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Costas Papazachos, Dimitris Raptakis, and Kostas Lontzetidis

Abstract In this study, the site effects on seismic ground motion in the city of
Thessaloniki (Greece) are estimated by applying experimental methods on acceler-
ation data and theoretical modeling. The technique of standard spectral ratio (SSR)
is applied to a reference station located on rock, while the horizontal-to-vertical
spectral ratio (HVSR) technique is applied to earthquake records (entire record length
including P and S waves) as well as on noise recordings. In addition, the SSR method
is also applied to the vertical components. The results from all methods are compared
in terms of resonant frequencies and amplification levels. The fundamental resonant
frequency is identified by all methods, while the average amplification level is gen-
erally underestimated when the HVSR technique is used. An attempt is made to
correlate the site amplifications computed in this study with the observed macrose-
ismic intensities reported at the same sites for the 20 June 1978 earthquake. A relation
of the form, 8 = a + b - 1log[SSR(f)] is derived, where J1 is the intensity incre-
ment with respect to the intensity of the reference station and SSR(f) is the mean
amplification factor obtained at each station using the SSR technique for a certain
frequency band. In the numerical approach, we construct complete strong-motion
synthetics using the modal summation method for the P-SV waves up to frequencies
of 10 Hz. As input, four point sources are used, located at different distances and
azimuths from the stations. Ratios of response spectra of the local 1D over the re-
gional 1D synthetic seismograms are calculated. The obtained mean spectral ampli-
fications are compared with those derived from experimental data, and the two sets
are found to be consistent at most stations.

Introduction

After the occurrence of large destructive earthquakes
during the last 10 years, such as the Mexico 1985 (e.g., Bard
and Chdvez-Garcia, 1993), the Armenia 1988 (e.g., Borch-
erdt et al., 1989), the Loma Prieta 1989 (e.g., Hough et al.,
1990), the Northridge 1994 (e.g., EERI, 1994), and the Kobe
1995 (e.g., EERI, 1995), both seismologists and earthquake
engineers have focused their attention on the importance of
local site response on seismic ground motion. The observed
unequal distribution of damage from these earthquakes pro-
moted a series of studies on scenarios and parameters con-
cerning local geological conditions responsible for the dif-
ferentiation of the seismic ground motion. Indeed, many
factors affect the seismic motion near the recording site: seis-
mic-wave velocities and geometry of the stratigraphy (the
thickness and position of the discontinuities of the geological
formations), topography (Boore, 1972, 1973; Bard, 1992),
and intensity of excitation (weak or strong) that can induce
nonlinear phenomena in correlation with local geology (Aki,
1993; Field et al., 1997). Generally, the big variety of clas-
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sifications of site effects confirms the complexity and the
still inadequate understanding of the physics of this phenom-
enon (Aki, 1988, 1993; Bard, 1995; Kudo, 1995). Without
pretending to properly define such a complex phenomenon,
we can very roughly summarize that both near-surface het-
erogeneities and topography are responsible for the observed
different features of the wave field, causing amplification (or
deamplification) of the seismic motion at the surface. The
duantitative estimation of this phenomenon is usually given
in terms of the level of the site amplification for the relevant
frequency band.

One of the first attempts to estimate site effect was done
by Lawson et al. (1908) after the 1906 earthquake of San
Francisco. In the first investigations, macroseismic obser-
vations were used, but later on, data from instrumental re-
cordings became the predominant tool for the estimation of
site effects. In the last years, a multitude of experimental
methods for site-effect estimation have been proposed, as
well as improvement of existing or development of new nu-
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merical techniques for estimating the response of supetficial
layers (e.g., Borcherdt, 1970; Nakamura, 1989; Fih, 1992;
Lermo and Chéavez-Garcia, 1993; Field and Jacob, 1995).
In this article, we deal with site-effect estimates in the
city of Thessaloniki (northern Greece), which is located
close to a major seismogenic area and had experienced sev-
eral destructive earthquakes during the present century (Pa-
pazachos and Papazachou, 1997). The last earthquake se-
quence occurred during May through July 1978, with three
earthquakes of Mg magnitudes 5.8, 6.5, and 5.1 at a distance
of about 30 km NE from the city (Papazachos ef al., 1979;
Carver and Bollinger, 1981; Soufleris ef al., 1982). These
events were the first large earthquakes that hit a modem
greek city and had important economic and other social con-
sequences. In the city, an apartment house collapsed and
thousands of buildings suffered nonrepairable damage (Pa-
pazachos and Papazachou, 1997). Due to its interesting po-

sition and previous experience, some studies have already .

been conducted in the area of Thessaloniki to assess the geo-
physical and geotechnical characteristics responsible for site
effects in this city (Chdvez-Garcfa et al., 1990; Raptakis et
al., 1993; Raptakis et al., 1994b; Anastasiadis, 1994; Rap-
takis, 1995; Lachet er al., 1996). We also compare the es-
timates of site effects as derived from macroseismic and in-
strumental data for selected sites in the city of Thessaloniki
to those estimated theoretically from local 1D models.

