | Bursa | Cargil |BYTO8 | 40,422 | 20291 | mpy | Kinemetrics | Kinemetrics | ., Ss B10
Episensor ETNA/PCMCIA
46 | Bursa | Demirtas | BYTO3 | 40,274 | 29,096 | MDU Ké‘l‘)‘zzitsréis ETE‘Z?@;}CCSI A | 100 Hs FF
47 | Bursa E“I%‘(‘)r;‘l‘l’“k BYTO5 | 40,394 | 29,098 | MDU Ké‘;ff;zt;‘r’s ET%E‘;SE‘SI o | 100 Ss Fp
48 | Bursa G;‘é‘;lgk BYTO09 | 40,450 | 29,259 | MDU Ké‘;f;ﬁzg? ETlgge/r;éﬁ‘gI A | 100 Hs B10
49 | Bursa | Gemlik | BYTO7 | 40,425 | 29,167 | MDU Kégf;:ztsz‘r’s ET%&%‘S;%SI A | 100 Ss FF
53 | Bursa I;‘g;‘ll BYTO04 | 40,363 | 29,122 | MDU Ké‘;‘ffe‘it;?s ET%%‘;‘S;%‘& A | 100 Ss FF
54 | Bursa | Merkez | BYTOI | 40,182 | 29,130 | MDU Ké‘r‘)ffe‘ﬁtsr;‘r’s ET%E‘;‘S“DZCCSI A | 100 Re B10
55 | Bursa | Merkez | BYTO02 | 40,286 | 29,075 | MDU Ké‘r‘)f;‘c}ﬁtsrgs ETIET/‘;‘S;}CCSI A | 100 Ss FF
57 | Bursa | Orhangazi | BYTI0 | 40,494 | 29300 | MDU Ké‘;f?;ﬁgjs ETIET/‘;’@;}CCSI A | 100 Re B20
58 | Bursa | Umurbey | BYTO6 | 40,410 | 29,180 | MDU Ké‘;ff;ﬁgis ET%E?E’ECCSI A | 100 Ss FF
167 | Yalova | Merkez | BYTI3 | 40,651 | 29279 | MDU Ké‘;f?;ﬁtszfs ET%X‘;’;&TCSI A | 100 Ss FF
168 | Yalova | Merkez | BYTI14 | 40,658 | 29,247 | MDU Ké‘;f?;ﬁtsﬁ;’s ETIEXE;rII’]S\r/iICCSI A | 100 Ss FF
169 | Yalova Sclzg(fycjk BYTI2 | 40,596 | 29271 | MDU Ké‘;f:;ztsﬁis E;ﬁg‘ﬁgﬁ‘a A | 100 Ss BSO
170 | Yalova S‘%‘;’?ffn BYTI1 | 40,564 | 29306 | MDU Ké;f:;t;‘r’s ET%‘;‘;SE%SI o | 100 Hs -

144
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Some abbreviations given in Table 3.7 and 3.8 were explained as follows:

(1)- ANALOG / DIGITAL
Loc : Local (no communication system available)
TIf  : Telephone
Iline : Internet leased line
Stl  : Satellite
(2)- MDU : Manual dial-up
ADU : Automatic dial-up
CT : Continuous, real time transmission
(3)- Ss : Soft soil
Hs : Hard soil
Rc  : Rock
(4)- FF : Free Field

Bop : Instrument in building

o : Total number of stories of the buildings (including ground floor)

: Floor where the instrument is installed

3.4. Site Investigation

3.4.1. Introduction to method of Spectral Ratio between Horizontal and Vertical

Components (H/V Ratio)

A technique using horizontal-to-vertical spectral ratios (H/V ratios) of the
microtremors, which was first applied by Nogoshi and Igarashi (1970, 1971) and
popularized by Nakamura (1989), has sometimes been used to estimate the site effects
(Near-surface sedimentary deposits significantly amplify earthquake ground motion,
which is often referred to as site effects). Several recent applications of this technique
have proved to be effective in estimating fundamental periods (e.g., Field and Jacob,
1993; Ohmachi et al., 1994) as well as relative amplification factors (e.g., Lermo and
Chavez-Garcia, 1994; Konno and Ohmachi, 1995). However, in the authors’ opinion, the

technique lacks a rigorous theoretical background still now (Konno and Ohmachi, 1998).
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Several recent studies of microtremor recordings have been made to investigate the
spectral ratio between the horizontal and vertical components (H/V ratio) (e.g., Nakamura,
1989). Nakamura (1989) suggest that this ratio is a good technique for site effect
evaluation since it shows a peak which corresponds to the predominant frequency of the
soil. It has also been shown that the predominant frequency of microtremors is dependent
on the type of soil considered (rock, alluvium, etc.) (Bouckovalas and Krikeli, 1991; Finn,
1991). This clearly points to the fact that microtremors for microzonation studies could be
used. Moreover, knowledge of the resonance frequency of the soil could be used in
predicting the kinds of buildings which are likely to suffer the greatest damage (Ohmachi
et al., 1991). This method seems to be very suitable for site effect evaluation in urban
areas. In addition, the amplitude of the H/V peak is reliable enough to be used in

amplification studies.

The technique developed by Nakamura (1989) is based on an estimation of the
transfer function using microtremors. Usually, the transfer function of surface layers is

given by

Te =Sus/Sie (3.2)

where ;

S,s :The horizontal microtremor spectrum at the surface

S,z : The horizontal microtremor on the substratum

Considering that artificial noise is not only propagated as body waves, but
comprises an important part of Rayleigh waves, it is necessary to make a correction to
remove the effect of surface waves. Nakamura (1989) assumes that the effect of Rayleigh

waves is included in the vertical spectrum at the surface (S, ) and not at the base ground

(Syg ), then it could be defined as

Es =Sy /Sis (3.3)
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Assuming also that the effect of Rayleigh waves is equal for the vertical and

horizontal components, Nakamura (1989) gives the new transfer function as

Ter =(Ss /Sys) /(Spg / Syg) (3.4)

Some recordings gave results where the ratio S.;/S,; is nearly one for a relatively

wide frequency range. Thus, Nakamura (1989) considers the horizontal to vertical spectral
ratio for microtremors as an estimation of the transfer function for body waves. In
addition, Nakamura (1989) suggests that the location of H/V ratio peaks does not depend

on the source characteristics (Lachet and Bard, 1994).

3.4.2. Estimating Site Response by Spectral Ratio

The ground-motion amplitude spectrum (A) is considered to be the product of the
earthquake source effect (E), propagation effects from the source to the recording site

(P), the recording instrument effect (1), and the site response (S):

A(F)=E(F).P(f).I(f).S(f) (3.5)

The source effect depends on the size and nature of the rupture. In general,
increasing the magnitude of an earthquake increases the amplitudes at all frequencies,
with the greatest increase at low frequencies (Molnar et al., 2004). The path effect
preferentially attenuates the amplitude at high frequencies. The site response includes the
effect of the uppermost several hundred meters of rock and soil and the surface
topography at the recording site. The soil column acts like a filter with strain-dependent
properties that can increase the duration and amplitude of shaking in a narrow frequency
band related to the soil thickness, physical properties, and geometry at the site (Hays,
1986).

The greatest challenge in estimating the site response involves removing the source
and path effects. Several methods have been proposed [for a review see Bard (1994)].

Two different methods in determining predominant frequencies and estimating site
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response are presented. These methods are standard spectral ratios and horizontal-to-

vertical (H/V) spectral ratios.
3.4.2.1. Standard Spectral Ratios

The most common technique for estimating site response is the standard spectral
ratio method (Borcherdt, 1970; Borcherdt and Gibbs, 1976). In this method, the amplitude
spectrum of a soil site ( A) is divided by that of a nearby bedrock site (A)):

Af) _ BE(HRMOL(HS(F) _ S(f) |
A E(DRO1L(HS,(f)  S,(F)

S.(f) (3.6)

The result is that the response characteristics of the soil column are preserved,
whereas the effects of the source, travel path, and the recording instruments are removed
because they are assumed to be the same as for the bedrock reference site. The source-
amplitude spectra are similar for the two sites provided they are at approximately the
same azimuth with respect to the source. Travel-path effects are similar provided the
bedrock reference site is close to the soil site compared with the distance to the earthquake

source. Finally, the bedrock site is assumed to be free from amplification (i.e.,S,(f)=1),

thereby isolating the amplitude spectrum of the soil column.

The ratios are computed by dividing the site spectra by the reference bedrock
spectra. Especially, the method is applicable when the distances between sites are small

(Molnar et al., 2004).

3.4.2.2. Horizontal-to-Vertical Spectral Ratios

The H/V spectral ratio method requires only a single station earthquake recording
and uses the vertical component as reference. Lermo and Chavez-Garcia (1993) first
applied the H/V ratio technique using spectra produced by earthquake S waves. This
method is a combination of the receiver-function technique used by Langston (1979) to
determine the velocity structure of the crust from teleseismic P waves and the proposal by

Nakamura (1989) to use this ratio to analyze Rayleigh surface waves from recorded urban
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noise (microtremors). Site response can be determined with the receiver-function method
of Langston (1979) because the horizontal components contain P-to-S wave conversions
due to local geological layering at the site, which are not contained in the vertical
component. Similarly, Nakamura (1989) defined site response as the ratio of the
horizontal and vertical motion at the surface of a soil layer by assuming that the vertical
component is not amplified by the surface layers and the procedure removes the effect of

the Rayleigh wave.

In general, the standard spectral ratio method is the preferred spectral ratio method
if a bedrock recording is available, because the H/V ratio method has not provided
consistent results (Lachet and Bard, 1994; Bonilla et al., 1997; Triantafyllidis et al.,
1999). It is generally agreed that the H/V ratio method recovers the fundamental
amplification frequency, but that the amplitude is usually lower than that from the

standard spectral ratio method (Field and Jacob, 1995; Field, 1996; Lachet et al., 1996).

From mentioned methods of standard spectral ratios and horizontal-to-vertical
(H/V) spectral ratios, the method of horizontal-to-vertical (H/V) spectral ratio is carried

out due to the fact that there is no available bedrock recording.

3.4.3. Calculation Procedure of H/V

Earthquake data recorded by BYTNet were downloaded from the website of
BYTNet. These data correspond to 39 earthquake events and this number was reduced to
27 after placing all of the events on a map according to the longitude and latitude data and
determining the stations that are far away from the corresponding earthquakes. As shown
in Table 3.8 and 3.9, these 27 earthquakes are listed and depicted in Figure 3.14. Some of
the earthquake events lack the information about their properties and necessary
information was obtained from people in KOERI who are studying on the topic. The
reason of eliminating some of the far events is that the possibility of determining and
catching the S and P onset values is low. For this study H/V (Horizontal-to-Vertical

Spectral Ratio) computations was made for a total of 27 events (95 records).
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Figure 3.14. Location of 27 earthquake events and BY TNet stations

3.4.3.1. Description of Computations

In order not to miss S-onsets starting from one second before the S-onset and three
seconds after the data were extracted for tapering purpose. FFT (Fast Fourier Transform)
of each NS (North-South), EW (East-West), and UD (Up-Down) component was

taken. H/V ratio is found in the form of

H=+FFTNS? + FFTEW> (3.7)

In Equation 3.7, it is valid for horizontal component (not the FFT transform of the

square sum of the records). For vertical component, Equation can be given as;

V=FFTUD (3.8)

After these procedures, low-pass filter was applied with two Hz. Upon failure of
determining peaks clearly by looking at plotted H/V figures, zero-padding application
was resorted to. In zero-padding five seconds interval was extracted starting from the S-

onset and these data were appended to zero valued data for two seconds. After following
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the steps previously stated, low pass-filter was applied with two Hz. Since clear peaks
cannot be observed after these processes, logarithmic smoothing application was used. For

the records saved in the Matlab program, with the help of the Fortran program, 20 per cent

smoothing was applied.

General shape of the H/V ratio graphs presenting a clear peak at a frequency
corresponding to predominant frequency is expected like in Figure 3.15. It didn’t obtain
the shape like Figure 3.15 for all BYTNet stations, so the predominant frequency

belonging to each BYTNet stations can not be determined.
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Figure 3.15. An example for typical shape showing predominant frequency in H/V ratio

graph (Lachet and Bard, 1994)

Black lines in the resulting H/V figures (Figure 3.16 and 3.17) show mean values.
In conclusion figures drawn after the application of logarithmic smoothing, clear peaks
necessary to determine the predominant frequency were not observed. In general

relatively small peaks were observed in the interval 0.8-2 Hz.



