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Abstract

We present the results of a comparative study of two intrinsically different methodologies, a stochastic one and
a deterministic one, performed to simulate strong ground motion in the Kozani area (NW Greece). Source
parameters were calculated from empirical relations in order to check their reliability, in combination with the
applied methodologies, to simulate future events. Strong ground motion from the Kozani mainshock (13 May,
1995, M, = 6.5) was synthesized by using both the stochastic method for finite-fault cases and the empirical
Green’s function method. The latter method was also applied to simulate a M_ = 5.1 aftershock (19 May, 1995).
The results of the two simulations computed for the mainshock are quite satisfactory for both methodologies at
the frequencies of engineering interest (> ~2 Hz). This strengthens the idea of incorporating proper empirical
relations for the estimation of source parameters in @ priori simulations of strong ground motion from future
earthquakes. Nevertheless, the results of the simulation of the smaller earthquake point out the need for further
investigation of regional or local, if possible, relations for estimating source parameters at smaller magnitude
ranges.

Key words simulation — ground motion — earth- the performance of these methods has not been
quake — EGF-Kozani comparatively evaluated, so far none appears to

be significantly more accurate than to the oth-
ers. Nevertheless, some of these methods have

1. Introduction the advantage of simplicity, as they consider
simple models and empirical relations for the
During the past decades, much effort has representation of source and path processes and
been given to obtaining reliable simulations of so the numerical and analytical difficulties of
strong ground motion generated by finite-faults computing the earth response are avoided.
using methodologies that include theoretical or One of the simplest techniques for predict-
semi-empirical modelling of the parameters af- ing strong ground motion from large earthquakes
fecting the shape, the duration and frequency is the Empirical Green’s Function (EGF) meth-
content of strong motion records. Even though od. Hartzell (1978) first utilized observed records

from small events (e.g., aftershocks and fore-
shocks) as Green’s functions to simulate the
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ley and Helmberger, 1980; Irikura 1983, 1986;
Trikura and Kamae, 1994; Frankel, 1995; Kamae
et al., 1998). This particular method has the
advantage of collecting the information needed
to model the source, path and even site effects
from real data.

Another common tool in the simulation of
strong ground motion is the stochastic method.
This method is based on the stochastic point
source model, which stems from the work of
Hanks and McGuire (1981) who indicated that
the observed high frequency (~1 to 10 Hz)
ground motion can be represented by windowed
and filtered white noise, with the average spec-
tral conient determined by a simple description
of the source. The stochastic ground-motion
modelling technique, also known as the band
[imited white-noise method, was first described
by Boore (1983). Since then, many researchers
have applied the method to simulate ground
motion from point sources {¢.g.. Boore and At-
kinson, 1987; Toro and McGuire, 1987; Atkin-
son and Boore, 1995 among others).

Even though the success of the point-source
model has been pointed out repeatedly, it is also
well known that it often breaks down, especially
near the sources of large earthquakes. Recenlly,
Beresnev and Atkinson (1997) proposed a tech-
nique that overcomes the limitation posed by
the hypothesis of a point source. Their tech-
nique is based on the original idea of Hartzell
(1978) Lo model large events by the summation
of smaller ones. In Beresnev and Atkinson (1997)
the high-frequency seismic field near the epi-
centre of a large earthquake is modelled by divi-
ding the fault plane into a certain number of
sub-elements and summing their contributions,
with appropriate time delays, at the observation
point. Each element is treated as a point source
with a theoretical @ spectrum. A stochastic mo-
del is used to calculate the ground-metion
contribution from each sub-element, while the
propagation effects are modeled empirically.

The investigation of the synthesis of strong
ground motion from earthquakes in Greece at-
tracted the attention of many scientists and both
stochastic (Papastamatiou et al., 1993; Tolis and
Pitilakis, 1993; Margaris and Papazachos, 1994;
Margaris and Hatzidimitriou, 1997; Margaris
and Boore, 1998) and deterministic approaches
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(Diagourtas et al., 1993, 1994; Theodulidis and
Bard, 1995; Tselentis et al., 1996; Kamae et al.,
1998) have been applied.