Data

The seismological data used in this study were acquired
in the framework of a joint project among the Geophysical
Laboratory of Aristotle University of Thessaloniki, the In-
stitute of Engineering Seismology and Earthquake Engi-
neering (ITSAK) of Thessaloniki, and the Laboratoire de
Geophysique Interne et Tectonophysique (IRIGM-LGIT),
University of Joseph Fourier, Grenoble.

The experiment was carried out between November
1993 and February 1994. During this period, a portable net-
work of seismometers and accelerometers was deployed in
selected sites within the city of Thessaloniki. At each site, a
six-component RefTek station was installed, equipped with
a three-component accelerometer (Guralp CMG5). Eight sta-
tions also had a broadband three-component velocimeter
(Guralp CMG40, T, = 20 sec), while 3 stations had a short-
period (T, = 0.5 sec) Mark Product L22 sensor. In this
study, only the data recorded by the deployed accelerometers
are used. The positions of the 11 stations of the temporary
network as well as the sensor type used at each site are
shown in Figure 1. The selection of the sites was based on
the observed macroseismic intensities due to the Thessalon-
iki (Mg = 6.5) earthquake of 20 June 1978 with the aim to
correlate the transfer function at each site with the locally
observed intensity increments. At all sites, geotechnical test~
ings and an extended geophysical survey (cross-hole, down-
hole, surface-wave inversion) have been carried out by the
Laboratory of Soil Mechanics & Foundation Engineering of
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Figure 1. Location of the temporary seismological
stations on the map of Thessaloniki and type of sensor
used at each site. The square at AH shows the site of
the apartment house that collapsed after the June 1978
earthquake [modified after Raptakis (1995)].

Aristotle University of Thessaloniki (Anastasiadis, 1994;
Raptakis, 1995). At each site, the obtained geometry and
dynamic soil properties (body-wave velocities, quality fac-
tors) have been used for the theoretical estimation of the
local seismic motion amplification.

Stations OBS and THE (Fig. 1) were placed on hard rock
(gneiss) as reference stations. All other stations were in-
stalled on various formations (sedimentary deposits) cover-
ing the different geological conditions of the city. In our
analysis, we will, however, not consider the recordings ob-
tained at station LEP, because the noise level at this site was
very high, producing a poor signal-to-noise ratio. Because
all the stations were located within the city, where the
ground noise is very high, each RefTek was connected tel-
emetrically with the Seismological Observatory of Thessa-
loniki, where a radio system was set up to reject false trig-
gerings.

During the period of network operation, more than 100
events have been recorded. From these, we have selected
only those that had also been well recorded by the Seismo-
logical Observatory. This selection produced a catalog of 34
earthquakes, whose epicenters are plotted in Figure 2. The
M, magnitude range of these earthquakes varies from 1.4 to
4.2, and the range of hypocentral distances varies from 5 to
154 km. The locations of the earthquakes are given in the
monthly bulletins of earthquakes of the Geophysical Labo-
ratory of Aristotle University of Thessaloniki.

After the baseline correction and removal of spikes,
glitches, etc., two windows have been selected containing,
respectively, noise and signal (P and § waves). Almost in
all cases, the window of noise has been selected before the
P-wave artival and had a duration from 5 to 20 sec. In a few
cases, either because of electronic noise or because of a high
ambient noise level before the P-wave arrival that was ob-

Alluvial deposits
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Figure 2. Location of the epicenters of the
earthquakes recorded by the portable network
and the focal mechanisms of the four events
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viously not included in the signal, the noise window has been
taken after the end of the signal.

When computing spectral ratios, we have used as a sig-
nal the entire record length (including P and S waves). There
are two main reasons for using the entire record length in-
stead of separating the high-amplitude S-wave part of the
motion. First, in structural response evaluations for seismic
excitation, the entire accelerogram is usually used; second,
the separation of a particular type of wave from the record
is not a straightforward task because of scattering effects that
affect all parts of the signal except the very onset of P waves.