52

Smoothed Horizontal to Vertical Spectral Ratios
T T T T T T

‘Smoothed Horizontal to Vertical Spectral Ratios

HVSR-smoothed

HWSR-smoocthed

10° 10'

o
Fregquency(Hz) Frequency(Hz)

Smoothed Horizontal to Vertical Spectral Ratios Smoothed Horizontal to Vertical Spectral Ratios
T T s T N N LR T T T T T H T T T

HVSR-smoothed
HVSR-smoothed

Frequency(Hz) Frequency(Hz)
Smoothed Horizontal to Vertical Spectral Ratios Smoothed Horizontal to Vertical Spectral Ratios

HVSR-smoothed
HWSR-smoothed

Frequency(Hz) Frequency(Hz)

Figure 3.16. H/V Ratios vs. Frequency for BYT01, BYT02, BYT03, BYT04 BYTOS5 and
BYTO06 stations
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Table 3.8. All earthquake events recorded by BYTO01, BYT02, BYT03, BYT04, BYTO05 and BYTO06 stations

EARTHQUAKE NO DATE EQ EPICENTER COORD. EQ MAGNITUDE TIME BYTO1 | BYT02 | BYT03 | BYT04 | BYTO05 | BYTO06
1 03-20-2003 39.974N - 28.765E 4.5Md X X X X
2 06-09-2003 40.20N - 27. 97E 5. 1Md X X X
3 12-23-2003 39.88N - 29. 23E 4. 8Ml X X
4 05-25-2004 40.438N - 29.135E 3.7Md X X
5 10-11-2004 40.36N - 28. 94E 3.5Md X X X
6 06-20-2005 39.6844N - 29. 0928E 4.2Md
7 06-22-2005 40.4761N - 29.1639E 2. 8Md
8 09-07-2005 40.7068N - 29.1613E 3.5Md 09.07.2005(13.22) X
9 09-07-2005 40.6760N - 29. 2416E 3.4Md 09.07. 2005(13.50) X
10 11-26-2005 40.620N - 29.067E 3.3Md X
11 02-08-2006 N/A(40.71N-30. 37E) N/A(4. 5SMd) 02.08. 2006(04.08) X X X X
12 02-08-2006 N/A(40.70N-30. 36E) N/A(3. 6Md) 02.08. 2006(05.25) X
13 02-23-2006 40.4596N - 29. 2161E 3.1Md
14 03-20-2006 40.4642N - 29.2516E 2. 8Md
15 04-12-2006 N/A(40.50N-29. 39E) N/A(2. 5Md)

16 04-15-2006 40.4752N - 29. 2485E 3.2Md
17 05-04-2006 40.4114N - 29. 0921E 2.5Md X
18 10-20-2006 40.2519N - 27. 9792E 5.2Md 10.20. 2006(18.15) X X X X X
19 10-24-2006 40.422N - 28. 993E 4. 8Mw X X X X X
20 10-25-2006 40.4130N - 29. 0238E 3.3Mw 10.25. 2006(00.57) X X X X
21 10-25-2006 40.4549N - 28.9970E 3.0Md 10.25. 2006(03.42) X
22 10-25-2006 40.4376N - 29. 0420E 3.1Md 10.25.2006(11.12) X
23 10-25-2006 40.3698N - 29. 0059E 3. 6Md 10.25.2006(11.55) X X X X X
24 10-28-2006 40.6523N - 29.1950E 3.3Md X
25 11-03-2006 40.4652N - 28. 9963E 3.0Md 11.03. 2006(00.20) X X X X
26 12-19-2006 40.34N - 28. 32E 4.2Md X X X X X X
27 01-15-2007 40.3942N - 29. 0193E 3. 1Md X

TOTAL= 4 11 3 14 11 13

125



Table 3.9. All earthquake events recorded by BYT07, BYTO0S, BYT09, BYT10, BYT11, BYT12, BYT13 and BYT14 Stations

EARTII-\II(())UAKE DATE EQ EPICENTER COORD. | M AGII::I(I)TUDE TIME BYTO07 | BYT08 | BYT09 | BYT10 | BYT11 | BYTI2 | BYT13 | BYTI14
1 03-20-2003 39.974N - 28.765E 4. 5Md X
2 06-09-2003 40.20N - 27.97E 5. 1Md X X
3 12-23-2003 39.88N - 29. 23E 4. 8Ml X
4 05-25-2004 40.438N - 29.135E 3.7Md X X X
5 10-11-2004 40.36N - 28. 94E 3.5Md X X X
6 06-20-2005 39.6844N - 29. 0928E 4.2Md X
7 06-22-2005 40.4761N - 29.1639E 2. 8Md X
8 09-07-2005 40.7068N - 29.1613E 3.5Md 09.07. 2005(13.22) X X
9 09-07-2005 40.6760N - 29. 2416E 3.4Md 09.07.2005(13.50) X
10 11-26-2005 40.620N - 29.067E 3.3Md X
11 02-08-2006 N/A(40.71N-30. 37E) N/A(4. 5Md) 02.08. 2006(04.08) X X X
12 02-08-2006 N/A(40.70N-30. 36E) N/A(3. 6Md) 02.08. 2006(05.25) X
13 02-23-2006 40.4596N - 29. 2161E 3.1Md X X
14 03-20-2006 40.4642N - 29.2516E 2. 8Md X
15 04-12-2006 N/A(40.50N-29. 39E) N/A(2. SMd) X
16 04-15-2006 40.4752N - 29. 2485E 3.2Md X X
17 05-04-2006 40.4114N - 29. 0921E 2.5Md
18 10-20-2006 40.2519N - 27. 9792E 5.2Md 10.20. 2006(18.15) X X X
19 10-24-2006 40.422N - 28. 993E 4. 8Mw X X X X
20 10-25-2006 40.4130N - 29. 0238E 3.3Mw 10.25. 2006(00.57) X
21 10-25-2006 40.4549N - 28.9970E 3.0Md 10.25. 2006(03.42)
22 10-25-2006 40.4376N - 29. 0420E 3. 1Md 10.25.2006(11.12)
23 10-25-2006 40.3698N - 29. 0059E 3.6Md 10.25. 2006(11.55) X X
24 10-28-2006 40.6523N - 29.1950E 3.3Md X
25 11-03-2006 40.4652N - 28. 9963E 3. 0Md 11.03. 2006(00.20)
26 12-19-2006 40.34N - 28. 32E 4.2Md X X
27 01-15-2007 40.3942N - 29. 0193E 3. 1Md
TOTAL= 18 10 5 2 4

99
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4. EMPIRICAL GREEN’S FUNCTION SIMULATION

4.1. Empirical Green’s Function Technique

4.1.1. Introduction

Accurate estimation of strong ground motion waveform in a broad-frequency band
is indispensable to establishing the recent technology of the earthquake-resistant design
and response-controlled design of structure to reduce earthquake damage. However, it is
still difficult to calculate Green’s function theoretically in a broad-frequency band for
realistic complex media. The reason is that geophysical and geotechnical information on
propagation-paths from source to site exactly enough for the numerical calculation of
Green’s function cannot be obtained, although the calculation techniques for the 3-D and
computer abilities have been developed. A useful approach for this purpose is to estimate
strong ground motion for a large earthquake using the records of small earthquakes,
considered as empirical Green’s function .The technique by which waveforms for large
events are synthesized follows the empirical Green's function method proposed by
Hartzell (1978). Revisions have been made by Kanamori (1979), Irikura (1983, 1986),
and others. This section introduces the empirical Green's function method formulated by
Irikura (1986), based on a scaling law of fault parameters for large and small events

(Kanamori and Anderson, 1975) and the omega-squared source spectra (Aki, 1967).

One of the most effective methods for simulating broadband strong ground motion
that comes from a large earthquake is to use observed records from small earthquakes
occurring around the source area of a large earthquake. Actual geological structure from
source to site is generally more complex than that assumed in theoretical models. Actual
ground motion is complicated not only by refraction and reflection due to layer interfaces
and ground surface but also by scattering and attenuation due to lateral heterogeneities
and anelastic properties in the propagation path. Complete modeling of the wave field in
realistic media would be extremely difficult. The frequency range available for
simulations in this method depends on the signal-to-noise ratios of weak motion records

from small events.
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The original idea of the empirical Green’s function method comes from the use of
the records of small events instead of the theoretical Green’s function. From the above
point of view, it is desirable that the small events should be as small as possible to be able
to assume a point source solution in fault size. However, most successful simulations with
the empirical Green’s function method have been made using not so small event as
compared to the target events. To simulate strong ground motions from very large
earthquakes using the records of a small event, the fault area of the target event is divided
into a large number of identical subfaults whose size coincides with the small-event fault
area. Then, some deficiencies of synthetic spectra are inevitably produced even if the
small event records are accurate enough in broad-frequency band, similar to the procedure
of Joyner and Boore (1986). To avoid such spectral deficiencies, a fractal distribution of a
set of subfaults with different sizes in the fault area in simulating large earthquake

motions is introduced.
4.1.2. Similarity Relationships of Earthquakes

There are considered two similarity relations between large and small earthquakes.
One is the scaling relations of source parameters such as fault area, slip and slip duration,

and the other is the scaling relations of source spectra.

The scaling of the source parameters studied by Kanamori and Anderson (1975) are

given as

L/ =W/w=T/7,=(M,/m)"”* =N, D/d =N (4.1)

where, for large and small events, L and | are fault length, W and w are width, T and T,
are slip duration time, M, and m, are seismic moment, and D and d are fault slip

respectively. This scaling is based on the idea of size-independent stress drop, as static

stress drop is proportional to M,/(LW)**[equal tom,/(Iw)’*]. Under the above

conditions, when the fault area of the target event is divided into N x N subfaults, the area

of each subfaults coincide with that of the small event.
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The other scaling, so-called the @’ spectral scaling model, was studied by Aki
(1967) and Brune (1970). This model has been considered a useful reference model even

for great earthquakes (Houston and Kanamori, 1986) as well as intermediate-sized

earthquakes (Hanks and McGuire, 1981). The shape of the @’ source spectrum U,

regardless of the earthquake size, is given by

U(f)=U, /[1+(f/f)] (4.2)

where spectral corner frequency f. and the low-frequency (f < f,) level U, are
proportional to the inverse of the fault dimensions (LW)™'and the seismic moment M,
respectively. Then, the average stress drop is proportional to M, f’. If the average stress
drop is independent of M, self-similarity exists among earthquakes (Aki, 1967). Then
the corner frequency is proportional to M,* and the high-frequency, (f > f_) acceleration

flat-level A, is proportional to M, as shown in Figure 4.1.a, b. Therefore, the spectral

relationship between large and small events is as follows:

U,/u,=M,/m,=N*,A/a,=(M,/my)" =N (4.3)

where U, and u, are the flat level of the displacement spectrum, A, and a, are that of

the acceleration spectrum, for large and small events, respectively.

The failure of self-similarity for very large earthquakes more than M,=8.25 is
indicated by Hartzell and Heaton (1988), because the rupture width for such large

earthquakes reaches the uppermost mantle with significant rheological differences. In

other words, the @” scaling model is useful up to very large earthquakes with M, =8.25.

One problem comes from the observational fact that the condition of constant stress
drop does not always hold in wide magnitude range. Therefore, introduction of a small
flexible condition for the @’model is deemed necessary, having the shape of the «’
source spectrum, but not constant stress drop. Then, the spectral relationships between

large and small earthquakes (4.3) are changed as follows.



59

U,/u, =M, /m,=CN* A /a, =CN (4.4)

where C is the stress drop ratio between both events. The scaling of source parameters

(4.1) is also necessarily modified to be
L/I:W/W:T/rsz[MO/(CmO)]”3:N,D/d:CN (4.5)

The algorithm simulating strong ground motion from a large earthquake has to be

made to satisfy the above two scaling relations (4.1) and (4.3), or (4.5) and (4.4).

2 =
o o
= c
£ E
= .
o L
= <
EI'J E_L'
log  freq. log freq.
(a) (b)

Figure 4.1. Theoretical displacement (a) and acceleration (b) source spectra for different-
sized events predicted by the @” spectral scaling model with constant stress

drop. For large and small events, respectively, U, and u, are the flat level of the
displacement spectrum at low frequencies. f, and f_ are corner frequencies, and
A, and a, are the flat level of the acceleration spectrum at high frequencies

between the corner frequency and cut-off frequency (f,__ )

(Irikura and Katsuhiro, 1994)

4.1.3. Simulation Algorithm for the »” Scaling Model

The schematic illustration is shown in Figure 4.2.a for simulating strong motion

from a large earthquake using the records of a small event as empirical Green’s functions.

For simplification, here it is assummed the @’ scaling model with constant stress drop
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between the target event and small event, i.e. C =1 in (4.4). For the case of not constant

stress drop, a modified method for the simulation will be described later.

Let the moment of the target event be N’ times that of the small events. The fault
plane can be divided into N x N subfaults. Then the subfault size is equivalent to the

small event (hence-forth called subevent). The seismogram A(t) for the target event is

expressed in terms of the seismogram a(t) of the subevent as follows:

A(t) :NZ(r/ri)F(t—ti)*a(t) (4.6)
F)= 5(t)+%(Nzl‘jn'5[t—(j -D)T /(N -Dn"] (4.7)

and
t=r/V.+&/V, +g (4.8)

where r is the hypocentral distance from the observation point to the subevent, r; is the
distance from the observation point to the i-th subfault, & is the distance from the rupture
nucleation point to the i-th subfault, V| is the rupture speed, V, is the velocity of seismic

waves under consideration, T is the rise time of the target event, n' is an appropriate

integer to eliminate spurious periodicity (Irikura, 1983), €, is a random number between
—C,,/V, and +c /V (0<c<I) and * represents the convolution. F(t) is a filtering

function to adjust a difference in slip time function between the target event and the

subevent shown in Figure 4.2.b.

In operating (4.6), the low frequency motions are summed coherently, the spectral
amplitude of the subevent in the low frequency limit being amplified N° times and
matching the moment of the target event. The high frequency motions, on the other hand,

are summed incoherently, the high frequency spectral level of the subevent, being
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amplified N times (the square root of the summation number N?), because F(t) has an

asymptotic spectral-level of unity at high-frequencies. Thus, the spectral amplitude ratio
between the simulated ground motion and the subevent record in the high frequency limit
is proportional to the cube root of that in the low frequency limit, meeting the condition
(4.3) for the @* scaling law. The time-domain filter F(t) described in the above equation
is equivalent to the frequency-domain filter used by Boatwright (1988) for the same
purpose.

subfault i

/; > ] Fi (t)
m.eﬁ }
£ 1 AN-INT
MU v [T t
large event @ = T =

Figure 4.2. a) Schematic illustration of fault parameterization used for computing Green’s

functions. The fault areas of the large and small events are defined to be LxW and | xw,

respectively. b) F(t) is a filtering function to adjust a difference in slip time function

between the large and small events (Irikura and Katsuhiro, 1994)

Case of different stress drop between large and small events were given as follows:

_Ao,

C (4.9)

- Ao,

where ;

Ao : Stress drop for large events

Aoy : Stress drop for small events
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Figure 4.3. Correction for a difference in stress drop between large and small events

(Irikura and Katsuhiro, 1994)

The above algorithm is extended to be applicable to more general cases of source
modeling, such as heterogeneous faulting models and multiple source models. In Figure

4.3., F, and f,represent f_ and f_ corner frequencies.