In this work we present the results of a com-
parative study of the stochastic method and the
EGF method to model the strong ground motion
produced by the Kozani-Grevena earthquake of
May 13, 1995 (M 6.5). This parallel application
was performed in order to evaluate the relative
performance of the two methods, in a case where
source parameters are calculated from empirical
relations. If these empirically estimated source
parameters are proven to be adequate to simu-
late observed ground motions, then empirical
regional and local relations for the estimation of
source parameters could be very useful in sim-
ulations of strong ground motion from future
earthquakes.

2. Stochastic approach

The stochastic modelling technique proposed
by Beresnev and Atkinson (1997, 1998) is ap-
plied in the present study for the simulation of
an earthquake of magnitude M_= 6.5, that oc-
curred in Northwestern Greece (Kozani area) on
May 13, 1995. The earthquake caused extensive
damage in many villages and some damage in
the two large towns of the area, Kozani and
Grevena. The mainshock was recorded by an
analog accelerograph that had been installed at
the building of Prefecture of the city of Kozani
by ITSAK (Institute of Engineering Seismolo-
gy and Earthquake Engineering). This accel-
erograph was the only one installed within the
mieizoseismal arca by the time of the earthquake
occurrence. The obtained record was used for
comparison with simulated data.

2.1. Method

In the stochastic method, the Fourier ampli-
tude spectrum of a seismic signal is represented
as the product of a spectrum, S(w), that accounts
for the effects of the seismic source and several
other filtering functions that represent the ef-
fects of the propagation path and the recording
site. If the site, where the receiver was installed,
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can be characterized as hard rock, the shear-
wave acceleration spectrum is given by

Alw) =2w"-S(w)- P(w)-e " (2.1)
where @ is the angular frequency, R is the hy-
pocenral distance, Q is the quality factor intro-
duced to account for the regional inelastic atten-
uation and /7 is the shear-wave velocity. The
filtering function P(w) is used for the common-
ly observed spectral cut-off above a certain fre-
quency w,. According to some scientists, this
phenomenon is caused by the processes that
take place at the source during the occurrence of
an earthquake (Papageorgiou and Aki, 1983;
Papageorgiou, [988). Others believe that it is
mainly due to high-frequency attenuation by the
near-surface weathered layer (Hanks, 1982;
Anderson and Hough, 1984; Beresnev and At-
kinson, 1997; Theodulidis and Bard, 1998). In
the methodology described, P(w) has the form
of the fourth-order Butterworth filter

Plw) = [ +(e/w )" (2.2)

The function S(ew) is calculated as the product
of a certain deterministic function (usually the
e-square model), which defines the average
shape and amplitude of the spectrum, and a
stochastic function (e.g., the Fourier spectrum
of windowed Gaussian noise) that accounts for
the realistic random character of the simulated
ground motion.

The extension of the stochastic model to the
finite-fault case demands transformations of the
relative theoretical expressions that have been
proposed for point sources, in order to account
for the finite dimensions of the sources that
produce large earthquakes. The fault plane is
discretized into a certain number of equal rec-
tangular elements (subfaults) with dimensions
Al x Aw. Each subfault is then treated as a point
source with an w-square spectrum, which can
be fully delined by two parameters: the seismic
moment and the corner frequency of the sub-
fault spectrum. The connection between these
Lwo parameters and the finite dimensions of the
subfaults is established through two coefficients,
Ag and «, respectively. In detail, assuming the
simple case for which Al = Aw, the subfault
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moment (/m,) can be determined from the rela-
tion

m, = Ac-Al' (2.3)
where Ag is a stress parameter, most closely
related to the static stress drop (Beresnev and
Atkinson, 1998). Ac relates the subfault mo-
ment to its finite dimensions. On the other hand,
& relates the subfault spectrum corner frequen-
cy, [, to its finite dimensions, through the
relation

fo Al

p

where f is the shear-wave velocity. The param-
eter £ actually controls the level of high-fre-

quency radiation in the simulated time-history
and is equal to

(2.4)

i (2.5)

where y is the ratio of rupture velocity to shear-
wave velocity and z, represents the ratio of the
rise time of a small finite source, T, to the rise
time of an equivalent point source, t(7T/T = z).
The value of z depends on a convention in the
definition of the rise time as it is introduced in
the exponential functions that describe the @™
model (Beresnev and Atkinson, 1997). Differ-
ent conventions lead to different relations be-
tween the rise time T and the corner frequency

[ In the Beresnev and Atkinson (1997) method

zis given a value of 1.68 that holds for a «stand-
ard» rupture.