We used, in total, almost 360 records of horizontal and
120 of vertical components of noise and the same for signal,
treating the horizontal components independently. An FFT
algorithm has been applied to the part of the waveform se-
lected as signal to calculate spectral amplitudes. The sam-
pling interval in time domain was Az = 0.008 sec. The ob-
tained spectra have been smoothed with a running average
frequency window of 0.5 Hz with 50% overlap. The signal-
to-noise spectral ratio was calculated for all the waveforms,
and the recordings with values greater than 1 were consid-
ered for further analysis.

Experimental Methods

One of the methods for the estimation of site amplifi-
cation used in this study is the reference station technique
called standard spectral ratio (SSR). In this technique, first
introduced by Borcherdt (1970) and still widely used, the
horizontal records at each site are compared with the hori-
zontal records for the same events at a nearby bedrock site
(reference site) through spectral ratios. The ratio of the am-
plitude spectrum of a record at a given site over the ampli-
tude spectrum of the record at the reference site is considered
to be a measure of the site effect on ground motion in the

24" 00'

used as input for the construction of the syn-
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case that the following two assumptions are valid (Bor-
cherdt, 1970; Steidl ez al., 1996): (1) the reference station is
free or almost free from local amplification effects and can
be used at least for relative estimates of the local amplifi-
cation, and (2) the distance between the source and the two
receivers is much greater than the distance between the re-
ceivers themselves. According to these assumptions, the dif-
ferences in the records at the two sites are only due to local
site conditions and not to differences in the source radiation
or wave propagation.

For the application of this method, station OBS is used
as a reference station because it is located on bedrock (Fig.
1), and it is slightly closer to the other stations than the
bedrock station THE. According to several surveys (Singh-
et al., 1988; Campillo ez al., 1989; Chdvez-Garcia, 1991), it
is suggested that the vertical component of ground motion
is not affected by site effects as much as the horizontal com-
ponents and may be thus used to measure the incident
ground motion, that is, the motion not yet affected by local
site conditions. However, Riepl er al. (1998) showed that the
vertical component can be strongly affected by local ampli-
fication effects, if the geology is complex. In order to check
this assumption in the rather complex geology of Thessa-
loniki, the SSR method using the same reference station is
applied also to the vertical components.

Another commonly applied method for site effect esti-
mates is the horizontal-to-vertical spectral ratio (HVSR)
method (i.e., ratio between the smoothed Fourier spectra of
the horizontal and vertical components). This technique was
initially introduced by Nogoshi and Igarashi (1970, 1971) in
Japanese, who applied it to microtremor measurements. This
method is in fact a combination between a seismological
method [called the receiver function (RF) technique] used
by Langston (1979) to determine the velocity structure of
the crust from the HVSR of teleseismic P waves and the
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proposal of Nakamura (1989) to use this ratio on ambient
noise recordings. When applying the HVSR method to noise
data, it is assumed that the microtremor energy consists
mainly of Rayleigh waves (Nogoshi and Igarashi, 1971,
Lachet and Bard, 1994; Kudo, 1995) and that the site-effect
amplification is due to the presence of a soft surficial soil
layer overlying a half-space. In this study, the HVSR method
is applied both to the whole (P and S waves) signal (RF
technique) and to the noise portions of the records (HV tech-
nique).

Discussion of Results Obtained
by Experimental Methods

Figure 3 presents the variation with frequency (between
0.5 and 20 Hz) of the mean local site amplification, as ob-
tained by the application of the three spectral ratio methods
(SSR, RF, and HV) to each site. Examining the shape of the
SSR amplification (solid line), it can be realized that besides
the stations located on bedrock (OBS, THE), also the stations
POL and KAL have a very low amplification level (between
1 and 2) in the whole frequency range. Stations AMP, OTE,
and TYF, on the other hand, present a significant amplifi-
cation level with maximum values between 3 and S at fre-
quencies between 4 and 8 Hz. TYF presents a constant am-
plification level even in the low-frequency (0.5 to 5 Hz)
range. Both stations ROT and LAB have an amplification
level between 2 and 3 up to 9 Hz, whereas for higher fre-
quencies, levels are higher. LAB reaches a maximum am-
plification (around 6.5) in the frequency range between 9
and 12 Hz, while the highest amplification (around 10) of
ROT is obtained at frequencies in the range 18 to 20 Hz.
Finally, AGO has strong amplifications between 4 and 12
Hz, with a peak around 10 Hz.