4.1.4. Difference in the Stress Drop between Large and Small Events

Small events occurring in the source area of the target events, do not always have

the same quantity of stress drop as the target and small events follow the spectral shapes

expected from the @” model even if they have different stress drops.

Then, first the scaling parameter N and the stress drop ratio C between the target
and small events are determined by solving simple equations given as (4.4) from the
spectral amplitude ratios at the low-frequencies and at the high frequencies. Next, the
small event record u(t) is simply amplified by C. After that, the simulations in the same

manner as the previous algorithm for constant stress drop are dealt with by using Cu(t)

instead of u(t) in eq. (4.3) as illustrated shown in Figure 4.3.

Further, this idea can be extended to an arbitrary distribution of stress drop for

subfaults, if parameter C is taken to be varied from subfault to subfault (Irikura, 1988).
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4.1.5. Summary of EGF Methodology after Last Revisions
After last revisions, mentioned EGF methodology can be summarized as follows:
The waveform for a large event is synthesized by summing the records of small
events with corrections for the difference in the slip velocity time function between the

large and small events.

This method does not require knowledge of the explicit shape of the slip velocity

time function for the small event.

The synthetic motions for the large event are given using the small event u(t) by

the following equation:

N N
U(t)=ZZrLF(t)*(c-u(t)) (4.10)
i=l j=I ij
~ ] (N (k=DT
|:(t)_5(t—tij)+F ; [5{t—tij—m}] 4.11)
i S

where, U (1) is the simulated waveform for the large event (the synthetic motions for the
large event), U (1) the observed waveform for the small event, N and C are the ratios of the
fault dimensions (asperity dimensions) and stress drops between the large and small

events, respectively, and the * indicates convolution. r and r; are the distance from the
hypocenter of the small event and from (i,j) element to the site (Figure 4.4.). F(t) is the
filtering function (correction function) to adjust the difference in the slip velocity time
functions between the large and small events. V, and V| are the S-wave velocity near the

source area and the rupture velocity on the fault plane, respectively. T is the rise time for

the large event, and defined as duration of the filtering function F(t) (in Figure 4.4.(b)



64

and (c)). It corresponds the duration of slip velocity time function on subfault from the
beginning to the time before the tail starts. n' is an appropriate integer to shift the artificial

periodicity into a higher frequency range of interest. T; is the sum of the delay from the

rupture starting point to the (i, j) element. The other parameters are given in Figure 4.4.

(a). Regarding the filtering function F(t), Irikura et al. (1997) proposed a modification to

Equation (4.11) in order to prevent sag at multiples of 1/T (Hz) from appearing in the
amplitude spectra. The discretized equation for the modified F(t) is,

1 NEM (k-1T
n'd——) * g
e

1 (4.13)

The shape of Equation (4.13) is shown in Figure 4.4 (c). In Irikura (1986), the
scaling parameters needed for this technique, N (integer value) and C, can be derived
from the constant levels of the displacement and acceleration amplitude spectra of the

large and small events with the equations,

c;C

~o _CN? (4.14)
uO

A _eN (4.15)
2

My _ene (4.16)
mO

Here, U, and Uu,indicate the constant levels of amplitude of the displacement
spectra for the large and small events, respectively. M, and m, correspond to the seismic
moments for the large and small events. A, and a, indicate the constant levels of the

amplitude of the acceleration spectra for the large and small events (Figure 4.4.(d), (e)).
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N and C are derived from Equations 4.14, 4.15 and 4.16,

—_

Jz (4.17)

=
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Figure 4.4. Schematic illustrations of the empirical Green's function method. (a) Fault
areas of the mainshock and aftershock are defined (b) Filtering function F(t) (after
Irikura, 1986) to adjust to the difference in slip velocity function between the large and
small events. This function is expressed as the sum of a delta and a boxcar function. (¢)
Modified filtering function (after Irikura et al., 1997) with an exponentially decaying
function instead of a boxcar function. T is the rise time for the large event. (d and ¢)
Displacement and acceleration amplitude spectra following @ source scaling model
assuming the stress drop ratio C between the mainshock and aftershock

(after Miyake et al., 1999) (Irikura and Miyake, 2003)
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4.1.6. Advantages and Drawbacks of Empirical Green’s Function Method

The empirical Green’s function (EGF) method takes the advantage of small event
records occurring near the source of a large earthquake for empirical earth responses
(Irikura, 1986). Simulation of strong ground motion from large earthquakes is performed
by summing subevent records which already includes the path and site effects, to follow
the omega square law. The original idea of empirical Green’s function method comes
from the use of small records instead of the theoretical Green’s function since it is
difficult to calculate the Green’s function theoretically in a broad frequency band for
realistic complex media, mainly because of the lack of geophysical and geotechnical
information about propagation-paths from source to site. Compared with other
deterministic techniques, it has the advantage of not requiring computing numerically the
propagation path and local site effects (only requiring source parameters). In order to
simulate the ground motion at a site, particularly where the geological information is too
limited, Irikura (1983) proposed the EGF model in which a mainshock is synthesized
from the linear superposition of a small event occurred close to the mainshock. The
method is applicable to broad frequency band whereas the frequency band available for
simulations depends on the signal to noise ratio of the small earthquake records. The main
limitation of the method is that it can be applied only in cases where appropriate records
of small events in the source area, which are considered as Green’s functions, are

available.

4.2. Focal Mechanism Confirmation

As stated previously in Table 3.8 and 3.9, out of the 27 earthquakes recorded by
BYTNet stations it is necessary decide on which earthquake data to use as small event in
test simulations and to be used in focal mechanism confirmation. The earthquake with a
moment magnitude around 3.5 and closest in epicentral distance (approximately found 2.8
km) to the Gemlik Earthquake was selected. This selected earthquake corresponds to the
one numbered as 20 in Table 3.8 and 3.9. In order to test whether the focal mechanism
provided by KOERI is corrected or not, test simulations are going to be performed. In the
test simulation, aftershock is going to be taken as a small event and trying to obtain

synthesized data of main shock, the result will be compared to the actual observed
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records. If the plots of the synthetic and observed data of the main shock give close fit, it

is going to be understood that the selected focal mechanism is correct.

4.2.1. Frequency Range Determination

The frequency range available for simulations in EGF method depends on the
signal-to-noise ratios of weak motion records from small events. The first step in the test
simulation is the determination of the frequency interval. To achieve this, S/N ratio plots
are generated taking S/N as three. As a description of how S/N plots are generated, it can
be said that initially FFT of data portion of three seconds starting from S onset was taken
and its FAS plot was produced. This part belongs to the signal part on the graphs. Out of
the data, three seconds portion ending at P-onset was extracted and its FFT was taken and
the results were multiplied by three to form noise portion. The points where signal and
noise portions intersect on the S/N ratio graphs correspond to the high and low frequency

of the frequency interval being used.

Looking at the graphs produced by taking S/N ratio as three, intersection point of
the noise part and signal part plotted for the horizontal components occurs to be before 0.1
Hz and after 10 Hz. As a result of this, frequency interval was selected as 0.1-10 Hz.
(broadband). This means that studies will be performed in this interval. In order to obtain
a more proper appearance in the displacement time series graph plotted after the test

simulation, the frequency interval was changed to [0.5-10] Hz.
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Figure 4.5. Comparison between the FAS of acceleration and noise for aftershock at

BYTO02, BYT04 and BYTOS stations
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Figure 4.6. Comparison between the FAS of acceleration and noise for aftershock at

BYTO06 and BYTO07 stations

4.2.2. Corner Frequency Determination

For the horizontal components (NS and EW) starting from the S-onset a three

after taking FFT of each of the NS and

>

seconds portion of the data was extracted. Then

EW components, total horizontal component is obtained by the Equation 3.7.

As a result of multiplying total horizontal component by the hypocentral distance

(indicated in Table 4.1 and Table 4.2 for mainshock and aftershock respectively) that is

found for each of the stations with the help of the Fortran program, acceleration spectrum

graph was plotted on a logarithmic axis as depicted in Figure 4.7. In this figure, X and Y
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axes show the frequency (Hz) and the multiplication of total horizontal component and

hypocentral distance respectively.

Table 4.1. Epicentral , hypocentral distance and azimuth values pertaining to mainshock

Station | Latitude, N | Longitude, E | Epicentral Hypocentral Azimuth
Code Distance(km) | Distance(km) (Degree)
BYTO1 | 40.182000 29.129000 | 29.17904000 | 35.37537000 | 156.98350000
BYTO02 | 40.226000 29.075000 | 23.06805000 | 30.53089000 | 162.78980000
BYT04 | 40.363000 29.122000 | 12.82490000 | 23.75875000 | 122.09500000
BYTO05 | 40.394000 29.098000 9.33148200 | 22.06981000 | 110.82330000
BYTO06 | 40.410000 29.179000 | 15.70723000 | 25.43063000 | 95.62546000
BYTO07 | 40.425000 29.166000 | 14.58951000 | 24.75589000 | 89.50502000
BYTO08 | 40.422000 29.290000 | 25.07762000 | 32.07627000 | 90.41183000
BYTI11 | 40.564000 29.306000 | 30.63484000 | 36.58543000 | 59.37318000
BYTI2 | 40.596000 29.271000 | 30.23748000 | 36.25335000 | 50.67816000

Table 4.2. Epicentral , hypocentral distance and azimuth values pertaining to aftershock

Station Latitude, Longitude, Epicentral Hypocentral Azimuth
Code N E Distance(km) | Distance(km) (Degree)
BYT02 40.226000 | 29.075000 | 21.21075000 | 23.44986000 | 168.14640000
BYTO04 40.363000 | 29.122000 | 10.07915000 | 14.19822000 | 123.62500000
BYTO05 40.394000 | 29.098000 6.59835400 | 11.98075000 | 108.49050000
BYT06 40.410000 | 29.179000 | 13.19671000 | 16.55757000 | 91.39752000
BYTO07 40.425000 | 29.166000 | 12.04689000 | 15.65655000 | 83.65237000

Acceleration vs Frequency

fC,4.8fC,3.3 10
log frequency (Hz)

Figure 4.7. Logarithmic acceleration amplitude spectra graphs of mainshock and

aftershock
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According to the Equation 4.19, spectral graph of the logarithmic displacement

amplitude can be plotted by making use of the spectral logarithmic acceleration amplitude

graph.
LAAS
LDAS = 5 (4.19)
2xf)
where ;
LDAS : Logarithmic displacement amplitude spectra
LAAS : Logarithmic acceleration amplitude spectra
f : Frequency
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Figure 4.8. Logarithmic displacement amplitude spectra graphs of mainshock and

aftershock

Combining LDAS graphs of the aftershock and main shock into one figure, flat
level ratio belonging to these two graphs is expressed in Equation 4.14. Again, combining
LAAS graphs of after shock and main shock into one figure, the ratio of the flat levels of
these two graphs can be given by Equation 4.15.
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The stations taken as basis for the determination of flat levels for the earthquakes

M, =4.8 and M =3.3 in LDAS and LAAS graphs are BYT12 and BYT04 respectively.
The reason for choosing these stations as identifier is the values of V., which are

relatively higher than those of the other stations. Because these stations are on a harder

ground they give more reliable and accurate results.

Table 4.3. Rows of mainshock and aftershock according to stations represented by colors

Earthquake M,, =4.8 M,, =3.3 Colors representing stations
Earthquake Earthquake
1.Station BYTO1 BYTO02
2.Station BYTO02 BYT04
3.Station BYTO04 BYTO05 .

1. Station
4.Station BYTOS5 BYTO06 ————— 2. Station
5.Station BYT06 BYTO07 = Station

: —— 4.Station
6.Station BYTO07 —_— = Station
7.Station BYTOS8 — 5.Station

- 7.Station
8.Station BYTI1 a Station
9.Station BYTI12 —— G Station

The location of mainshock, aftershock, BYT02, BYT04, BYTO05, BYT06 and
BYTO07 that are common stations to both mainshock and aftershock on the map was

depicted in Figure 4.9.
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28 30 28 o0 28" 30

Figure 4.9. Location of mainshock, aftershock and BYT02, BYT04, BYTO05, BYT06 and
BYTO07 stations

Table 4.4. Mainshock and aftershock used in the EGF simulation

Date Lat Long | Depth M

w

Yr/Mo/Hr:Min(GMT) |(deg) (deg) (km) | (Moment magnitude)

Mainshock | 10/24/2006(14:00) 40.422 | 28.993 20 4.8

Aftershock | 10/25/2006(00:57) 40.413 | 29.0238 | 10 33

The corner frequency is related to the radius of an equivalent circular crack that is
used to model an earthquake source. The relation between radius of circular crack and the

corner frequency is given by Brune (1970, 1971) and is as follows:

2,34V,
27 fC

P4 (4.20)

where ;

V, : S-wave velocity of the medium

f.  : Corner frequency



where ;

log(2p,) =-2.58+0.5M

Lo : Radius of circular crack

M : Moment magnitude

w
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(4.21)

With the help of (4.20) and (4.21) Equations, Radius and area of circular crack

belonging to mainshock were calculated. The square shaped rupture area corresponding to

this circular area was found to be 0.49 km®. That is to say, one dimension of the square

shaped rupture area is equal to 0.7 km. The rupture begins at the hypocenter and spreads

circularly at a speed that is about 80 per cent of the shear wave velocity and shear wave

velocity is accepted as 3.5 km/sec.

