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Abstract. The strong ground motion from Athens, Greece 07/09/1999 earthquake has been recorded
by eighteen (18) stations, fourteen (14) within the central Athens area and four (4) at the centers
of nearby towns. The ground conditions for most of the recording sites were identified, based on
previous geotechnical investigations carried out in the wider area of the sites, and consequently
correlated to the seismic motion characteristics. Hence, it has been possible to evaluate the accuracy
of different seismological methods for site characterization and also estimate soil effects on peak
ground acceleration and elastic response spectra. In addition, preliminary estimates are drawn for the
seismic motion characteristics at the epicentral area, where no strong motion recordings are available.
The detailed soil profiles at the recording sites are placed in the Appendix.
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1. Introduction

Athens, Greece earthquake of 07/09/1999 occurred at 11:56:50.5 GMT at the west-
ern bounds of the greater metropolitan area of Athens. Hence, despite its moderate
magnitude of 5.9 and the medium focal depth of 16.8 km (Papadopoulos et al.,
2000) it caused the loss of 143 lives, the collapse of about 100 buildings and the
severe damage of another 13,000. In fact, this earthquake is the first ever reported
to have caused casualties within the urban area of Athens and it can be certainly
considered as the worst natural disaster in the modern history of Greece.

The strong ground motion from the mainshock of the earthquake has been
recorded by eighteen (18) accelerographs, fourteen (14) within the central area
of Athens and four (4) at the center of nearby towns of Rafina, Lavrio, Aliveri
and Thiva. The bulk of the recordings was due to the accelerograph network oper-
ated by the Geodynamic Institute of the National Observatory of Athens (NOAGI)
(Kalogeras and Stavrakakis, 1999), while a number of the recordings was obtained
at accelerograph stations maintained by the Institute of Engineering Seismology
and Earthquake Engineering (ITSAK) and the Public Power Corporation (DEI). It
is fortunate that most of the recording sites lay in the vicinity of major public works,
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such as surface or underground stations of the Athens subway system (METRO).
Thus, it has been possible to collect data from previous geotechnical investigations
and define the local ground conditions at the recording sites.

Essentially, this additional information allowed us to treat the seismological
data as results from a natural scale experiment aimed at the investigation of local
soil effects on peak seismic motion parameters and frequency content. In addition,
it provided the means to estimate the seismic ground motion characteristics at the
epicentral area where no main shock recordings are available. More specifically, the
following important issues are addressed in this article: (a) the principal direction
of ground shaking, (b) the accuracy of pure seismological methods for site charac-
terization, (c) the effect of local soil conditions on peak ground accelerations and
elastic response spectra, and (d) the seismic motion characteristics at the epicentral
area which suffered the most severe damages and the heaviest casualties.

2. Documentation of Seismic Recordings

Figure 1 and Table I summarize basic information regarding the rupture mechanism
of Athens, Greece earthquake and the recorded strong ground motions. Namely,
Figure 1 shows the:

— epicenter of the main shock of September 7th 1999, announced by NOAGI,

— epicenters of aftershocks recorded during the period September 8th October
29th 1999, based on NOAGI local array recordings,

— traces of two active faults (Fili and Aspropyrgos faults), which bound the after-
shock epicenters from the north and also exhibit similar geometry to the main
rupture plane (Papadopoulos et al., 2000), and

— location of the recording sites for the main shock.

Furthermore, Table I summarizes the:

— recorded peak ground accelerations and velocities,

— distance of recording sites from the fault rupture, assumed to lay between Fili
and Aspropyrgos faults,

— direction of the maximum peak ground acceleration relative to the north,
deduced from composition of the two horizontal components (LONG and
TRANS) of recorded acceleration time histories,

— predominant periods of shaking deduced from the two horizontal components
of recorded acceleration time histories,

— geological conditions prevailing at the recording sites, as well as,

— information regarding the location of the seismographs with regard to the
ground surface and nearby massive structures.

All recordings sites, except from that in the town of Thiva (THVC in the map of
Figure 1), lay to the east of the rupture zone and on the hanging wall side of the
fault. Furthermore, they correspond to a wide range of fault distances, between
9 and 52 km, and consequently they may provide evidence for the attenuation of
seismic motion with distance from the fault rupture. On the other hand, the local
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Figure 1. Map of the epicentral area of Athens 07/09/1999 earthquake. Hollow rectangles in-
dicate aftershock epicenters for the period of 8 Sept. to 29 Oct. 1999, the triangle corresponds
to the epicenter of the main shock, while black spots denote strong motion recording sites.
The continuous and dashed lines represent the simplified traces of Fili and Aspropirgos faults
respectively.

ground conditions are also variable, from limestone to dense alluvium, and may
result in considerable scatter of the data unless soil effects are taken into account
properly.