Regarding the HVSR results, both RF (dashed line) and
HV (dotted line) techniques, spectral shapes are generally in
good agreement with each other (with the exception of KAL
and POL), and the frequency band in which the maximum
amplification appears for both techniques is consistent with
the one from the SSR at each site. However, at ROT and
AGO, we do not observe the high amplification levels at
frequencies higher than 12 Hz as in the case of the SSR
method. This means that the vertical component at these
stations has been influenced by site effects in this frequency
range. Lachet et al. (1996) got a similar result and explained
it as being due to archeological ruins that are present at shal-
low depths at these two sites.

It is not easy to identify the fundamental frequency of
the soil amplification at all stations, but when this is possible
(e.g., 2 Hz at OTE, 3 Hz at LAB, and 7 Hz at AGO), we
notice that all methods generally agree in determining it. We
also observe an agreement in the spectral shape for the dif-
ferent ratios at each site, at least for frequencies up to 5 to
6 Hz. For greater values of frequency, the amplitudes ob-
tained by HVSR techniques are generally underestimated in
comparison with the amplitudes of SSR. This is particularly

evident at stations AMP, OTE, ROT, and AGO. Field and
Jacob (1995) also observed an underestimation of ampli-
tudes of spectral ratios when applying the HVSR method
using aftershock data from the Loma Prieta 1989 earthquake.
Theodulidis e al. (1996) observed the same kind of under-
estimation in the case of site amplifications in Garner Valley
and Riepl et al. (1998) in Volvi basin. Numerical simulations
by Lachet and Bard (1994) showed that there is no corre-
lation between the horizontal-to-vertical amplitude and the
theoretical transfer function of a site. According to Lachet
et al. (1996), the difference at high frequencies between RF
and SSR could be due to the high-frequency noise generated
by vibrations of trees, buildings, etc.

At most stations, the standard deviation of HVSR meth-
ods varies around 2, whereas for SSR, it is slightly higher,
exceeding the value 3 for frequencies higher than 6 Hz only
at stations KAL and POL. This may be due to the constant
frequency content and wave-field type in the case of (re-
peatable) noise, whereas the wave-field characteristics of in-
dividual earthquakes can vary greatly (Lachet e al., 1996;
Riepl, 1997). Significant variations in the SSR for different
earthquakes at the same site have also been obtained by
Lermo and Chévez-Garcia (1994). Some possible effects of
anisotropic radiation and propagation path differences may
exist in the standard deviation of SSR estimates. Figure 4
shows two sites where the lower (AGO) and the higher (KAL)
values of standard deviation are observed.

In Figure 5, a comparison is made between the arith-
metically averaged amplification for different frequency
bands as estimated at each site by the SSR method applied
to vertical component (VSSR), RF, and HV (left to right,
respectively) and the corresponding average amplification as
estimated from SSR. At each site, the mean amplification
was calculated for specific frequency ranges (0.5 to 1 Hz, 1
to 2 Hz, and then every 2 Hz up to 18 Hz), and the results
were grouped together for frequéncy bands that are written
on top of each plot of Figure 5. It can be clearly seen from
that figure that the HV and RF methods underestimate the
amplification amplitudes especially for frequencies higher
than 6 Hz, whereas the scatter of the data increases with
frequency. Furthermore, it seems that there is a very good
correlation up to 6 Hz between SSR applied to horizontal
and vertical components. The amplification that is observed
on vertical component is significant at all stations, particu-
larly at high frequencies, which agrees with the results of
Riepl et al. (1998).

All the foregoing results are generally in good agree-
ment as it was expected with the results obtained by Lachet
et al. (1996), who used velocity data at the same sites. The
main characteristics at each site are very similar either using
velocity data or acceleration data. At stations POL, THE, and
AGO, the previous authors used L22 sensors (Fig. 1), and
therefore, their results are probably less reliable for frequen-
cies below 2 Hz, due to the relatively poor response of this
sensor in this frequency range. Also at stations KAL, AMP,
and TYF, there is a disagreement in SSR estimates at fre-
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Figure 3.  Variation with frequency of the mean local site amplification, as obtained
by the application of the three spectral ratio methods. Solid line stands for Standard
Spectral Ratio (SSR), dotted line for horizontal-to-vertical ratio for noise (HV), and
dashed line for receiver function (RF).
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Figure 4. Variation of standard deviation with frequency for each method at sites
KAL and AGO. The solid, dotted, and dashed lines represent the standard deviation of

SSR, HV, and RF, respectively.

quencies below 2 Hz. This might be due to the differences
between the sensors and the type of motion recorded.