2.2, Application of the stochastic method to
the Kozani earthquake

The synthetic record was calculated for the
Kozani station (fig. 1). At the site of the record-
ing station there is an underlying limestone
with a thin near-surface layer of colluviums.
The site has been characterized as class A site
(Margaris and Boore, 1998) according to the
shear-wave velocity averaged over the top 30 m
(V,, > 750 m/s). According to this characteriza-
tion, we used the frequency-dependent amplifi-
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cation model of Frankel et al. (19906), as pro-
posed by Margaris and Boore (1998). The mod-
elling parameters used for the simulation are
summarized in table L.

The length, L, and width, W, of the target fault
were calculated from the following empirical
relations applicable to the Aegean and surround-
ing area (Papazachos and Papazachou, 1997):

logL = 0.51M —1.85 (2.6)
log W = 0.19M_—0.13 2.7)

where M is the moment magnitude.

The dimensions estimated for the target faunlt
from the above relations (29x 13 km) are close
to those determined by Hatzfeld et al. (1997)
and Papazachos et al. (1998) and in good agree-
ment with field observations, as well (Pavlides
et al., 1995). The nucleation started at the north-
eastern termination of the bottom of the fault
and propagated radially up to a depth of about
3 km (Papazachos et al., 1998).

The discretization of the target fault was done
following a rather empirical rule. According

Table I. Input parameters for the application of the stochastic method of Beresney and Atkinson (1997).

to Beresnev and Atkinson (1998), the corner
frequency, f, of the subsources must lie below
the frequency range of interest, otherwise the
sensitivity of the method to subfault size in-
creases. For simulations at frequencies above
0.2 Hz, egs. (2.4) and (2.5) give a minimum
subfault size of Al ~ 7 ki (assuming v= 0.8 and
z = [.68 that hold for a «standard» rupture;
Beresnev and Atkinson, 1997). So we used this
minimum value of Al and discretized the target
fault plane into 3x2 elements, assuming that
Al = Aw. The final model used for the target
fault is also shown in fig. 1.

The cut-off frequency, £, of the simulated
acceleration spectrum was calculated from an
empirical relation proposed by Theodulidis and
Bard (1998):

In(f, ) =3.20-0.18M-0.028InR-0.475 (2.8)
where M is magnitude, R is hypocentral dis-
tance and § is a variable which takes the value
0 for «rock» sites and [ for «alluvium». This
relation was derived using a set of strong-mo-
tion data from 35 shallow earthquakes in Greece.

Parameter

Kozani carthquake (mainshock)

Fault orientation
Fault dimensions, LxW (km)

Strike 240°, Dip 45° (Geological Survey of Japan)
29x 13

Depth to upper edge of the fault (km) 3

Mainshock moment magnitude (M } 6.5

Stress parameter (bars) 50

Subfault dimensions, AfxAw (km) 7.2%6.5
Subfault moment (dyne-cm) .05 % 107
Number of subfaults 8

Number of subsources summed 6

Subfault corner frequency 0.36

Crustal shear-wave velocity (km/s) 34

Crustal density (gfem’) 2,72
Distance-dependent duration term (s) Duration equal to source rise time
Geometric spreading I/R

o 103.5xf ™"
Windowing function Saragoni-Hart
S (Hz) 7
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Even though this value of f_ could have been
derived with more accuracy from the observed
spectrum, we preferred to use a regional empir-
ical relation in order to restrain the a posteriori
character of the simulation. However, we
checked f, . of the observed spectra as well,
and we found approximately the same value
(S = 6)-

The same reasoning applies to the calcula-
tion of the stress parameter, Ag, which was as-
sumed equal to 50 bars, a mean value proposed
by Kanamori (1979), instead of 63 bars that
were calculated for the Kozani mainshock (Mar-
garis and Boore, 1998).

For the geometric attenuation we apply the
1/R model and for the inelastic attenuation we
use the model of Baskoutas et al. (1998), calcu-
lated from the coda waves of 80 aftershocks of
the Kozani sequence. The duration is kept to be
equal to the source rise time at all distances.