By Hanks and McGuire (1981), source duration is evaluated as follows:

-1
Ty = fC

where ;
Ty : Source duration (rise time)
f.  : Corner frequency

(4.22)

Table 4.5. Some numerical values pertaining to mainshock and aftershock

Flat level of the| Flat level of the| Corner Rise Seismic moment

disp. spectrum | acc. spectrum | frequency | time |[(M, and m,)(Dyne*cm)
Mainshock 15.85 1423.4 3.2 0.31 107
Aftershock 0.1006 107.97 4.3 0.23 10°*

The empirical relation of Hanks and Kanamori (1979) is used to estimate the

seismic moment of mainshock via Equation 4.23.

log(M,) = (MW+10.7)*%

(4.23)
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Seismic moment of aftershock is found by the empirical relation taken from

Catalyurekli (2004) and shown in Equation 4.24.

log(M,) = —4.3425log( f_) +23.697 (4.24)

The ratio between equations (4.14) and (4.15) gives the value of N as 3. And then,

C was found to be 7.6 by inserting the computed M (according to Equation 4.23) and

m, (according to Equation 4.24) values into Equation (4.16).

The stress drop for the circular source model can be estimated with the help of the

equation developed by Brune (1970);

™,

Ao = s
16,

(4.25)

Stress drop of the mainshock and aftershock can be found by using the Equation
4.25. According to scaling rule by Irikura (1986) the ratio of the stress drop was given by
Equation 4.9. C value was found to be 7.8 via using the Equations 4.25 and 4.9 (done by
verification purpose). These values are the computation results when the rupture area of

the main shock is divided into 3x3 subfaults.

While simulating M _=4.8 earthquake with M _=3.8 earthquake, values of
N =3(3x3) and C=8 were used. From the synthetic and observed data suitable

correlation and shift intervals were determined (As will be stated in later section).

When M =4.8 earthquake was simulated by means of using N =3(3x3) and

C =8 values, it was observed that synthetic graphs have smaller value so that the way of
increasing C value was followed. Increasing the C value up to 12, resulting graphs were
observed so that the best fit was obtained at C =12. EGF program written in Fortran
produces correlation and residual values for each station acceleration, velocity,

displacement and spectral values. After determining the suitable correlation and shift
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interval, the aim is to find the best simulation that gives correlations closest to 1 and

residual closest to 0.

In the simulations taking N =3 all possible division alternatives that are
2x3,3x2,3x3,4x2,2x4,2x5,5%x2,3x4, 4x3 were tried. Of these alternatives the
first number shows the number of subfaults along the strike direction and the second
number shows the number of subfaults along the dip direction. Each subfault alternative
was tried for different rupture starting points over 100 trials and displacement residual
sum of the displacement residuals that were computed for all of the stations by the EGF
program, was obtained. Test simulations were performed according to the division
alternatives and rupture starting point alternatives that give the smallest displacement

residual sum.

The best division alternative was found to be 4x3 and RSP was 1 to 2. Schematic

representation corresponding to the best division alternative is shown in Figure 4.10.

Strike

£
Q *

0.7 km

Figure 4.10. Example illustration of best division alternative to subfaults for calculation

(4x3 RSP 2x1) and rupture starting point is represented by

After determination of 4x3 to be the best division alternative out of the stations at
which simulations were performed (BYTO02, BYT04, BYTO05, BYT06 and BYTO07)
minimum residual sum was obtained at RSP2x1. For 4x3 division alternative at 2x1
RSP displacement residual sum was obtained as 11.2. With contour plot and 3D plot of
the 4x3 alternative for different RSP, it was verified that minimum residual sum was at

RSP 2x1. This test was performed according to the focal mechanism provided by KOERI.
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The goodness of the fitting between the observed and synthesized motion was judged by

the displacement residual defined as;

N
N Z(Oi -5, )
residual = > > iT\ll - (4.26)
st cmp i=l \/Zoiz \/Z Siz
i=l i=l

where, st and cmp define the number of stations, and components, respectively. O, and S,

are the displacements of the observed and synthesized motion, respectively (Birgéren and

Irikura, 2004).

Variation of Displacement Residual Sum

Figure 4.11. 3D plot of the 4x3 division alternative for different RSPs according to focal
mechanism determined by KOERI
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Variation of Displacement Residual Sum
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Figure 4.12. Contour plot of the 4x3 division alternative for different RSPs according to

focal mechanism determined by KOERI

When the same process applied to the focal mechanism (strike-slip mechanism,
strike 14, dip 71, rake -12) determined by Kocaeli University geophysicists (Irmak et al.,
2007) for the same RSP, displacement residual sum was found to be 16.58. In conclusion
it can be said that due to obtaining displacement residual sum lower than 16.58 and
obtaining better fits between observed and synthesized motion, focal mechanism
determined by KOERI is preferable. This is the mechanism used in the scenario

simulations.
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Variation of Displacement Residual Sum

Rupture Starting Point

Figure 4.13. 3D plot of the 4x3 division alternative for different RSPs according to focal

mechanism determined by Kocaeli University geophysicists
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Figure 4.18. Comparison of observed and synthetic waveforms of acceleration, velocity, displacement and acceleration spectra for the 2006 Gemlik
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Figure 4.20. Comparison of observed and synthetic waveforms of acceleration, velocity, displacement and acceleration spectra for the 2006 Gemlik

earthquake, October, at the BYTO07 station according to the focal mechanism determined by Kocaeli University geophysicists
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4.3. EGF Program Template

README FILE used in test simulation so as to run EGF program was presented in
Appendix B. Input parameters given in the README FILE are the actual input
parameters used in the test simulation computations according to the focal mechanism
determined by KOERI. One has to make note of how some of these parameters are

obtained.

As far as README FILE is concerned, Line 4 is related with the frequency interval
being worked on. Focal mechanisms of target and element event are considered to be
identical (6™ and 8" lines). The rise of the element event on line 9 was evaluated via

Equation 4.22 and its value was taken from the Table 4.5.

Shear wave velocity on line 11 was taken as 3.5 km/s. Rupture velocity was taken as
the 0.8 multiple of the shear wave velocity. Epicentral distace and azimuth value for each
station on line 14 were provided. KSM, KEM, KSA, KEA values of the 15" line were
found using trial errors technique by looking at the general trends of synthetic and

observed graphs.
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5. SCENARIO SIMULATION

As mentioned before, the concerned area being capable of producing the second
highest hazard rate in the Marmara Region is more likely to produce a magnitude 7.2+
event with 1000 year recurrence time. As a result, when the future risk mitigation
strategies are taken into account, this situation necessitates preparing scenario

earthquakes.

The first step in this section of presented study is to simulate middle and large
earthquakes (scenario earthquakes) with the small earthquake (Gemlik Earthquake M,~=
4.8) which will be taken to be the Green’s function. That is to say, strong ground motion
caused by the Gemlik Gulf Earthquake was used to simulate My=5.8 and M,;=6.8

scenario earthquakes.

The moment magnitude difference between element event (M,~=4.8) and target
event referring to the scenario earthquake can not be high on the grounds of being used in
EGF method. Most successful simulations with the empirical Green’s function method
have been made using not so small events as compared to the target events. For this
reason, when the moment magnitude of scenario earthquake will be selected, this rule
should be taken into account. The source process of the Gemlik Earthquake in frequency
range 0.5 to 10.0 Hz (broadband frequency) was applied by the method of EGF (Irikura,
1986) to image the strong motion generation area assumed to be asperities. For
simplification, asperity area of each scenario earthquake was specified according to the

assumption based on the equality of the stress drop of small and large events(C =1).

General assumptions are that source of each scenario earthquake contains only single
asperity; scenario earthquakes will start at the same location and depth and same focal
mechanism of Gemlik Earthquake. S25 and S41 faults were assumed as only one
continuous fault. The asperity parameters for each scenario were determined from
empirical scaling. Each scenario case was analyzed according to different rupture starting
point alternatives in the asperity. Rupture initiation points were selected in the asperity

area not fault area due to the fact that hypocenter locations in finite-source models which
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indicate that hypocenters are often located close to regions of large slip (asperity)

(Manighetti et al., 2005; Mai et al., 2005).

Calculation was made for two earthquake scenarios (M,=5.8, 6.8) and three
different rupture starting points in the asperity of each scenario earthquake, which in turn,
led the total number of earthquake scenarios to six. Acceleration, velocity and
displacement time series were plotted so as to assess near-field directivity effect stemming
from different rupture initiation in the asperity. Maximum values obtained from scenario
earthquake calculations were placed in the PGA and PGV curves with empirical
attenuation relationships. Five per cent damped simulated acceleration response spectra
were compared with the current Turkish Seismic Design Code (TSDC 2007) and effects

of near-field ground motion due to different rupture nucleation points were evaluated.

5.1. Frequency Range Determination

Firstly, frequency range of the small event is necessary when strong ground motion
simulation of a scenario earthquake will be performed. S/N (signal-to-noise) ratio method
was applied to investigate frequency range of small event. This frequency range is usable

data bandwidth to generate scenario earthquakes.

Signal-to-noise ratio was selected as three. There are nine BYT-Net stations for the
My: 4.8 earthquake (BYTOI, BYT02, BYT04, BYTO05, BYT06, BYT07, BYT08, BYT11
and BYT12). The S/N ratio result graphs for My: 4.8 earthquake with nine BYT-Net
stations were illustrated in Figure 5.1 and 5.2. S/N ratio graphs illustrated that the signal
FFT generally intersected with the noise FFT (Fast Fourier Transform) before 0.1 Hz and
after 10 Hz (for horizontal components of M,,: 4.8 earthquake at nine BYT stations).
Then, appropriate data bandwidth for horizontal components of M,,: 4.8 earthquake is
acceptable as (0.1-10) Hz. For the purpose of enhancing the appearance quality of the
displacement-time series, the interval between 0.5 to 10 Hz was selected as frequency

range in this study.
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Figure 5.1. Comparison between the FAS of acceleration and noise for Gemlik Gulf

Earthquake of October 2006 at BYTO01, BYT02, BYT04 and BYTOS stations
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Figure 5.2. Comparison between the FAS of acceleration and noise for Gemlik Gulf

Earthquake of October 2006 at BYT06, BYT07, BYTO8 and BYT11 stations
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Figure 5.3. Comparison between the FAS of acceleration and noise for Gemlik Gulf

Earthquake of October 2006 at BYT12 station

5.2. Source Parameters

The source consisting of single asperity is divided into identical subfaults
corresponding to rupture area of small event. In chapter four, rupture area of small event
was found to be 0.49 km®. The seismic moment of each scenario was estimated with the
help of Equation 4.23 and located in Table 5.1. Calculation is simplified via taking the

value of the stress drop ratio between small and large event as 1(C =1). By scaling of

source parameters between large and small events (Kanamori and Anderson, 1975), N
values for each scenario case can be calculated according to Equation 4.16. The value of

rupture velocity V, equals 2.8 km/sec corresponding to 0.8 times the shear wave velocity

of 3.5 km/sec (Hartzell and Helmberger, 1982).

In most slip model inversions, the faults with rectangular dimensions are chosen to
be at least large enough to accommodate the entire fault rupture, and so they generally
overestimate the actual dimensions of the rupture area (Somerville et al., 1999), in this
study a rectangular-shaped strike-slip fault was considered for each scenario case and
rectangular shape with two to one asperity dimension ratio was used in the computations
in conformity to the study by Serensen et al. (2007). A rupture was assumed to initiate at
the beginning, middle and end point of the asperity and propagate circularly at given

velocity.
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In section four, rise time of Gemlik Earthquake was found according to the Equation
4.22 evaluated by Hanks and McGuire (1981). Rise time belonging to each scenario

corresponds to N times source duration of Gemlik Earthquake.
5.2.1. Estimation of Source Parameters and Calculation

The most important asperity parameters are its area, location, stress drop, seismic

moment, rise time and rupture velocity. The total asperity area S, for every fault segment

of fault rupture area S; was calculated using the empirical ratio (Somerville et al., 1999):

S, /S, =0.22 (5.1)

Results from a dynamic model for rupture of a circular fault (with radius R, ) with

an asperity (with radius r,) at its center Das and Kostrov (1986) suggest that the ratio

between the asperity stress drop and the fault average stress drop is approximately equal

to r, /R, . This combined with Equation (5.1) yields a value for this ratio of 0.47. The

total seismic moment for an asperity model can be calculated as:

M, =(16/7)Ac, 1.R.*(24/7m)’ (5.2)

According to Das and Kostrov (1986), substituting Equation (5.1) into Equation

(5.2), the following equation is obtained:

M, =0.229A0, S.*” (5.3)

Equation (5.3) gives the total seismic moment of the asperity model (in Nm) in

terms of the average stress drop Ao, , and the total rupture area S (m?). It is assumed
ave

that value of average stress drop is equal to the background region stress drop of scenario
earthquakes. This assumption is justified because the asperity area is specified as only 20
per cent of the total area so a weighted average of the stress drop across the fault plane

will be close to the background stress drop value. The asperity stress drop is about twice
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the average stress drop. With Equation 5.3, asperity stress drop was obtained via

multiplying the value of Ao, by two (Pulido et al., 2004).

The locations of the asperities in each fault plane are defined by considering the
seismicity. Concerned area lacks of detailed seismicity studies, so the location of the
asperity is changed by means of starting rupture at the beginning, middle and end of the

asperity (latitude and longitude of R.S.P for each scenario case are fixed).

Near-fault ground motion recordings in the strike-normal and strike-parallel
components were archived in order to observe rupture directivity effects special to near
field ground motion (Somerville, 2002). Accordingly, near-fault ground motion
recordings should be divided in the strike-normal and strike-parallel components. The
rotation of the two recorded components North (N) and East (E) into strike-parallel and
strike-normal components SP and SN is accomplished using the following

transformations:

SP =N cos @ + E sin@ 54

SN = -N sin @+ E cos@ (5.5)
where O is the strike of the fault measured clockwise from North.