Correlation with Macroseismic Intensities

An attempt is made to correlate the estimated ground-
motion amplifications at each site of the present study with
the reported macroseismic intensities observed in the city of
Thessaloniki during the 20 June 1978 earthquake. The main-
shock was followed by a long sequence of aftershocks, and
the largest of them (M = 5.1) occurred on 4 July at 22:23:28.

Borcherdt and Gibbs (1976) used, for the city of San
Francisco, data from nuclear explosions and computed the
correlation between average horizontal spectral amplifica-
tions and intensity increments 6/. The quantity 6/ was esti-
mated from the difference between the observed intensity
from the 1906 San Francisco earthquake and the predicted
one by an empirical relation of seismic intensity (I) versus
the perpendicular distance from the zone of surface faulting
for frequencies 0.25 to 3 Hz. As reference stations, they used
various sites located on four different geological units: stiff
clay and conglomerate, sandstone, greenstone over shale,
and granite.

In this study, we modified the method of Borcherdt
(1970) simply by correlating the logarithm of the mean am-
plification, for different frequency bands, with the observed
intensity increment 1. The quantity d/ is the difference be-
tween the averaged intensity I, reported for the 1978 earth-
quake at a specific site (G. Leventakis, personal comm.,
1998) and the reference intensity I reported at the reference
site (OBS). The empirical relations obtained with the least-
squares method are of the form

O = a + b-log[SSR(H)], (1

where SSR(f) is the mean amplification estimated with the
SSR method for various frequency ranges [fq, fmaxl- The
estimated parameters « and b and the corresponding cotre-
lation coefficients R for each frequency band are given in
Table 1. The best correlation (R = 0.91) has been obtained
when considering the frequency range 3 to 6 Hz (Fig. 6a).
On the same plot, the relation of Borcherdt and Gibbs (1976)
for San Francisco, 5] = 027 + 2.70 - log[SSR(f)}, is
shown by the thin dashed line. We have tried also to correlate
in an analogous empirical way the intensity increments 61
with the logarithm of the RF for various frequency bands.
The results, however, are not so encouraging as for the case
of the correlation with the logarithm of SSR.

Taking into account the results of Borcherdt and Gibbs
(1976), we made an attempt to check the validity of the
suggested empirical relation (1) in the case of strong-motion
data, represented by the recordings of the M = 5.1 after-
shock of the 1978 earthquake. The aftershock was recorded
by several accelerographs, among others at site AH (Fig. 1)
where an eight-story building collapsed and at the bedrock
site OBS. Figure 7 shows the recordings at these two sites,
and we can clearly see the amplification due to site effects
at AH.

If we plot on Figure 6a the experimental point related
to the AH site [its SSR(f) value is derived from the spectra
of the two records shown in Fig. 7] in the frequency range
3 to 6 Hz, we observe that it is not well estimated by the
regression line. Since the resonant frequency of an eight-
story building, like the collapsed one, is most probably be-
tween 1 and 2 Hz, it might be more appropriate to extend
the frequency range to lower frequencies. If the range 1 to
10 Hz is selected (Fig. 6b), the AH site datum is still not
well predicted, but for the frequency range 1 to 5 Hz, the
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correlation line approximates much better the AH site datum
(Fig. 6¢).

It is obvious that in an a priori study, it would be dif-
ficult to choose the proper and reliable frequency range for
which the SSR(f) should be estimated, taking also into ac-
count that all the sites do not amplify the motion in the same

frequencies. Moreover, as it is evident from our regressions,

the frequency range influences significantly the results.
Therefore, we estimated the relation between log[SSR(f)]
and of for frequency range of 1-Hz width around the site
fundamental frequency. The regression gave a relatively
poor correlation coefficient (R = 0.65), and the AH site da-
tumn is not very well predicted. From all these regressions,
it comes out that o7 is not only the result of differential
ground motion relative to a bedrock site but a combination
of local site amplification, the resonant frequency of the
structure, the soil-structure interaction effects, and the vul-
nerability of the construction. It is difficult to deconvolve all
these factors, and further research is needed on this subject.
However, from the results presented here, it seems that the
best fit between o/ and log[ﬁ(f)] is achieved when we
choose a frequency range wide enough to include both the
resonant frequencies of the soil column at different sites and
the resonant frequencies of the structures.