The direction of the maximum acceleration vector ranges between 45° and
180°N with an average (+ one standard deviation) direction of about 109° (+
39°). This finding is also substantiated from observations at the cemeteries of the
meizoseismal areas immediately after the earthquake, which revealed that marble
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decoration (crosses, etc) and tomb covers had slipped and overturned in a gross
E-W direction.

Papadopoulos et al. (2000), based on P-wave polarities, were able to determine
a fault plane solution indicating normal faulting and nodal planes with direction
113°N and 290°, dipping 56° to the northeast and 39° to the southwest, respectively.
In light of these data, the predominant direction of the recorded ground motions
appears more or less parallel to the nodal fault planes and perpendicular to the
direction of the fault movement.

3. Site Characterization

A number of empirical methods are currently available to deduce directly the site
characteristics from seismic recordings. This is an essential first step before pro-
ceeding with compilation of the strong motion data. In the present study, two of
the most commonly applied methods are used for this purpose: the first based on
the horizontal-to-vertical spectral ratio (HVSR) and the other based on the ratio of
peak ground acceleration over peak ground velocity (Vimax/@max)-

The HVSR method draws upon observations that soil conditions do not affect
the vertical component of motion but only the horizontal, an assumption substanti-
ated also by data of this study presented in later sections. Thus, dividing the spectra
of the two horizontal components by the spectrum of the vertical component of the
seismic ground motion you deduce a (type of) transfer function spectrum, reflecting
the frequency characteristics of the soil column resting above the seismic bedrock.
This method has been initially applied for quick, in situ estimates of the funda-
mental site period from the Fourier spectra of microtremors (Nakamura, 1989).
Later, its use has been also extended to strong seismic motion recordings, with
encouraging results (e.g., Theodoulidis ef al., 1996; Bonilla ef al., 1997; Yamazaki
and Ansary, 1997; Dimitriou et al., 1999; Trifunac and Todorovska, 2000a, b).

In the present study, the HVSR technique is applied to all strong motion record-
ings using the normalized elastic response spectra (for 5% damping) instead of
the Fourier spectra mostly used in the literature. The reason for this modification,
referred briefly here after as Normalized Horizontal-to-Vertical Spectral Ratio or
NHVSR, is demonstrated in Figures 2 and 3, comparing NHVSR to HVSR for two
typical recordings: THVC on neogene, soft rock formations and SPLB on dense
alluvial deposits. Observe that the two spectral ratios are grossly similar, but HVSR
is very sensitive to the amount of smoothing applied and cannot be interpreted as
clearly as the NHVSR. Focusing on the NHVSR, it is further observed that not only
its fundamental site period but also the peak of the spectral ratio increases, as the
soil column becomes more flexible. Namely, the peak value increases from 2.13 to
4.85 as the fundamental period increases from 0.10 to 0.30 s. Note that the use of
elastic response spectra instead of Fourier spectra, for quantitative estimates of fre-
quency related soil parameters from seismic motions, is presently gaining ground
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Figure 2. Classification of THVC recording site based on Horizontal to Vertical Spectral
Ratios: (a) and (b) site profiles, (c) ratio of normalized response spectra, (d) ratio of Fourier
Spectra. The bold lines correspond to the LONG and the thin lines to the TRANS component
of motion. The notation of lithology is explained in the Appendix.

among engineers as well as seismologists (e.g., Joyner et al., 1994; Mucciarelli et
al., 1996; Dobry et al., 2000).

The second technique for site characterization, based on the vy, /amax ratio,
draws upon the relation between vp,,x and an,x for harmonic motions:

1
Vmax = — * Gmax (1)
w
or
1
Vmax/amax =—T. (2)
2.1

Thus, theoretically at least, the ratio of viax/dmax iS proportional to the funda-
mental site period. Donovan (1989), working with empirical attenuation relations,
has shown that this hypothesis is indirectly supported by seismological evidence.
He further proposed to assign the average values of vyax/dmax = 61 cm/s/g and
122 cm/s/g to “rock” and “‘soft soil” formations, respectively.