2.3. Results

Figure 2 compares the simulated S-wave part
of a random horizontal component to the ob-
served horizontal accelerograms (K2/SMA
records). The duration and shape of the ob-
served ground motion are closely predicted. The
prediction error of peak acceleration is ~ 7%
(the error is calculated as the difference between
simulated and observed peak acceleration, di-
vided by observed peak acceleration).

In fig. 3, the simulated Fourier amplitude
spectrum is compared with both observed spec-
tra (longitudinal and transverse components)
after the application of a moving average smooth-
ing window (every 0.5 Hz with an overlapping
step of 0.25 Hz). The matching is quite satisfac-
tory although for frequencies less than 2 Hz and
for the recorded T-component a small discrep-
ancy is observed.

3. Empirical Green’s function approach

We applied the methodology of Irikura (1983,
1986) in order to simulate the observed strong
ground motion from the Kozani mainshock
(M, 6.5) using one of its aftershocks (M 5.1).
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We chose the Kozani mainshock because its
acceleration records had already been simulated
by means of the stochastic method and therefore
we could compare the relative performance of
the two methodologies applied in the particular
area. We also attempted to simulate an after-
shock (M = 5.1) in order to check the effective-
ness of the method in synthesizing strong mo-
tion from moderate earthquakes. These events
have often been proved to be catastrophic in the
area of Greece (e.g., on July 14, 1993, an earth-
quake with M, = 5.1 caused a lot of damage in
the city of Patras). Thus we modelled the M 5.1
event using one of its very small aftershocks
(M 4.0). Furthermore, this particular aftershock
was recorded by a digital accelerograph and we
also had many digital records, which could be
used as empirical Green’s functions. Since we
had the advantage of choosing the best-input
data, this simulation was performed as a valida-
tion test of the methodology combined with
empirical relations for the estimation of source
parameters.

3.1. Method

Irikura (1983} combined the EGF technique
with similarity laws of earthquakes using the
dislocation model of Haskell (1964). Under the
similarity assumption, when two events with
different magnitude occur within the same seis-
mic source, the following similarity relations
can be derived:

£ (3.1)
D,
where L and W are length and width, respective-
ly, of the rectangular seismic source, D is the
final offset of the dislocation, 7 is the rise time
and M, is the seismic moment. The parameters
without subscript are for the larger event and
those with subscript, e, are for the small event.
N is the scaling parameter (equal to the closest
integer), necessary for the discretization of the
target fault.

Irikura and Kamae (1994) revised relation
(3.1) to allow for the probable difference in
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stress drop between the large and the small
event. The revised relations are

]
1]

w_ D I‘_[M”

W cD, r, \cM,,

¢ ¢ ¢

I

L 3
. =N (3.2
A J (3.2)

where C is the ratio of the stress drop of the
large event to the stress drop of the small event.
Kamae et al. (1998) emphasized the importance
of the parameter C in the correct estimation of
the simulated spectrum level.

The other similarity faw used in the method-
ology described is the w-square spectral scaling
of source spectra, which can be briefly described
by the equations

u, M

— 0 —CN 3 (3.3)
U

M

0¢ e

and

A ey (3.4)

All I3

where U, and A, correspond to the flat level of
the displacement spectrum and the flat level of
the acceleration spectrum, respectively. These
relations can be used to calculate the two pa-
rameters, C and N, only in cases of a posteriori
simulations as they imply that the spectrum of
the target event must be known.

The seismogram A(f) of the target event is
calculated from the relation

Alr) = ELF(I =)= Calt)
i=l Iy

o :

where
(N -1’ I
F(r):é(r)+i, Zd[r—u} (3.5)
n' g (N -Dn’
and
!,:i+é+e»
¥ V V 1

« -’

In the above relations a(7) is the seismogram of
the small event, r is the hypoceniral distance of
the small event, r, is the distance of the observa-
tion point to the centre of the subfault /, £, is the
distance of the rupture initiation point to the
centre of the ith subfault, V, is the rupture veloc-
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ity, V. is the velocity of the seismic waves stud-
ied, T'is the rise time of the large event and »” an
integer to eliminate spurious periodicity {Iriku-
ra, 1983). The symbol (*) denotes convolution.
The function F(¢) is introduced to account for a
difference in the slip time function of the large
event and that of the small event. The first term
of the right hand part of eq. (3.5) represents a
delta function, 6(#), and the second term repre-
sents a square pulse of duration T. e, is a random
number between —ew/V and +ew/V (0 <c < 1)
used to give a random character to the rupture
propagation process (Kamae ef al., 1998).