Chavez-Garcia et al. (1990) also observed a good cor-
relation between weak-motion data (recorded velocity from
different events) near Thessaloniki and macroseismic infor-
mation with that obtained by Borcherdt and Gibbs (1976).
This good agreement shows an obvious linear behavior of
the holocainic deposits at least up to an intensity VII (MM).
We conclude that weak-motion data recorded in the city of
Thessaloniki can be successfully used for the estimation of
the future strong ground motion in the city. However, if we
would like to estimate future damage of a construction, we
have to rely on the regression curve based on the frequency
band most appropriate for the resonant frequency of the in-
vestigated construction at each site.

Theoretical Approach

For the theoretical 1D modeling, data from detailed geo-
technical information derived from cross-hole measurements
at each site were used (Pitilakis et al., 1992; Raptakis ef al.,
1994a; Raptakis, 1995). The initial values of body-wave ve-
locities (V;,, V) and quality factors (Q,, Q) have been av-
eraged out with a depth increment of about 20 m. This
simplification is made because the maximum frequency of
computations, which is 10 Hz, corresponds to wavelengths
generally greater than 20 m. Figure 8 shows the variation of
density (p), P- and S-wave velocities (V,, V;), quality factors
(Q,» Qy), and the V,/V; ratio with depth for station ROT for
the first 1 km of depth. For larger depths, each local site
model is underlain by the regional velocity model that has
been deduced from the work in the broader area of Serbom-
acedonian massif (where Thessaloniki belongs) done by Pa-
pazachos (1998) and Ligdas and Lees (1993). According to

Table 1

Parameters of Relation (1) for Various Frequency Bands When
the Amplification Is Estimated with SSR Technique

Jinin Sinax a b R
025Hz - 3Hz 0.83 2.35 0.62
1Hz - 2Hz 0.92 2.07 0.56
1Hz - 3Hz 0.70 2.48 0.70
1Hz - 5Hz 041 2.98 0.83
1Hz - 6Hz 0.29 3.21 0.87
1Hz - 10Hz 0.20 3.40 0.85
2Hz - O6Hz 0.18 3.16 0.90
3Hz - 6Hz 0.13 3.12 0.91
5Hz - 10Hz 0.61 1.89 0.62
6Hz - 10Hz 0.73 1.60 0.55

R represents the correlation coefficient.

the regional model, V,, and V; start increasing from 4850 m
sec ™" and 2800 m sec” ', respectively, while O, and Q, are
250 and 200, respectively. For the sites OBS and THE that
are located on bedrock, their ocal site velocity model co-
incides with the regional model, whose velocity at 1 km
depth is extended to the surface.

The computations were performed for P and SV waves
(Rayleigh modes); however, all of the computations pre-
sented here have a general validity and, with proper modi-
fications, can be easily extended to the treatment of SH
waves (Love modes). An algorithm based on the modal sum-
mation method (Panza, 1985, Panza and Suhadolc, 1987)
was applied for the construction of complete strong-motion
synthetics considering flat layering from source to each site,
for a maximum frequency of 10 Hz.

The focal mechanisms in Figure 2 depict the epicenters
of the four sources used as input for the construction of the
synthetics. The local event in the east corresponds o the
1978 earthquake, and the focal mechanism used is the one
proposed by Papazachos ef al. (1979). The event in the SW
corner of the map corresponds to the Kozani earthquake of
13 May 1995 (Mg = 6.6) (Hatzfeld et al, 1997), whercas
for the north and the close west events, the focal mechanism
of the 1978 earthquake was used, which is in agreement with
the general active stress field at the area of northern Greece
(Papazachos and Kiratzi, 1996).

Figure 9 shows the radial and vertical component of
synthetics obtained for the local and the regional velocity
model at each station due to a point source located on the
focus of the 20 June 1978 earthquake. The synthetic of sta-
tion AMP had originally a very noiselike aspect as well as
a very low amplitude level, because it happened to be in a
minimum of the radiation pattern. In order to avoid treating
an anomalous record that would give unreliable results, we
have arbitrarily increased the azimuth of the source-receiver
line by 10°, which amounts to moving the source by a few
kilometers, while maintaining the epicentral distance.

For all four events, we have calculated for both the ra-
dial and the vertical component at the same station the ratios
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Figure 6. Correlation between the logarithm of the
mean amplification (estimated with the SSR method)
and the intensity increment &7 (thick solid lines), for
different frequency bands: (a) 3 to 6 Hz, (b) 1 to 10
Hz, and (c) 1 to 5 Hz. The thin dashed line represents
the relation of Borcherdt and Gibbs (1976) for San
Francisco, 01 = 0.27 + 2.70 - 1og[SSR(f)], while the
dotted lines indicate the related rms error. The asterisk
represents the average amplification at AH, the site of
the collapsed building (see text).

of spectra of seismograms due to the local 1D velocity model
over those due to the regional 1D velocity model. In order
to check the validity of the reference station technique, we
have computed also the spectral ratios of the local 1D seis-
mograms to those of the reference station (OBS), both for
radial and vertical components.
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Figure 7. The acceleration records, horizontal
components, of the largest aftershock of the Thessa-
loniki 1978 sequence occurred on 4 July (M = 5.1),
close to station OBS (fop) and the site AH (Fig. 1)
where the building collapsed (bottom).