Table II summarizes the fundamental site period derived with the NHVSR
method (Tnuvsr), the peak value of NHVSR (Anngvsr) and the vp.x/amax ratio
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Figure 3. Classification of SPLB recording site based on Horizontal to Vertical Spectral
Ratios. The presentation follows the format of Figure 2.

for the two horizontal components (LONG and TRANS) of the seismic ground
motion at the recording sites. In addition, Figures 4a and 4b correlate the ANgvsr
and vVpax/amax ratios to the fundamental site period Tygysr obtained from ground
surface recordings. Both correlations are reasonably well established, exhibiting
a coefficient of determination 7> = 0.91 and r? = 0.86 for Axgysr and Vmay/@max
respectively. Furthermore, they show that among the three quantities, Axgysr iS the
most sensitive to soil conditions, while v, /amax appears to be the least sensitive.
More specifically, computing the range of variation for these variables as [standard
deviation/average] ratio yields 0.63 for Anpgysr, 0.45 for Tygysg and only 0.24
for Vmax/a@max- It is noted that reported statistics for Axgysr were actually deduced
from an analysis of (Angvsr — 1) values, taking into account that, by definition,
Anmvsr ~ 1 at outcropping bedrock (Tygysr = 0.0)

From a joint evaluation of these data and the local geological-geotechnical
conditions, surface recording sites were classified in two categories:

(a) Rock — Soft Rock formations. It includes all sites with Axgysr less than 3,
fundamental site periods Tygvsr between 0.07 and 0.26 s, and vyax /dmax Tatio
less than 58 cm s~! g~!. The geological formations belonging to this category
are slightly to medium weathered phases of the Athens Schist (ATH-04 site),
metamorphosed schist and limestone (DMK and LAVR sites), cohesive talus
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Table II. Site characterization parameters obtained from the interpretation of
seismic recordings

Recording Component Depth TNpySR VUmax/dmax

ANHVSR Soil category

m) (s) (ems™! g™
ATHA  Long 0 032 63.72 3.74 SOIL
Trans 0.31 73.79 3.48 SOIL
MNSA  Long 0 031 65.16 6.22 SOIL
Trans 0.20 29.20 3.81 SOIL
SPLB Long 0 030 65.98 4.46 SOIL
Trans 0.30 60.63 4.85 SOIL
DMK Long 0 0.1 53.87 1.33 ROCK
Trans 0.15 32.61 1.47 ROCK
ATH-02 Long 0 030 46.31 3.77 SOIL
Trans 0.14 43.53 2.36 ROCK
ATH-03  Long 0 024 61.08 2.80 ROCK
Trans 0.22 48.51 3.16 SOIL
ATH-04 Long 0 048 73.55 271 ROCK
Trans 0.48 77.59 2.31 ROCK
KERA  Long 0 031 44.67 3.25 SOIL
Trans 0.32 39.14 3.32 SOIL
SPLA  Long 13 028 70.19 2.37 -1
Trans 0.28 58.10 1.76 -1
SGMA  Long 7 012 85.25 1.82 -1
Trans 0.16 55.86 1.68 -
SGMB  Long 26 034 89.70 429 -1
Trans 0.36 123.59 3.87 -1
DFNA  Long 135 021 98.92 2.15 -1
Trans 0.22 95.92 1.82 -1
PNT Long 15 029 85.70 1.99 -
Trans 0.29 64.36 2.82 -1
FIX Long 15 023 91.68 1.97 -1
Trans 0.23 88.55 1.98 -1
RFN Long 0 012 43.87 2.15 ROCK
Trans 0.14 53.03 1.67 ROCK
ALIV Long 0 022 45.89 1.56 ROCK
Trans 0.17 54.80 2.36 ROCK
LAVR  Long 0 0.09 46.78 2.50 ROCK
Trans 0.08 33.84 2.31 ROCK
THVC  Long 0 031 61.60 2.75 ROCK
Trans 0.10 46.75 2.13 ROCK

1Underground recordings are not classified.