3.2. Application of the method

The values of the source parameters used as
input data (seismic moment, M, fault length, L,
fault width, W, stress drop, Ao, rise time, T) were
estimated from empirical scaling relations, in-
stead of the spectral scaling relations (3.3) and
(3.4). We arbitrarily extrapolated these empiri-
cal relations to smaller magnitude ranges, in
some cases. However, we checked the relevant
values from egs. (3.3) and (3.4) and we found
comparable results.

Seismic moment, M, was determined from
magnitude, M , using an empirical relation pro-
posed for Greece and the surrounding area by
Papazachos and Papazachou (1997)

logM, = 1.5M +15.99. (3.0)
Assuming that the moment magnitudes of the
larget event and the small event are known, the
fault length, L, and fault width, W, were estimat-
ed from the egs. (2.6) and (2.7), respectively.
Fault area, S, was estimated from the relation
(Papazachos and Papazachou, 1997)

logS,=0.70M _-1.98. (3.7)
The static stress drop, Ag, was estimated from
the scalar seismic moment and the fault dimen-
sions using the relation proposed by Keilis-Borok
(1959)

™, (3.8)

Ao =
165°
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where 7 is the radius of the circular fault consid-
ered in Brune’s model (1970, 1971).

Finally, the rise time, 7, was estimated from
the empirical relation (Geller, 1976)

165”2

(—h,rﬂlﬁ) (39)
where § = (LxW) is the fault area and f is
the shear-wave velocity.

After having estimated the source parame-
ters of the two events, the target fault was dis-
cretized into Nx N subelements. N is the closest
integer to the value calculated from the equation

1
Nzl Mo | (3.10)
C'Mﬂp
where
. G.11)
Ag,

In egs. (3.10) and (3.11), M, and M, are the
seismic moment of the large event and the seis-
mic moment of the small event, respectively,
and Cis the ratio of the stress drop between both
events. The parameters used for the two simula-
tions are listed in table II.

3.3, Simulation of the M 5.1 earthquake
with the EGF method

We simulated a moderate size event, M, 5.1,
using an event of M_4.0 as empirical Green’s
function. The epicentres of the two earthquakes
are shown in fig. | (AFT3 and AFT2, respec-
tively). Event AFT2 was selected from the data
set of similar magnitude aftershocks because its
epicentre was very close to that of the target
event. The parameters N and C (egs. (3.10) and
(3.11) used for the simulation were estimated to
be 2 and 3, respectively. Fault strike, dip, and
rake for each one of the two events were derived
from the corresponding representative focal
mechanisms, calculated by Papazachos et al.
(1998). We used S-wave velocity of 3.4 km/s
(Calganile et al., 1982; Papazachos and Nolet,
1997) and rupture velocity of 2.5 km/s (V. =
0.72f3). We carried out four simulations of the
expected acceleration time history at the Kozani
station by changing the nucleation point and
assuming that the rupture spread circularly from
that point. The effect of the starting point proved
to be not so important to the simulation, proba-
bly because the fault area of the targel event is
small relative to the epicentral distance of the
simulation site.

Table II. Input parameters for the two applications of the EGF technique.

Simulation of the M_ 5.1 event

Simulation of the mainshock

Parameter Target Small Target Small
Event/fault Event/fault Event/fault Event/fault
M, 5.1 4.0 6.5 5.1
M, (dyne-cm) 4.4x10% 9.8x10" 5.5% 107 4.4% 10"
Epicentre 40.054°N 40.028°N 40.146°N 40.083°N
Coordinates 21.580°E 21.591°E 21.679°E 21.591°E
Strike (%) 247 265 240 247
Dip (*) 52 46 45 49
Rake (*) -92 —80 —101 - 100
Hypocentral depth (km) 7 1 13 9
Fault length (km) 6 3 29 6
Fault width (km) 6 3 13 6
Rise time () 0.75 0.375 2.33 0.75
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Figure 4 (upper parl) shows the observed
records of the M, 4.0 event, which acts as the
Green’s function, the observed records (middle
part) of the target event of M_ 5.1 and its simulat-
ed records (lower part). All accelerograms were
recorded at the Kozani station (Kozani_SSAZ2
infig. 1). The synthetic waveforms, like the orig-
inal data, were band-pass filtered between 0.3
and 40.0 Hz.