The radial and vertical ratios at each site were almost
similar in terms of spectral shape, although the amplitude
level of local-to-reference station ratios was different, in par-
ticular for the close events. The reason for this is that the
local-to-regional ratio for the 1D model is a division between
computed spectra at the same station, while the local-to-ref-
erence station ratio for the 1D model is a division between
spectra of seismograms at two different sites. The difference
is mainly due to differences in distance as well as in azi-
muths between the seismograms, and the differences become
quite significant, if the event is local and the source-receiver
distance is comparable to the distance between the stations.
In those cases when a reference station is in a minimum of
radiation, the ratios will result in increased site-effect am-
plification.

In order to correct the local-to-reference station ratios
of the local events for the source and radiation pattern ef-
fects, we have multiplied the spectra determined from a local
1D velocity model by a correction factor. This factor is sim-
ply taken as the ratio of reference station peak ground ac-
celeration (PGA) over the station PGA for the regional model.
With such a correction, the amplification curves are now
only due to the local velocity model.

We have also observed for the two distant events quite
high amplification levels at low frequencies up to around 3
Hz. On the contrary, for the two close events, low-amplifi-
cation levels have been observed in this frequency range.
This observation suggests that the amplification at low fre-
quencies is better determined with far events, whose waves
contain relatively low frequencies, while amplification in the
high-frequency range is better constrained by recordings of
local events. Figure 10 shows with dotted lines the local over
regional 1D-model spectral ratios at each station for the
radial components of the four events. The dotted lines in
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Figure 8. Variation of density (p), P-wave (V) and S-wave (V) velocities (thin and
thick lines, respectively), quality factors (Q,, Q,; thin and thick lines, respectively), and
the V,/V, ratio with depth for station ROT (Raptakis ez al., 1994a; Raptakis, 1995).

Figure 11 show the variation of the local-to-reference station
spectral ratios for the radial components of the far and the
corrected close events. In both figures, the solid line repre-
sents the mean of all four ratios. The two types of ratios
agree quite well in terms of both amplification level and
spectral shape. There is also a satisfactory agreement in the
frequencies where the amplification peaks appear.

Next we compare in Figure 12 the mean of spectral
ratios of theoretical local-to-regional 1D model for the radial
component with the mean of the SSR derived from the ex-
perimental data. In general, at all stations, both ratios are
comparable, which means that our theoretical 1D estimates
represent a rather good preliminary estimation of the ex-
pected amplification level. There are, of course, several dis-
crepancies, especially at some stations.

In station AMP, a good agreement is observed only for
frequencies up to 4 Hz, whereas for higher frequencies, the
theoretical amplification underestimates the observed one al-
most by a factor of 2. A similar result can be seen also at
station TYF, although only between 4 and 6 Hz. A good
agreement, almost at all frequencies, is observed at stations
LAB, POL, and KAL, where both experimental and theoreti-
cal amplification are approximately at the same level. At
OTE, we observe the worst match between the two means.
The experimental amplification is increasing almost contin-
unously up to a factor of 5 at 7 Hz, while the theoretical
amplification presents a maximum (a factor of 4) from 0.8
to 1.5 Hz and an almost stable level around 2 for higher
frequencies. ‘A similar behavior is noticed at station ROT,
although the agreement is much better for frequencies higher
than 2 Hz. At AGO, the experimental mean is lower than the

theoretical one but only for frequencies up to 5 Hz. For
higher values of frequency, the experimental data show an
amplification almost two times higher than the theoretical
ones. For station THE, the experimental results give a very
low amplification, which is very close to the theoretical one,
that equals 1. Finally, for station LEP, we have no qualitative
experimental data, and no comparison is made.

Concluding, the general trend (Fig. 12) is that at low
frequencies, from 0.5 up to 2 to 4 Hz, the theoretical am-
plifications are higher than the experimental. At higher fre-
quencies, the opposite is generally observed. TYF is an ex-
ception because theoretical is lower for all the frequencies.
LAB, POL, and KAL show good agreement in the whole fre-
quency range, whereas ROT shows good agreement only at
high frequencies. The differences noticed between the two
types of means can be due to the fact that the theoretical one
is the average of radial ratios of only four events and also
to 2D and 3D effects in the wave propagation that are not
taken into account in our 1D modeling.