Scenario simulations were started taking the focal mechanism proposed by KOERI

(strike-slip, strike 316.83, dip 86.55 and rake 156.91) as basis.

North

I
Fault Parallel Fault Normal

| /
N i
strike angle=316,83' ./ = East

e

Figure 5.4. Illustration of fault location according to strike angle
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It was assumed that the rupture was initiated at a deep level in the asperity for each
of the scenario earthquakes. Displacement, velocity, acceleration and acceleration spectra

waveforms belonging to target events were plotted when the rupture started at the

beginning, midpoint and endpoint of the asperity.

Table 5.1. Mainshock and scenarios used in the EGF simulation

Date Lat Long |Depth | M M,

Yr/Mo/Hr:Min(GMT)| (deg) | (deg) | (km) (Nm)

Gemlik Earthquake | 24/10/2006(14:00) | 40.422 | 28.993 | 20 |[4.8 | 10"%
40422 (28993 | 20 |58 |10

40.422 (28.993 | 20 |68 |107%

Scenario 5.8 _

Scenario 6.8 -

Table 5.2. Source parameters for scenario earthquakes generation areas
N |C Size(km) Rupture Rise Stress Drop
(length x width) |Vel.(km/sec) Time(sec) (Mpa)

Scenario 5.8 4x2 |1 28x1.4 2.8 0.93 65.2
Scenario 6.8 13x7 |1 9.1x49 2.8 3.1 53.08
Strike Strike Strike
= = =
A § A g A =
2 =
* * %
I B BE

2,8 km 2,8 km 2,8 km
(a) (b) (©)

Figure 5.5. RSP at the beginning (a), middle (b) and end (c) of asperity for 5.8 scenario
earthquake
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Figure 5.6. RSP at the beginning (a), middle (b) and end (c) of asperity for 6.8 scenario
earthquake

Given in Appendix C are the figures generated with the data of scenario earthquakes
which are obtained by repeating the EGF simulation with different rupture starting points

in the asperity.

Figures from 5.7 to 5.18 compare the attenuation with distance of simulated PGA
and PGV with various empirical attenuation relationships that are Akkar and Bommer
(2007), Campbell and Bozorgnia (2006) NGA, Boore and Atkinson (2007) NGA
empirical attenuation relationship for peak ground velocity and Boore et al. (1997),
Campbell and Bozorgnia (2003), Campbell and Bozorgnia (2006) NGA, Boore and
Atkinson (2007) NGA empirical attenuation relationship for peak ground acceleration. In
these figures, written curve names as Boore 1997, Campbell (2003), Boore NGA,
Campbell NGA and Bommer in legend actually respresent Boore et al. (1997), Campbell
and Bozorgnia (2003), Boore and Atkinson (2007) NGA, Campbell and Bozorgnia (2006)
NGA, Akkar and Bommer (2007) attenuation curves.

In this study, fault type is strike-slip and site classes used in scenario simulations are
NEHRP site class C (for BYTO01, BYT02, BYTO0S, BYT11, BYT12) and NEHRP site
class D (for BYTO02, BYT04, BYTO0S5, BYT06, BYTO7 and BYT11). Since V,, value of
the BYTO02 and BYT11 stations is not known, there is no information about which site

class they conform to according to NEHRP. For this reason, BYT02 and BYT11 stations
were classified in both NEHRP site class C and NEHRP site class D.
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Figure 5.7. Comparison of PGA due to FN and FP components of M =5.8 earthquake

at BYTO1, BYT02, BYTOS, BYT11 and BYT12 stations with empirical attenuation
relations according to NEHRP site class C for different R.S.P alternatives

(RSP at the beginning and end of asperity)
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Figure 5.8. Comparison of PGA due to FN and FP components of M =5.8 earthquake

at BYTO1, BYT02, BYTOS, BYT11 and BYT12 stations with empirical attenuation
relations according to NEHRP site class C for different R.S.P alternatives
(RSP at the middle of asperity)
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Figure 5.9. Comparison of PGA due to FN and FP components of M =5.8 earthquake

at BYTO02, BYT04, BYTO0S5, BYT06, BYTO7 and BYT11 stations with empirical

attenuation relations according to NEHRP site class D for different R.S.P alternatives

(RSP at the beginning and end of asperity)
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Figure 5.10. Comparison of PGA due to FN and FP components of M, = 5.8 earthquake
at BYT02, BYT04, BYT05, BYT06, BYT07 and BYT11 stations with empirical

attenuation relations according to NEHRP site class D for different R.S.P alternatives

(RSP at the middle of asperity)
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Figure 5.11. Comparison of PGA due to FN and FP components of M = 6.8 earthquake

at BYTO1, BYT02, BYTOS, BYT11 and BYT12 stations with empirical attenuation
relations according to NEHRP site class C for different R.S.P alternatives
(RSP at the beginning and end of asperity)
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Figure 5.12. Comparison of PGA due to FN and FP components of M = 6.8 earthquake

at BYTO1, BYT02, BYTOS, BYT11 and BYT12 stations with empirical attenuation

relations according to NEHRP site class C for different R.S.P alternatives

(RSP at the middle of asperity)
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Figure 5.13. Comparison of PGA due to FN and FP components of M = 6.8 earthquake

at BYT02, BYT04, BYTOS5, BYT06, BYTO7 and BYT11 stations with empirical
attenuation relations according to NEHRP site class D for different R.S.P alternatives

(RSP at the beginning and end of asperity)
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Figure 5.14. Comparison of PGA due to FN and FP components of M, = 6.8 earthquake
at BYTO02, BYT04, BYTO0S5, BYT06, BYTO07 and BYT11 stations with empirical

attenuation relations according to NEHRP site class D for different R.S.P alternatives

(RSP at the middle of asperity)
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Figure 5.15. Comparison of PGV due to FN and FP components of M, = 5.8 earthquake

at BYTO1, BYTO02, BYT08, BYT11 and BYT12 stations with empirical attenuation
relations according to NEHRP site class C for different R.S.P alternatives
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Figure 5.16. Comparison of PGV due to FN and FP components of M, = 5.8 earthquake
at BYT02, BYT04, BYTOS5, BYT06, BYT07 and BYT11 stations with empirical

attenuation relations according to NEHRP site class D for different R.S.P alternatives
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Figure 5.17. Comparison of PGV due to FN and FP components of M = 6.8 earthquake

at BYTO1, BYT02, BYT08, BYT11 and BYT12 stations with empirical attenuation

relations according to NEHRP site class C for different R.S.P alternatives
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Figure 5.18. Comparison of PGV due to FN and FP components of M = 6.8 earthquake

attenuation relations according to NEHRP site class D for different R.S.P alternatives
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Simulated acceleration spectra formed on the basis of piece-wise exact method were
compared with the current Turkish Seismic Design Code (TSDC 2007) at different
rupture starting points (Aydinoglu, 1998).

Table 5.3. Comparison of the classification schemes in NEHRP-2000 and

2007 Turkish Code
2007 TURKISH CODE | 2000 NEHRP REGULATIONS
Z1 B
72 C
73 D
74 E-F

The Spectral Acceleration Coefficient, A(T), corresponding to five per cent

damped elastic design acceleration spectrum normalised by the acceleration of gravity, g,

is given by Eq. (5.6) (Aydinoglu, 1998).

A(T)=A 1S(T) (5.6)
where ;
A,  :The effective ground acceleration coefficient
I : Building importance factor
S(T) : Spectrum coefficient
S(Ty=1+1.5T/T, (0<T<T,) (5.7a)
S(T)=2.5 (T,<T<Ty) (5.7b)
S(T)=2.5 (T, / T)** (T>Ty) (5.7¢)

Spectrum characteristic periods, T, and T, , appearing in Equations 5.7a, b and ¢

are specified in Table 5.4.
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Table 5.4. Spectrum characteristic periods (T, , T, )

Local Site Class | T, (second) | T (second)
Z1 0.10 0.30
72 0.15 0.40
Z3 0.15 0.60
74 0.20 0.90

In this calculation, the effective ground acceleration coefficient equals the value of
0.40 because concerned area is found in seismic zone one. Building importance factor was
accepted to be one. NEHRP site classes C and D refer to Turkish Code site classes Z2 and

73, respectively.

Figures from 5.19 to 5.22 compare simulated acceleration spectra drawn according
to piece-wise exact method that is used in order to obtain acceleration versus time for
different stations with different periods for FN, FP components and different RSP
alternatives with the current Turkish Seismic Design Code (TSDC) for C and D site
classes (In Turkish Code Z2 and Z3 site classes).
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Figure 5.19. Comparison between simulated acceleration response spectra and the current

Turkish Seismic Design Code (TSDC) at BYTO01, BYT02, BYT04, BYTO05, BYT06

and BYTO7 stations for scenario 5.8

(RSP at the beginning, middle and end of the asperity)
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Figure 5.20. Comparison between simulated acceleration response spectra and the current

Turkish Seismic Design Code (TSDC) at BYTO0S, BYT11 and BYT12 stations

for scenario 5.8 (RSP at the beginning, middle and end of the asperity)
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Figure 5.21. Comparison between simulated acceleration response spectra and the current
Turkish Seismic Design Code (TSDC) at BYTO01, BYT02, BYT04, BYTO05, BYT06
and BYTO7 stations for scenario 6.8

(RSP at the beginning, middle and end of the asperity)
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Figure 5.22. Comparison between simulated acceleration response spectra and the current
Turkish Seismic Design Code (TSDC) at BYTO0S, BYT11 and BYT12 stations for
scenario 6.8 (RSP at the beginning, middle and end of the asperity)

5.2.2. The Impacts of Various Source Parameters on PGA and PGV

In the prospect of the studies performed for Istanbul by Serensen et al. (2007), a
general knowledge about how the variability in source parameters affects PGA and PGV

will be obtained.

5.2.2.1. Variability in Rise Time

The effect of the rise time on PGV is clear. Increasing the rise time decreases the
PGV and vice versa. The effect on the PGAs is more scattered and diffuse. The general
trend is a scattered reduction in PGA for both reduced and increased rise time with the
largest impact in regions adjacent to the asperities. Letting the rise time vary randomly

also causes a reduction in PGA.
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5.2.2.2. Variability in Rupture Velocity

The simulation results show that the rupture velocity has a strong effect on the
PGVs, especially in the forward directivity direction. Increasing the rupture velocity also
increases the PGV, whereas a reduction in rupture velocity causes reduced PGVs. A
similar effect is seen for the PGAs. Reduction of rupture velocity reduces the PGAs,

whereas increased rupture velocity causes increased PGA.

5.2.2.3. Variability in Stress Drop

The effect of varying the stress drop is most significant on the PGA levels, which is
reasonable because stress drop is only included directly in the high-frequency part of the
calculations. Both PGV and PGA decrease when decreasing the absolute level of stress
drop and increase for an increased stress drop, affecting a larger area around the rupturing
fault for PGA. Reducing the stress drop ratio leads to a very strong increase in the ground

motion near the asperities.

5.2.2.4. Summary and Conclusion concerning Variability in Some Source

Parameters

The most important parameters for the ground-motion modeling, in terms of
ground-shaking levels, are the location of the rupture initiation, stress drop, rise time,
rupture velocity, and the anelastic attenuation for the studied region. The impact of these
parameters in frequency bands of engineering interest varies, however. From an
engineering perspective, the most important parameters are the stress drop and the
location of rupture initiation. Also rupture velocity and rise time will play an important
role because of their strong effect on PGV. Unfortunately, these parameters are difficult to
predict for future earthquakes, but detailed studies should be made ahead of ground-
motion modeling, and in case of large uncertainties, extreme values should be considered

in the input to the models to set bounds on the predicted ground motions.

The effect of rise time is mainly observed in regions adjacent to the asperities where

most of the slip occurs, but also tends to distribute in the direction of rupture propagation.
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The rupture velocity, on the other hand, has an important effect along the whole rupture
and the largest variations are seen along the forward directivity direction. In both cases the

effect on PGA is scattered and, in general, distributed over larger regions than the PGVs.

Based on analysis of the effect of input parameters on ground-motion simulation

results following conclusions can be drawn:

e Rise time, rupture velocity, rupture initiation point, and stress drop are the most
significant parameters in terms of variations in ground-shaking levels. However,
these parameters have their effect in different frequency bands and their engineering
significance therefore varies.

e High-frequency ground motion is mainly controlled by the stress drop that has a
strong effect on PGA and PGA attenuation.

e Rupture velocity and rise time have a strong effect on the PGV values controlled by

the coherent low-frequency ground motion.

Future efforts should focus on improving ability to accurately estimate the most
critical parameters influencing the ground motion, namely the rise time, rupture velocity,
rupture initiation point, the stress drop, and the potential asperity locations for future

earthquakes.

5.3. Empirical Near-Source Attenuation Relationships for

Horizontal Components of PGA and PGV

The attenuation relationships are considered to be appropriate for predicting free-
field amplitudes of horizontal and vertical components. The scope of this study is
associated with horizontal components. Some empirical attenuation relationships are
presented for predicting near-field horizontal components of peak ground acceleration
(PGA) and peak ground velocity (PGV). Methodology of some empirical attenuation

relationships utilized in this study is investigated and presented as follows.
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5.3.1. Boore et.al. (1997) Attenuation Relationship

The Boore et al. (1997) PGA and Spectral Acceleration attenuation relationship are
given by the following expressions. The equations predict the random horizontal
component peak acceleration and five per cent damped pseudo acceleration response
spectra in terms of moment magnitude, distance and site conditions for strike-slip, reverse
slip or unspecified faulting mechanism. Site conditions are represented by the shear wave
velocity averaged over 30 m, and recommended values of average shear wave velocity are
given for typical rock and soil sites and for site categories used in the NEHRP (National

Earthquake Hazard Reduction Program) seismic code provisions.