From fig. 4 we can see that the simulated
records reasonably well agree with the observed
ones, both as to their amplitude level and their
duration. The envelope function of the observed
ground motion is also closely predicted. The
observed and simulated Fourier amplitude spec-
tra are also compared in fig. 5a. A moving aver-
age smoothing was applied to the simulated
spectra, as previously described. The agreement
between observed and simulated spectra is sat-
isfactory at frequencies higher than ~3 Hz, but
at lower frequencies observed amplitude spec-
tra are larger than simulated ones. This is prob-
ably due to the lack of low-frequency energy
(< 3 Hz) of the small earthquake compared to
the relative energy of the target earthquake
(fig. Sb).

3.4. Simulation of the mainshock with the
EGF method

The same methodology was also applied
for the simulation of the Kozani mainshock
(M 6.5). The mainshock was recorded by an
analog accelerograph at the Prefecture building
of Kozani (Kozani_k2/SMA in fig. 1). Unfortu-
nately no records of large aftershocks with epi-
centres close to the epicentre of the target event
were available, in order to use them as empirical
Green'’s functions. The closest aftershocks with
M > 5 occurred at a distance of about 10 km
southwest of the mainshock and were recorded
by the same analog accelerograph as the main-
shock. Besides the differences in the propaga-
tion path we also had to take into account the
quality of the analog recordings concerning the
early arrivals, We finally used as empirical
Green’s function the acceleration record of the
first large aftershock of the sequence (M_5.1)
that occurred on May 15, 1995 (AFTI in fig. 1).
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The modelling parameters for this simulation
are also shown in table II.

The parameters N and C (egs. (3.10) and

3.11)) were found to be equal to 3 and 4.1,

respectively. The values of the S-wave velocity
and the rupture velocity were maintained as in
the previous simulation. The orientation of the
target fault was taken from the focal mechanism
estimated by Hatzfeld er al. (1997), while for
the small earthquake we adopted an orientation
proposed by Papazachos et al. (1998). In this
latter work, after an examination of the focal
mechanisms of a large number of shocks that
followed the Kozani earthquake, seven clusters
of aftershocks were defined and a representative
focal mechanism was determined for each of
these clusters. In the present simulation, we
used the representative focal mechanism that
corresponds to the cluster nearest to the epicen-
tre of the EGF event. Finally, we assumed that
during the mainshock the rupture started from
the deepest central part of the fault (see fig. 1)
and spread circularly upwards.

Figure 6 shows the comparison between the
synthetic waveforms and the observed ones. We
failed to predict the initial P-wave part of the
record, mainly due to the quality of the analog
input data. The level of the simulation accuracy
is quite satisfactory for the rest of the waveform,
despite the difference in the propagation path
between the small earthquake and the target
event. Both, the maximum amplitude as well as
the duration of the S-wave part are very closely
predicted.

Figure 7a compares the observed spectra to
the smoothed simulated spectra. The matching
is satisfactory at the frequency band of 0.3 1o
about 6 Hz and much better at low frequencies
than at the previous simulations. However, a
larger difference can be noticed at higher Ire-
quencies (> 6 Hz), in contradiction again with
the previous simulation. A similar difference in
the high-frequency energy content between the
EGF and the target event emerges from the com-
parison of their amplitude spectra (fig. 7b). Since
the recording site is common for both the small
event and the target event, the difference in the
recorded high frequencies can be attributed
to either source effects or path effects. So the
misfit in high frequencies between the observed
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Fig. 6. Comparison of the acceleration time histories, recorded at the Kozani station during the 13 May 1995
mainshock, with the simulated accelerograms by the methodology of Irikura (1993). Peak accelerations in cm/s”
are also shown for comparison.

spectrum and the simulated spectrum could be mainshock. The S-wave part of the observed
due either to inaccurate estimation of source record was successfully synthesized for frequen-
parameters {rom the empirical relations or to the cies > 2 Hz which is a quite satisfactory result
difference in propagation path between the EGF taking into account the use of empirical rela-
and the mainshock. tions to estimate the lault dimensions, the cut-

off frequency (/) of the target spectrum and
the random slip distribution model assumed.