Conclusions

In the first part of this study, a comparison was made
between the results of different experimental techniques for
estimating site-effect amplification, using accelerometer data
to an area characterized by relatively thick sedimentary de-
posits, but without large velocity contrast in the different
formations. This explains the relatively low-frequency range
in which the maximum amplification is observed at each site.
The results obtained from the experimental approach are as
follows:
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Figure 9. Radial (top) and vertical (bottom) component of synthetics obtained for
the local (left) and the regional (right) velocity model at each station due to a point
source located in the epicenter of the 20 June 1978 earthquake. In order to enhance the
low-frequency part of the signal, we smoothly filtered the waveforms with a gaussian

filter from 4 to 10 Hz.

1. Both SSR and HVSR (for signal or noise) techniques in
the case of the rather complex geology of Thessaloniki
give comparable amplification estimates for the fre-
quency range that engineering seismology is mainly in-
terested in, that is, up to 6 Hz. They also agree in iden-
tifying, when this is possible, the fundamental frequency
and the frequency range in which the maximum ampli-
fication is observed. Finally, for frequencies higher than
8 Hz, the amplification derived from the SSR technique
is systematically higher than that derived from HVSR.
This observation is probably due to the selective enrich-
ment of the vertical component of the scattered wave
field. In other words, the incident wave field propagates
mainly vertically close to the surface, and the greater part
of energy reflected at the surface is trapped between the

superficial layers (Finn and Nichols, 1988; Silva, 1989;
Finn, 1991). The same interpretation, namely, the local
site conditions effect due to 2D and 3D heterogeneities
in the superficial layer, is given also for the case of Garner
Valley (Theodulidis ez al., 1996) and for the case of Volvi
basin (Riepl et al., 1998; Raptakis et al., 1998). In any
case, as the aforementioned authors summarize, the dif-
ferences in the amplitudes as derived from the various
techniques is one problem that requires further study and
investigation.

. The HVSR techniques present a lower standard deviation
than the SSR technique. This shows that the former ones
are more stable than the latter one. This can be due mainly
to the fact that by taking the horizontal-to-vertical spec-
tral ratio, the source and travel path effects are eliminated.
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components of the four events (dotted lines). Solid line represents the mean of all four

ratios.
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In the SSR technique, this elimination is only hypothet-
ical and is not always correct, because the spectral ratio
applies to recordings at different sites. This result is in
agreement with the observation of a relatively low stan-
dard deviation and good stability of the HVSR spectral
ratio of a selected set of Greek strong-motion data (Theo-
dulidis and Bard, 1995).

3. Regarding the obtained relations (valid for Thessaloniki)
that connect the intensity increments 7 to the logarithm
of the mean amplification at a site as obtained by the
application of the SSR, we conclude that, given an esti-
mate of the amplification at a site, it is possible to roughly
predict the intensity increment at this site relatively to the
intensity at a nearby rock site. However, one has to use
the regression curve based on the frequency band most
appropriate for the resonant frequency of the investigated
construction at a given site. The possibility of estimating
the expected macroseismic results at a given site can be
very useful for future vulnerability studies, seismic haz-
ard assessment, and seismic microzonation studies in ur-
ban areas. '

The results obtained from the theoretical approach are
as follows:

1. Estimates based on 1D anelastic models of the local struc-
ture under a given site permit one to obtain estimates of
local site amplifications that are in general agreement
with those derived from experimental techniques, in cases
of regions with an approximately local 1D geology. This
means it is possible to roughly estimate the amplifications
at a site only on the basis of geotechnical and geological
surveys. This is particularly useful in low seismicity
areas.

2. In these approaches, the radiation pattern should always
be taken into account because it can give unreliable re-
sults in case of radiation minima when the reference sta-
tion technique is used and the event is close to the sta-
tions.

3. For events with equivalent source spectra and source—
receiver distances much larger than the interstation dis-
tances, the energy of motion at low frequencies domi-
nates and the estimated amplification in the
low-frequency range, which depends on the geometry of
the deeper part of the model, are better determined. On
the contrary, for events of similar magnitude with short
source-receiver distances, the energy is essentially at
high frequencies and the amplification estimates depend
more on the geometry and the characteristics of the su-
perficial layers.
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