Table 5.5. Recommended values of average shear wave velocity (Boore et al., 1997)
NEHRP Site Class B 1070 m/s
NEHRP Site Class C 520 m/s
NEHRP Site Class D 250 m/s
Rock 620 m/s
Soil 310 m/s

The earthquake mechanism is expressed with the help of a coefficient, namely b, .

The ground motion estimation equation is:
In(Y)=b, +b,(M—6)+b,(M—6)* +b Inr +h, In(V /V,) (5.8)
where;
re= (rjb2 +h*)"? (5.9)
In Equation 5.8;

= peak horizontal accelerations in g

Y
M = moment magnitude M >5.00

r = closest distance from rupture to the station in km r >20 km



r. = closest horizontal distance from the station to a point in km

jb

S

V. = average shear-wave velocity to the depth of 30 m (m/s) (Table 5.5)
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b = by for strike-slip earthquakes

b = bgg for reverse-slip earthquakes

b = by, if mechanism is not specified

bisss Pirs» Pia> Bys Bys B, B, V), and h=Coefficients presented in Table 5.6.

The standard deviation of the natural logarithm of the ground motion is represented

by o g

Table 5.6. The standard deviation PGA and coefficients for PGA (Boore et al., 1997)

Period | bso | Bps | Baar | b, b, by b, Va

h

O' —
InY

PGA |-0.313 | -0.117 | -0.242 | 0.527 | 0.000 | -0.778 | -0.371 | 1396

5.57

0.520

5.3.2. Updated Near-Source Ground-Motion (Attenuation) Relations for the

Horizontal and Vertical Components of Peak Ground Acceleration and Acceleration

Response Spectra by Campbell and Bozorgnia (2003)

The ground-motion relations (Campbell and Bozorgnia, 2003) for both the average

horizontal and vertical components of PGA and PSA are given by

InY =c, + f,(M,,)+c, In[f,(My, 1, S) + £ (F)+ f,(S)

+f,(HW,F,M,, )+e&

> rseis
where the magnitude scaling characteristics are given by

f.(My)=c,+M, +¢,(8.5-M,,)’
the distance scaling characteristics are given by

f,(My,Tgi-S) = r2,seis +9(S)*(exp[c,M, +¢,(8.5-M,,)*])’*

(5.10)

(5.11)

(5.12)




in which the near-source effect of local site conditions is given by

g(S) =G +C6(SVFS + SSR) + C7SFR

the effect of faulting mechanism is given by

f3(F) = CIOFRV +C11FTH

the far-source effect of local site conditions is given by

f4(8) = ClZSVFS + C13SSR + C14SFR

and the effect of the hanging wall (HW) is given by

fs(HW’ F.My,, rseis) =HW f3(F) fHW My) fHW (rseis)
where
0 for r,>5km &>70°
HW = (Syr +Sgg +S
(s + 5+ Se) (5-r;p)/5 for 1y <5km
0 for M, <5.5
fow My) =M, =5.5 for 55<M, <6.5
1 for M, >6.5
and

; ~ Cs(ryis /8) for 1 <8 km
HW(rseis -

for r_. >8km

15 seis
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(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

In the previous equations, Y is either the vertical component, Yv, or the average

horizontal component, Y u, of PGA or five per cent damped PSA in g (g = 981 cm/sec?);

My, is moment magnitude; r_;

is the closest distance to seismogenic rupture in

kilometers; Fip is the closest distance to the surface projection of fault rupture in

kilometers (Boore et al., 1997); ¢ is fault dip in degrees; S, =1 for very firm soil,
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S =1 for soft rock, Sg; =1 for firm rock, and S,y =S¢z =S =0 for firm soil; Fy, =1
for reverse faulting, F,, =1 for thrust faulting, and F;, =F,, =0 for strike-slip and

normal faulting; and ¢ is a random error term with zero mean and standard deviation
equal to oG-

The standard deviation, o7 is defined either as a function of magnitude,

c.—0.07M,, for M, <7.4
" :{ 16 w w (5.20)

c,—0518  for M, >74

Local site conditions at each recording site were classified into one of four
categories defined as firm soil, very firm soil, soft rock, or firm rock. In this study,

Campbell and Bozorgnia (2003) attenuation curve was drawn for firm soil. In addition,
fault type is strike-slip, & is 86.55° (deep angle) and the closest distance to seismogenic

rupture is acceptable as

2 2
Mepis = /rjb +3 (5.21)

This assumption is based on that the depth to seismogenic ruptures is three km

(Abrahamson and Shedlock, 1997; Campbell, 2002, 2003).

Furthermore, the hanging wall is defined as a five-km margin around the surface

projection of the rupture surface, which can be represented by the distance measure Mip

defined by Boore et al. (1997). The hanging-wall effect dies out for r_. <8 km, or

seis

sooner if Mip >5km or §>70". Due to M >5 kmand & >70°, the hanging-wall effect

was ignored.
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Table 5.7. Guidance on evaluating ground-motion relations for local site conditions

(Campbell and Bozorgnia, 2003)

Site Parameter Approximate
Site Category Svrs Ssr Skr Vs30 Approximate
(m/sec)* Site Class*

Firm soil 0.00 0.00 0.00 210-390 D
Very firm soil 1.00 0.00 0.00 290-490 CD

Soft rock 0.00 1.00 0.00 310-530 CD
Firm rock 0.00 0.00 1.00 490-1170 BC
Generic soil 0.25 0.00 0.00 =310 D
Generic rock 0.00 0.50 0.50 ~620 C

BC boundary 0.00 0.50 0.50 760 BC

Table 5.8. Coefficients and statistical parameters from the regression analysis of PGA for

average horizontal component

Average
Horizontal
Component

Corrected
PGA

Average
Horizontal
Component

Corrected
PGA

0.343

0.351

-0.123

-0.138

-0.289

0.370

0.920 0.219

5.3.3. Akkar and Bommer (2007) Empirical Prediction Equations for PGV (Peak
Ground Velocity)

Peak ground velocity (PGV) has many applications in engineering seismology and

earthquake engineering. Newmark et al. (1973) used PGV, together with peak ground

acceleration (PGA) and displacement (PGD), to construct elastic response spectra for

design. The same concept has been adopted in some seismic design codes, notably the

1985 Canadian code, which used maps of both PGV and PGA for the construction of the

elastic spectrum (Basham et al., 1985).

PGV has also been found to correlate well with earthquake damage to buried
pipelines (e.g., O’Rourke and Ayala, 1993; Eidinger et al., 1995; Davis and Bardet, 2000;
Isoyama et al., 2000; O’Rourke et al., 2001).
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For the smaller earthquake, the predicted PGV values are almost identical. For the
larger event, there are appreciable differences in the predicted values at short distances

(<15 km).

The general form of the equation is:

log(PGV,,) = p, + P,M + p,M’ +(p, + p;M) log ([r;i* + P + P, Ss (5.22)

+p88A + p9FN + plOFR

where M is moment magnitude; S, and S; are dummy variables representing the

influence of site class, taking values of one for stiff and soft soil sites, respectively, and

zero otherwise; F, and F, are dummy variables for the influence of style-of-faulting,

taking values of 1 for normal and reverse ruptures, respectively, and zero otherwise. The

unit of PGV, is cm/sec. The logarithmic expressions in the functional form are

logarithm of base 10 (Akkar and Bommer, 2007).

In this study, fault type is strike-slip and site can be classified as soft soil (according

to calculated VS values for each BYT stations and NEHRP-2000 site classification

regulations).

Table 5.9. Regression coefficients and magnitude-dependent intra-event and inter-event

standard deviations for the prediction equations

Py P, Ps P, Ps Ps
MAX -1.26 1.103 | -0.085 | -3.103 0.327 5.504
P; Ps Py Pio 0, 0,
0.226 | 0.079 | -0.083 | 0.0116 | 0.88-0.102M | 0.344-0.040M
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5.3.4. Campbell and Bozorgnia (2006) NGA Empirical Ground Motion Model for the

Average Horizontal Component of PGA, PGV and SA at Selected Spectral Periods

Ranging from 0.01-10.0 Seconds

The functional form of the Campbell and Bozorgnia (2006) Next Generation

Attenuation EGMM is given by

InY = 1:mag + 1:dis + ffIt + fhng + 1:site + fsed g

where

f ag (modeling dependence on magnitude) is given by

Cp +C. M for M<55
fmag =3Cy +C,. M+, (M=5.5) for 55<M<6.5
Cp +C.M+c, (M-5.5)+¢C, . (M-6.5) for M>6.5

fyis (modeling dependence on source-to-site distance) is given by
fiis = (Cie +Csc M) ln( Fup T Cic )
fq; (modeling dependence on style of faulting) is given by

fo.=C.Fay e, G F

flt RV " flt,Z 8c’ NM

¢ B {ZTOR for Z; <1

itz =11 for Z;z 21

fin . (modeling dependence on hanging-wall effects) is given by

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)
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fhng = Coc fhng,R 1;hng,M fhng,z fhng,& (5.28)
1 for rjb =0
fhng,R = [max(rrup, rjzb +1)— rjb}/max(rrup, /rjzb +1) for Fip > 0 and Z,5; <1(5.29)
0 for M<6
fhng,M =42(M-6.0) for 6.0<M<6.5 (5.30)
1 for M>6.5
0 for Z..,>20
fng 2 ={ TR (5.31)
02 | (20-Z,00)/20 for Z,op <20
1 for 6<70 5:32)
hng.6 1 (90—5)/20 for &>70 '

fe (modeling dependence on linear and nonlinear shallow site conditions) is given by

v — (Vg3 )" -~
cmcln[ Sk30]+k2 In AIOO+CC£%] ]In[A”OO+CC] for Vg, <k

1 1

Fsite = - (5.33)
— (V.
(C,pc +k,nN) In [% for Vg, 2k
1
and f_, (modeling dependence on shallow sediment effects and 3-D basin effects) is
given by

Cc(Z,5—1) for Z,,<1
fsed =<0 for 1<7,,<3 (5.34)
Cooke - PP for 7, >3

In the above equations, Y is the geometric mean of the two horizontal components

of peak ground acceleration (PGA) in g or five per cent damped pseudo-absolute response
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spectral acceleration (SA) in g, peak ground velocity (PGV) in cm/s; M is moment

magnitude; I

rup is closest distance to coseismic rupture in kilometers; Fib is closest

distance to surface projection of coseismic rupture (so-called Joyner-Boore distance) in

kilometers; F;, is an indicator variable representing reverse and reverse-oblique faulting,

where F, =1 for 30°<1<150° and F,, =0 otherwise and where A is rake angle,

defined as the average angle of slip in degrees measured in the plane of rupture between

the strike direction and the slip vector (e.g., Lay and Wallace, 1995); F,,, is an indicator
variable representing normal and normal-oblique faulting, where F, =1 for
~150° < 2 <-30°and F,,, =0 otherwise; Z,, is depth to the top of coseismic rupture in
kilometers; & is the average dip of the rupture plane in degrees; Vg, is average shear-
wave velocity in the top 30 m of the site profile in meters per second; A, is the value of
PGA on rock with Vg,  =1100 m/sec Z,; is depth to the 2.5 km/s shear-wave velocity
horizon (sediment depth) in kilometers; ¢ is a random error term with a mean of zero and
a standard deviation equal to oy ; nnand cc are period-independent, theoretically
constrained model coefficients; k; are period-dependent, theoretically constrained model

coefficients; and c, are empirically derived model coefficients. The value of cc and

nn equals 1.88 and 1.18 for all spectral periods, respectively.

In this study, Vg,, values for C and D site classes were evaluated as 520 and 250

m/s respectively with the help of Table 5.5.

The total aleatory standard deviation of InY is given by

o; =o' +1’ (5.35)
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5.3.4.1. Limits of Applicability

Generally speaking, the Campbell and Bozorgnia (2006) NGA empirical ground

motion model is valid for shallow continental earthquakes in worldwide active tectonic

regimes for which the following conditions apply:

M = 4.0-8.5 (strike-slip faulting)

M = 4.0-8.0 (reverse faulting)

M = 4.0-7.5 (normal faulting)

Mp = 0-200 km

Vg3 = 180-1500 m/sec (NEHRP B,C and D)
Z,,=0-6km

Z:or =0-20 km

5=15-90°

Z, can be set to a default value of two km (actually any value between one and

three km).

Table 5.10. Model coefficients for the Campbell and Bozorgnia (2006) NGA empirical

ground motion model

Coc Cic Cye Csc Cyc Csc Cec Cre Cqc
PGA -1.715 | 0.500 | -0.530 | -0.262 | -2.118 | 0.170 | 5.60 | 0.280 | -0.120
Coc Cioc Ciic Ciac K, K, K, Ot
0.490 | 1.058 | 0.040 | 0.610 865 -1.186 | 1.839 0.526
COC Clc CZC C3c C4c CSC C6c C7C CSC
PGV 0.954 10.696 |-0.309 [-0.019 |-2.016 |0.170 | 4.00 0.245 | 0.000
Coc Cioc Ciic Cisc ki K, k, Ot
0.358 | 1.694 | 0.092 | 1.000 401 -1.955 | 1.929 0.525
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5.3.5. Boore and Atkinson (2007) NGA

The equation for predicting ground motions is:

IHV: FM (M) + FD(rjbaM)+ FS (Vs30a rjbaM)+ 80'-'— (536)

In this equation, F,, F;and K represent the magnitude scaling, distance function,
and site amplification, respectively. M is moment magnitude, Mip is the Joyner-Boore

distance (defined as the closest distance to the surface projection of the fault, which is

approximately equal to the epicentral distance for events of M < 6), and the velocity V.,

is the inverse of the average shear-wave slowness from the surface to a depth of 30 m.