4. Conclusions - discussion The only a posteriori knowledge in this simula-

tion was the rupture geometry. Even though

A parallel application of a stochastic and a such information is not known for a future carth-

deterministic method concerning the simulation quike, several realistic scenarios can be assumed

of strong ground motion was performed to data in order to apply this methodology to estimating
obtained from the Kozani-Grevena (M_6.5) 1995 average response spectra.

earthquake sequence in Northwestern Greece. The empirical Green’s function (EGF) meth-

The stochastic method for finite-fault cases, od was applied, at [irst, to simulate a moderate

as proposed by Beresnev and Atkinson (1997), event of magnitude M 5.1. The simulation was

was applied for the simulation of the Kozani successlul for l‘lequencms > 3 Hz, even though
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discrepancies were observed for lower frequen-
cies. A second application was made to simulate
the ground motion produced by the mainshock
(M_6.5), giving satisfactory results in the fre-
quency band 0.3 to about 6 Hz, thus, in this case
we managed to obtain a good match for lower
frequencies as well.

The two methodologies applied gave credi-
ble ground motion synthetics, especially for the
frequency band relevant to engincering applica-
tions. The empirical Green’s function method
resulted in a better fit between observed and
synthetic accelerograms than the stochastic
method, mainly due to the information con-
tained in the small earthquake record that was
uscd 1o describe the Green’s function. Even
though the maximum amplitude of the synthet-
ics, in the EGF method, is strongly dependent
on the value of the parameter C (eq. (3.11)),
simulations of the duration of the target earth-
quake seem to be very stable. The stochastic
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Fig. 7a,b. a) Comparison of the observed Fourier
amplitude spectra (thick line) al the Kozani station
during the 1995 Kozani mainshock, with the respective
simulated spectra (thin line) by the methodology of
Trikura (1993). b) Comparison of the smoothed Fourier
amplitude spectrum (longitudinal compenent) of the
mainshock (thick line) with the relevant spectrum of
the EGF (thin line).

method, on the other hand, incorporates the
available seismological and geological infor-
mation for a region and does nol need specilic
data in order to be applied.

A basic disadvantage of the EGF method,
usually mentioned, in many cases, is the lack of
small carthquake recordings. In Greece, the
strong motion database is relatively new. How-
ever, it is growing rapidly because of the high
seismicity of the area and the increase in avail-
able instruments. Small earthquake recordings
can be readily obtained within relatively short
time intervals in most areas ol interest and the
methodology can be easily applied, at least [or
the simulation of moderate magnitude carth-
quakes, that proved to be of great importance in
Greece.

Earthquakes in Greece with magnitude great-
er than 7.0 usually occur at sea and even though
they represent a permanent threat for many coast-
al areas, they are not as catastrophic as carth-
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quakes occurring on the mainland. According Lo
the recent seismological history of the area for
the past two decades, six earthquakes of magni-
tude less than 7.0 caused extensive damage and
even human losses occurred in many populated
areas (Magnesia, 1980, M = 6.6; Alkionides,
1981, M =6.7; Kalamata, 1986, M = 6.0; Koza-
ni, 1995, M = 6.5; Aigio. 1995, M = 6.4; Ko-
nitsa, 1996, M = 5.8; Athens, 1999, M = 5.9).
These examples warrant the study of strong
ground motion from future events of similar
magnitudes. On the other hand, these magni-
tude ranges ave not alarming for non-linear phe-
nomena, at least at lar and intermediate field.
So. the assumption of linear response of the
ground can usually hold.

The main problem is focusing in the near
field, where the investigation of strong ground
motion has significantly lagged. Most of the
methodologies proposed for the simulation of
strong ground motion, including the two meth-
odologies applied in the present paper, take into
account only far-field terms. In Greece, near
field strong ground motion studies are impera-
tive because the mainland is densely cut by
active faults, some of which border on large
cities or important lifelines. So, even though the
potential of the two methods is good, future
investigations must focus on the incorporation
of near-field terms when predicting strong
ground motion,
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