The predictive variables are M, Fips and Vg, ; the fault type is an optional predictive
variable that enters into the magnitude scaling term as shown in Equation (5.38).¢ is the
fractional number of standard deviations of a single predicted value of InY away from the

mean value of InY . All terms, including the coefficient o7, are period dependent. o is

computed using the Equation 5.35.

In Equation 5.35, o is the intra-event aleatory uncertainty and 7 is the inter-event

aleatory uncertainty.
5.3.5.1. The Distance and Magnitude Functions
The distance function is given by:

Fo (i, M)=[Cp +C,,(M=M )] In(r/ Mef ) +Cyp (1 = et ) (5.37)

jb’
Closest distance from rupture to the station can be calculated with the help of
Equation 5.9.

Cip» Cop»> Cypr M ¢ and h are the coefficients to be determined in the analysis.

ref » rre
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The magnitude scaling is given by:

a) M<M,
F,(M)=¢e,U +¢e,,SS +e, NS +¢,,RS +e,(M—M,)+e,(M—M,)*  (5.38a)
b) M>M,

Fy (M) =e,U +€,,55 +&,NS +e,RS +&,(M~M, ) (5.38b)

where U, SS, NS, and RS are dummy variables used to denote unspecified, strike-slip,
normal- slip, and reverse-slip fault type, respectively, as given by the values in Table 5.11,

and M, , the “hinge magnitude” for the shape of the magnitude scaling, is a coefficient to

be set during the analysis.

5.3.5.2. Site Amplification Function

The site amplification equation is given by:

F=F,+Fu. (5.39)

where F , and F are the linear and nonlinear terms, respectively.

The linear term is given by:

Fon = by In(Vg40 /Y (5.40)

ref )

where by, is a period-dependent coefficient, and V . is the specified reference velocity

(=760 m/s), corresponding to NEHRP B/C boundary site conditions.
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The nonlinear terms is given by:

a) pga4nl<a, :
F.. =b, In(pga_low/0.1) (5.41a)
b) a,, < pgadnl <a,, :
F, =b,In(pga_low/0.1)+c[In( pga4nl/a, )]’ +d[In(pgadnl /a, )]’ (5.41b)
c) a,, < pga4nl :

Fu =D, In(pga4nl/0.1) (5.41c¢)

where a,,(=0.03g) and a,, (=0.09g) are assigned threshold levels for linear and nonlinear
amplification, respectively, pga low(=0.06 g) is a variable assigned to transition between
linear and nonlinear behaviors, and pga4nl is an initial estimate of the predicted PGA in g
for V=760 m/s, as given by Equation (5.36) with Fy=0and £¢=0. The three
Equations for the nonlinear portion of the soil response (Equation (5.41)) are required for

two reasons: 1) to prevent the nonlinear amplification from increasing indefinitely as

pga4nl decreases and 2) to smooth the transition from linear to non-linear behavior. The

coefficients ¢ and d in Equation (5.41) are given by

c=(3Ay —b,AX)/ AX? (5.42)
and
d =—(2Ay —b,AX)/ AX? (5.43)
where
Ax=1In(a,, /a,) (5.44)

and
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Ay =D, In(a,, / pga_low) (5.45)

The nonlinear slope b, is a function of both period and Vg5, s given by:

a) Vg5, <V,
=b, (5.46a)

)V, <Vgyy <V, :

by, = (b, — by, ) In(Vg 5y /V, )/ In(V, /V,) + by, (5.46b)

c)V, <V, <V

ref :

by = by, (Vg V. )/ In(V,, IV (5.46¢)

ref ref )

d) Vref SVS3O :

=0.0 (5.46d)

nl

where V|, =180 m/s,V, =300 m/s, and b, and b, are period-dependent coefficients (and

consequently, b, is a function of period as well as V).

5.3.5.3. Coefficients of the Equations

The coefficients for the GMPEs (ground motion prediction Equations) are given in
Tables 5.12, 5.13, 5.14, 5.15 and 5.16. The coefficients are for lnv, where Y has a unit
of g for PSA and PGA and cm/s for PGV. The units of distance and velocity are km and

m/s, respectively.
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Table 5.11. Values of dummy variables for different fault types

Fault Type U SS NS RS
Unspecified 1 0 0 0
Strikeslip 0 1 0 0
Normal 0 0 1 0
Thrust/reverse 0 0 0 1

Table 5.12. Period-dependent site-amplification coefficients

Period by b, b,,
PGV -0.600 -0.500 -0.06
PGA -0.360 -0.640 -0.14

Table 5.13. Period-independent site-amplification coefficients

Coefficient | a, pga_low 2, v, v, Viet

Value 0.03g 0.06g 0.09¢g 180 m/s 300 m/s 760 m/s

Table 5.14. Distance-scaling coefficients (M =4.5 and 1, =1.0km for all periods)

Period Cy Cyp Cyy h

pga4nl -0.55000 0.00000 -0.01151 3.00
PGV -0.87370 0.10060 -0.00334 2.54
PGA -0.66050 0.11970 -0.1151 1.35

Table 5.15. Magnitude-scaling coefficients

Period € € € €4 €sb €6b €1 M,
pgadnl

-0.03279 | -0.03279 | -0.03279 | -0.03279 | 0.29795 | -0.20341 | 0.00000 7.00
PGV

5.00121 | 5.04727 | 4.63188 5.08210 | 0.18322 | -0.12736 | 0.00000 8.50
PGA

-0.53804 | -0.50350 | -0.75472 | -0.50970 | 0.28805 | -0.10164 | 0.00000 6.75

Table 5.16. Aleatory uncertainities (o : intra-event uncertainty; 7 : inter-event

uncertainty; o, :combined uncertainty (/o +7° ); subscripts U, M for

fault type unspecified and specified, respectively)

Period O TU GT g TM o'T n
PGV 0.500 0.286 0.576 0.256 0.560

PGA 0.502 0.265 0.566 0.260 0.564
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5.3.5.4. Limits on Predictor Variables
The equations should be used only for predictor variables in these ranges:

e M=5-38
° rjb <200km

o V,, =180-1300 m/s

These limits are subjective estimates based on the distributions of the recordings

used to develop the equations.
5.4. Discussion and Conclusion

When rupture starting point was accepted at the middle and end of the asperity for
this study case, the rupture front propagates toward the site (toward the BY TNet stations),
which in turn, is an omen of the forward rupture directivity causing large pulse of motion
to be oriented in the direction perpendicular to the fault plane, causing the strike-normal
component of ground motion to be larger than the strike-parallel component at periods
longer than about 0.5 seconds. Strike-normal component of ground motion is more
effective than strike-parallel component of ground motion. There is forward directivity
effect on the ground motions, which is especially evident in the PGV distribution (see
Figure 5.18). Forward directivity effects are manifested in the time histories as large
velocity pulses on the strike normal component of ground motion. As indicated through
some figures the maximum acceleration and velocity values placed on the attenuation
curves are increasing at some BYT stations on account of forward directivity effect.
Especially the stations BYT04 and BYTOS5 that are subjected to strike-normal component
of ground motion went through this effect. Along the strike normal direction when the
rupture is initiated at the middle of the asperity, velocity pulse is observed due to forward
directivity at the stations BYT04 and BYTOS as seen in the Figure B.16 for scenario
earthquake with 6.8 magnitude. In the case of scenario earthquake with 5.8 magnitude,
forward directivity effect was not observed at all BYT stations clearly in Figures from 5.7

to 5.10 which are comparison graphs generated according to NEHRP site class C and D.
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The reason for this is that most peak horizontal acceleration values lie in between the
limits of the empirical attenuation curves. As it can be seen on the D site class PGV
graphs of the same earthquake (see Figure 5.16), although PGVs at BYT02, BYT04 and
BYTOS5 stations being in the limits of the empirical attenuation curve, fault normal
components are higher in value than the fault parallel components especially when rupture
is initiated at the end of the asperity. The comparison graphs obtained for the 6.8
magnitude earthquake when the rupture is nucleated at the beginning and end of the
asperity, especially at D site class BYT04 and BYTOS stations, show that fault normal
components exceed the limits of the attenuation curve due to forward directivity effect. As
it can be observed at the site class C PGV graphs of 6.8 magnitude earthquake at BYTO1
and BYTO2 stations (see Figure 5.17), although the hypocenter of the earthquake is close
to the BYTNET stations when rupture is at the beginning of the asperity, PGV values are
lower. In addition, the hypocenter of the earthquake is far away from the BYTNET
stations when rupture is at the middle and end of the asperity, PGV values on the strike
normal component of ground motion are higher. This result shows how effective is the
forward directivity. On the other hand PGV graphs of the same earthquake for the D site
class, in Figure 5.18 it is shown that forward directivity effect is influential since PVG
values on the fault normal components are higher than those on the fault parallel
components at BYT02, BYT04 and BYTOS stations. As illustrated via response spectra
graphs, strike-normal component of ground motion affects structures in terms of
vulnerability to high damage at long periods. As it can be seen in the simulated
acceleration response spectra Figures 5.19 and 5.20 of the 5.8 magnitude earthquake at the
stations BYTO1, BYTO02, BYT04, BYT06, BYT08, BYT11, BYT12 that Turkish Seismic
Design Code overestimates the spectral accelerations along the fault parallel and normal
directions. Besides, at the station BYTOS fault normal spectral accelerations exceed fault
parallel spectral accelerations when the period is higher than 0.5 seconds. In conclusion

Turkish Design Code meets the expectations for the 5.8 magnitude earthquake.

In this study, backward directivity effect is observed when the rupture is initiated at
the begining of the asperity, which in turn, occurs when the rupture propagates away from
the site, gives rise to the opposite effect from forward directivity effect (see the first
column of Figure 5.21) : Motions have low amplitudes at long periods. For the 6.8

magnitude earthquake, in the first column of Figures 5.21 and 5.22 backward directivity
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effect is apparent when the rupture starting point is at the beginning of the asperity and in
the second and third column of Figures 5.21 and 5.22 forward directivity effect is
apparent when the rupture starting point is at the middle and end of the asperity. It can be
seen from the Figures 5.21 and 5.22 that Turkish Design Code is insufficient especially at
high periods except the stations BYTO1 and BYT11.
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6. CONCLUSIONS

The EGF method is very powerful as long as appropriate small event records are
available from target source areas. There are total 14 BYTNet stations founded around
Bursa — Yalova region in 2001. Due to the reason that these stations were newly founded
and due to presence of reliably and accurately recorded small earthquake data, it was

found suitable to make simulation using EGF method.

After confirming the focal mechanism determined by KOERI, near source ground
motion simulation based on Empirical Green’s function method in the frequency range
0.5-10 Hz was carried out for two scenario earthquakes (scenario M,,=5.8 and M,=6.8)
synthesized by summing the records of M,,=4.8 Gemlik Earthquake, under the assumption
that ground motions were generated only from asperities.The scenario simulation of
ground motion was performed at nine BYTNET stations for different rupture starting

point alternatives.

As known,the locations of the asperities in each fault plane are defined by
considering the historical seismicity. Since there are no detailed studies as regards
historical seismicity and large slip regions for Armutlu Peninsula, large slip regions
corresponding to asperity in the zone could not be exactly determined. Hence, asperity
area selected in the computations relies on assumptions. Results of the graphs determined
according to asperity area based on assumptions like taking stress drop ratio between

target and element event as one are open to discussion.

For each of the scenario earthquakes it was assumed that the rupture existing in the
asperity area occurs at a deep level and after obtaining asperity values of each of these
earthquake scenarios, displacement, velocity and acceleration wave forms were plotted
when rupture was initiated at the beginning, midpoint and endpoints of the asperity.
Maximum values of the time series graphs drawn for the diverse RSP alternatives at each
of these stations at the beginning, midpoint and endpoints were compared with the
empirical ground-motion-attenuation-relations. As it is seen from the graphs, when

rupture starts at the end and midpoint of the asperity, forward directivity effect as an
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expected result of near-field-ground-motion is observed especially at the stations BYT04
and BYTOS5. The effect of forward rupture directivity on the response spectrum is to
increase the level of the response spectrum of the horizontal component normal to the
fault strike at periods longer than 0.5 seconds. As illustrated in acceleration response
spectra graphs, at short periods FN and FP components of ground motion are overlapping
but at long periods, structures subjected to fault normal component of ground motion are
vulnerable to high damage as depicted acceleration response spectra graphs. As far as
middle earthquakes are concerned, Turkish Seismic Design Code meets the expectations
by means of overestimating spectral acceleration response but as far as big earthquakes
are concerned, Turkish Seismic Design Code cannot meet the expectations due to the fact
that appropriate approximation as regards spectral acceleration response cannot provided
especially at high periods. Compatibility or incompatibility between obtained maximum
values after scenario simulation and empirical attenuation curves can be attributed to
assumptions associated with selection of the asperity, rupture velocity and so forth. Near
fault effects cannot be adequately described by uniform scaling of a fixed response
spectral shape; instead the shape of the spectrum becomes richer in long periods as the
level of the spectrum increases. This means the combination of fling and directivity
peculiar to near-field ground motion can have destructive effects on long-period
structures, such as bridges, high-rise and base-isolated buildings. So, the efforts should
focus on archiving near-fault ground motion recordings in the strike-normal and strike-

parallel components in order to observe rupture directivity effects.

The results of this study reveal that even there are reliable ground-motion estimation
methodologies, the prediction of ground motions from future earthquakes is restricted
with limited knowledge of the source and attenuation parameters. This uncertainty is
important and should always be kept in mind when interpreting ground-motion simulation
results. However, being aware of the uncertainties, ground-motion simulations still
provide a strong tool in determining seismic-hazard levels in places with a high

probability of exceedence.
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APPENDIX A: BAND-PASS FILTERING FOR GEMLIK
EARTHQUAKE

This section includes the figures generated with the data of Gemlik earthquake
which were band-pass filtered for [0.5-2] Hz. and [1-5] Hz. intervals.
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APPENDIX B: README FILE IN ORDER TO RUN
EGF PROGRAM

This section encompasses README FILE so as to run EGF program in test
simulation and input parameters presented in the README FILE.
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B.1. README FILE of EGF Program

<< README FILE of How to run EGF? >>

Last modification 2007/06/04 by Gulum Tanircan

Example "egfm zool.in"

3) 1

4) 0.520.025.00.130.0

5) 5.00.0-3.016.0-1.0 2.0 4.0
6) 316.83 86.55 156.91 20

7) 1

8) 316.83 86.55 156.91 10

9) 0.1750.2330.23000
10) 4332021012

11) 3528 2 0
14) 23.06 162.78 21.21 168.14 00.0 3
15) 1900 5000 1600 5000

16) BYT02

17) 4.8/3.3

18) 1000 5000 100

IFILT: 1-USE FILTER 2-NO FILTER
PARAM. OF FILTER: FL, FH, FS, AP, AS
PARAM. FOR GRAPHIC: UT, Q (1) -Q (6)
STRIKE, DIP, RAKE and DEPTH OF TARGET
NO. OF COMPONENT

STRIKE, DIP, RAKE and DEPTH OF
ELEMENT

DX, DW, TRA, DX0, DW0, TRO

NX, NW, NT, NTT, NSX, NSW, NS, C
FACTOR

VS, VR, IRAD, IPFM

EP. DIST. and AZIMUTH, CMP, IMDL
KSM KEM KSA KEA

STATION

RATIO OF MAGNITUDE

IS, IE, IWIND

B.1.1. Explanation of Input Parameters

3) IFILT is the option for filter: 1-use filter, 2-no filter.
4) FL, FH, FS, AP, AS are the parameters for filter. See the Figure B.1.



5)
6)

7)

8)
9)

10)

11)
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Log Amplitude
I
10%*0 + e S The amplitude of

| /. A\ n the fluctiations
| / . -\ | controlled by AP
| / \ | AS
I / \ |
1 7/ \ |

10**-11_7/ \_ v
I

———e o o o > f(Hz)
FL FH FS

Figure B.1. Filter paramer graph

PARAM. FOR GRAPHIC <NOT USE>

STR, DIP, and RAK are the strike, dip and rake angles of the target event (degree).
Definitions of these angles follow "Quantitative Seismology", by Aki and Richards.
NCMPT is the number of the components you treat. The procedure 8-18 is repeated
NCMPT times. <NOT USE>

STRA, DIPA, and RAKA are the strike, dip and rake angles of the element event.
DX and DW are the length of the fault (km) along the strike direction and along the
dip direction, respectively.

TRA is the rise of the element event (sec).

DX0, DWO0, and TRO are used in case of a multiple shock.

NX and NW are the number of the subfaults along the strike direction and along the
dip direction, respectively.

NT is the number of the element event summed up at each subfault.

NTT 1is used in order to avoid the artificial periodicity that appears when NTT
element events are summed up with the interval TRA (sec).

NSX and NSW is the location of the rupture starting point.

NS is used in case of a multiple shock.

CFACTOR is a parameter used to correct the difference in stress drop between the
element event and the mainshock.

CFACTOR = (stress drop large event) / (stress drop small event)

VS is the S-wave velocity (km/s) of the medium between the source and the station.
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VR is the rupture velocity (km/s).

IRD is an option for style of rupture propagation:
1 - Lateral propagation

2 - Radial propagation.

IPFM is an option for radiation pattern correction:
0 - No correction

1 - Correct

2 - Correct only sign.

14) RM and PM are the epicentral distance (km) and the azimuth (degree) of the target
event (Azimuth is the angle between the north and the vector from the source to the
station, and is measured clockwise from the north).

RA and PA are the epicentral distance and the azimuth of the element event.
CMP is the angle indicating the component of the data.
CMP is measured clockwise from the north. For example:

In case of NS component ....CMP = 0 degree.

EW 90
SN 180
WE 270

Vertical components are special cases:

In case of UD component ...CMP = 1000
DU -1000
IMDL is an option for the style of summation on the time axis
It means the shape of slip time function:
[Omega-cube model]
IMDL=1 --> boxcar (low frequency model)
[Omega-square model]
IMDL=2 --> deltat+boxcar (high frequency model)
IMDL=3 --> deltatexponential (improve model)
IMDL=4 -->root t (dynamic model)
15) For the target event, data from KSM to KEM is used for the synthesis.
For the element event, data from KSA to KEA.
16) STATION is the name of the station
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17) MAGNITUDE is ratio of mainshock/aftershock
18) IS is the starting data point for the spectra.
IE is the ending data point for the spectra.
IWIND is window length for calculating the spectra.
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APPENDIX C: GRAPHS BELONGINIG TO SIMULATED
EARTHQUAKES FOR DIFFERENT RSP

This section includes the figures generated with the data of scenario earthquakes
which were obtained by repeating the EGF simulation with different rupture starting

points in the asperity.
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Figure C.2. Scenario earthquake 5.8, rupture starting at the beginning of the asperity for
BYT06, BYT07, BYTO08 and BYT11 stations
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BYT12 station
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Figure C.4. Scenario earthquake 5.8, rupture starting at the end of the asperity for
BYTO1, BYT02, BYT04 and BYTOS5 stations
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Figure C.5. Scenario earthquake 5.8, rupture starting at the end of the asperity for
BYT06, BYT07, BYTO08 and BYT11 stations
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Figure C.7. Scenario earthquake 5.8, rupture starting at the middle of the asperity for

BYTO01, BYT02, BYT04 and BYTOS5 stations
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Figure C.8. Scenario earthquake 5.8, rupture starting at the middle of the asperity for
BYT06, BYT07, BYTO08 and BYT11 stations



BYT12

BYT12

150

100

5

o

o

-50

-100

-150

150

100

50

o

-50

-100

-150

Acc(cm/sz)-FP

Scenario Max=123

w“ e

20 40
time[s]

Acc(cm/sz)-FN

Scenario Max=13%

20 40

time[s]

2738

10

(&3]

o

&

-10

2497

10

al

o

&

-10

R.S.P.--MIDDLE(EQE 5.8)

Ve(cm/s)-FP

— e

Scen

io Max=7.3811

20 40
time[s]

Ve(cm/s)-FN

W MWWWW

Scenario Max=6.6¢

20 40

time[s]

591

0.

a1

o

-0.5

0.4
0.2

o

-0.2
-04
-0.6
-0.8

Disp(cm)-FP . FAS-FP
10 RN | Iy |
i AT
! ‘Hr\“\h | w P\
Scenafio Max=0.69736 _ || llIl|l w
10° HA{ W ‘m
m 0 | H\ ‘ ” : :
\ E \
% %W“WM s
£ ol I
10 { [T [ R
T
RN | [
RN | [
R RN | [
n n 10 Lol o 1 L1
20 . 40 10
time(s] timel[s]
Disp(cm)-FN
10
J L
Scenarjo Max=0.60274 10* L' '!! ZHEEs
£ = w
Al 7 Y
) 5 10° 0l ,
8 = F1F F
2 :
20111 I
10 &= £
1
y ; 10
20 40
time[s]

161

Figure C.9. Scenario earthquake 5.8, rupture starting at the middle of the asperity for
BYTI12 station
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Figure C.10. Scenario earthquake 6.8, rupture starting at the beginning of the asperity for
BYTOI, BYTO02, BYT04 and BYTOS5 stations
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Figure C.11. Scenario earthquake 6.8, rupture starting at the beginning of the asperity for
BYT06, BYT07, BYTO08 and BYT11 stations
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Figure C.12. Scenario earthquake 6.8, rupture starting at the beginning of the asperity for

BYT12 station
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Figure C.13. Scenario earthquake 6.8, rupture starting at the end of the asperity for
BYTOI, BYT02, BYT04 and BYTOS5 stations
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Figure C.14. Scenario earthquake 6.8, rupture starting at the end of the asperity for
BYT06, BYT07, BYTO08 and BYT11 stations



Acc(cm/sz)-FP

150 10
100
5
o 50 Sce Max=147.4167
c M«w
0 It 0
>
M .50
-100
-150 -10
tlme[s]
Acc(cm/s?)-FN
300 10
200 5
o 100s 0 Max=229.3538
— 0
- 04“
> 5
0 -100
-200 -10
-300 -15
20 40
time[s]

R.S.P.--END(EQE 6.8)

Ve(cm/s)-FP

5
ScﬂWo Max=8.5

tlme[s]

Ve(cm/s)-FN

Scenario Max=11

20 40
timel[s]

007

8132

[

o

-0.5

-1.5

Dis

p(cm)-FP

cenari

-

(o]

N “mfaﬁw

ax=0.85337

Acc(cm/s)

20

Dis

40
timel[s]

p(cm)-FN

cenario Max=1.24.

J

Acc(cm/s)

20

40
timel[s]

0

FAS-FP

I\ ‘m ‘f‘ ¥

WW |

JM

(3
—F

0
10

Figure C.15. Scenario earthquake 6.8, rupture starting at the end of the asperity for
BYT12 station

167



Acc(cm/sz)-FP

R.S.P.--MIDDLE(EQE 6.8)

Ve(cm/s)-FP

200
O  sgenarigiMax=174.9161 |
— OWMUWMW OM\M Wox
E 200 _23 enario Max=13.40L3
20 40 20 40
time[s] time[s]
Acc(cm/sz)-FN Ve(cm/s)-FN
1 200 - 20
o Scenarig Max=160.2201
- 0 [~z 0 W/\MNNMMW
E 200 _%enario ax=16.9122
20 40 20 40
time[s] time[s]
Acc(cm/sz)-FP Ve(cm/s)-FP
AN 500 . S 50
o Scenarig/Max=383.3186
2 T o
E 500 _sgpeenari =39.2176
20 40 20 40
time[s] time[s]
Acc(cm/s?)-FN Ve(cm/s)-FN
S SOé) i =349.0895 100
¢enario,
— ow«»ﬂWL Wy o Wl\j\)l/
> Scenario' Max=61.3963
m -500 -100
20 40
time[s] tlme[s]
Acc(cm/s®)-FP Ve(cm/s)-FP
<t 2000 - 100 —
o Scenarig Max=1519.8311 Scenario,Max=64.1601
- 0 :WWW 0 WW
>
M 20000, 40 10072 40
time[s] time[s]
Acc(cm/sz)-FN Ve(cm/s)-FN
< 2000 - 00
o Scenarig Max=1593|5606  Scenario Max=132.3923
= oqﬂwwww e
o 2000, 40 200750 40
time[s] time[s]
Acc(cm/sz)-FP Ve(cm/s)-FP
Lo 2000 , g -
o cenarip Max=1194.5054 enario Max=105.8444
; oﬂM%vﬁwaww 0 MNMU
M 20003 40 200, 40
time[s] time[s]
Acc(cm/s?)-FN Ve(cm/s)-FN
Lo 2009 . 500 -
E enari WB .8534  Scenario Max=228.9089
0 | e 0
> ZOOOMMN‘“ 500
m - 20 40 i 20 40
time[s] time[s]

168

Disp(cm)-FP | FAS-FP
n 10
Scenario Max=2.7888 | = My o b
by el i ISP bt ok
8 N [NRRR | Lo
-5 10 LILIL 1 Lol
20 w0 < 10° 10"
time(s] time[s]
Disp(cm)-FN | FAS-FN
S%enario =3.9452 £ 10 b R
w1 o S AR A L
8 0 [NRRR | Lo
-5 10 LILIL 1 Lol
20 40 < 10° 10*
time[s] time[s]
Disp(cm)-FP | FAS-FP
égenarlo L 10 ‘““W"W‘”MW W
I
0 WW § so° [ T
8 5 [NRRR | Lo
_lo 10 LILIL 1 Lol
< 10° 10"
tlme[s time[s]
Disp(cm)}-FN | FAS-FN
é 10 VO ven ] W%‘\ dal
R m S T
Scenario Max=12.0792| Q _ o| /!t ot
-20 010 LIl Ll
< 10° 10"
tlme[s] timels]
Disp(cm)-FP s FAS-FP
© . w10
cenarig Max=6.8544 W
= HM [
O— S nh
(&) 0 [RENL
-10 2 10
20 40 < 10° 10"
timefs] time[s]
Disp(cm)-FN s FAS-FN
f:?(?enario Max=15.5418 g 104J:‘ﬂ« Lo :wm
0 W\WWW S 10" Finn 2= Y “MW%W
8 02 i R
_20 l LLLLL 1 Lol
20 40 < 10° 10"
timefs] time[s]
Disp(cm)-FP FAS-FP
0r— » 10
cepario Max=24.2684 E 0 Pt
OMWWVW“MN © 10 Fmn--raaTan
(8] _10\\\\\ | [N
_50 (8] 10 LLLLL | Lol
20 40 < 10° 10"
time[s] time[s]
Disp(cm)-FN SR FAS-FN
Sggwario =49.5106 g 104 ‘H\’“ o
OMMW\WLPWWW‘ o 10 ’\T\ﬂ - M\ V%
8 102 [RENL | [N
_50 LLLLL 1 Lol
20 40 < 10° 10"
time[s] timefs]

Figure C.16. Scenario earthquake 6.8, rupture starting at the middle of the asperity for
BYTO1, BYT02, BYT04 and BYTOS5 stations
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Figure C.17. Scenario earthquake 6.8, rupture starting at the middle of the asperity for

BYT06, BYT07, BYT08 and BYT11 stations
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Figure C.18. Scenario earthquake 6.8, rupture starting at the middle of the asperity for
BYT12 station
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