113



114 G. D. BOUCKOVALAS ET AL.

90

C 80 E ()
°F 5 70 E
- S 2 mmm  (Stiff) Sol
5 o 60 E-___®W__ ________ f---
o - F
g € 50 F (Soft) Rock
z 4 e - Y
< 5 40 £ -
C E - |
3 f--- 8 30 E T
) 3 e (Soft) Rock £ 20 ;_ g‘f?
AT 10 /8¢
1 ) 0 IIIIIIIII||l||l||l|||||IJ]1]I]]]J|J|||]||||||I||
00 02 04 06 08 10 00 02 04 06 08 1.0
Ts (sec) Ts (sec)

Figure 4. Correlation of NHVSR fundamental site periods with (a) the peak normalized elastic
response spectra ratio ANgysg, and (b) the vmax /amax ratio. Dots depict the fundamental site
period, while horizontal gray bars denote the significant period range where spectral ratio
values are higher than 2/3 ANgVSR-

cones and medium to well cemented conglomerates (THVC site) or neogene
marls (ALIV site).

(b) Soil — Stiff Soil formations. It includes the remaining sites with Axgysr over
3, fundamental site periods Tygysr between 0.22 and 0.50 s, and vmax/@max
ratio roughly over 58 cm s~! g~!. In geological terms, the formations of this
category include moderately thick weathering products of the geological bed-
rock (ATHA and KERA site), alluvium deposits of medium to high density
(ATH-02, ATH-03 and SPLB sites) or recent manmade deposits (MNSA site).

4. Site Response Analyses

The site response analyses were primarily performed in order to transfer seismic
motions recorded on the free surface of soil sites to the surface of the outcropping
bedrock, i.e., a hypothetical bedrock site at the location of the recording. At the
sites where the seismic motion was recorded at depth (e.g., within subway stations),
the analyses were used to estimate the seismic motion at the free surface of the
overlying soil, and at the surface of the outcropping bedrock. In this way, actual
recordings of the free ground motion were supplemented with site compatible ana-
lytical predictions and the total number of data points used to define the attenuation
of seismic ground motion with distance from the fault rupture was substantially
increased.

The theoretical model used to analyze the seismic soil response is shown in
Figure 5: a number of horizontal soil layers, with non-linear visco-elastic response,
resting upon a uniform, linear visco-elastic bedrock. Taking into account the geo-
logical structure of the wider area, the seismic bedrock was conventionally placed
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Figure 5. Soil and seismic bedrock model used for the seismic ground response analyses.

within neogene or older geological formations, with shear wave velocity greater
than V;, = 600 m/s and mass density p = 2.2 Mg/m?. The seismic excitation was
introduced in the form of an acceleration time history, applied either at the free
surface or within the soil profile at the depth of recording. Consequently, the
site response was simulated with the equivalent-linear method (Schnabel et al.,
1972), assuming that earthquake-induced shear waves propagate vertically, from
the seismic bedrock to the ground surface and vice-versa.

The seismic response analyses were performed for all recording sites listed in
Table I, except from RFN, LAVR and ALIV, located at the towns of Rafina, Lavrion
and Aliveri, respectively, where it has not become possible to collect any geotech-
nical data. In addition, no analyses were performed for recording site DMK, within
Athens, laying directly upon bedrock formations, so that seismic ground motions
could not have been affected by soil.

Definition of the soil properties required for the seismic response analyses
faced two objective difficulties. The first is that geotechnical investigations were
generally performed in the wider rather than the close vicinity of the recording
sites, some times at 100-200 m distance. As a result, a possible range instead of
specific values of soil properties was specified. The second difficulty is that the
investigations did not include the special tests required to measure directly the
dynamic soil properties. Hence, the shear wave velocity of the soil layers Vg was
estimated indirectly from Standard Penetration Test measurements Ngpr, as (Imai
and Tonuchi, 1982):

Vs(m/s) = 97.0N& . 3)

The non-linear hysteretic response of soil to earthquake-induced dynamic shear
deformations has been specified in connection to the plasticity index /p, according
to the empirical relations of Vucetic and Dobry (1991). A typical soil profile con-
structed with this procedure is shown in Figure 6. It is based on the geotechnical
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Figure 6. Geotechnical profiles for the SPLA and SPLB sites at Sepolia subway station. The
continuous line shows the average Vg profile while the dotted line shows the scaled Vg profile
used for the analysis of seismic ground response. Symbols and lithology notation are explained
in the Appendix.

data collected for the wider area of Sepolia subway station, the location of two
recording sites: SPLB on the free ground surface and SPLA at depth, within the
station. The profiles for all recording sites are included in the Appendix.

Two analyses were initially performed for every recording site, one for each
component of the seismic excitation, using the average soil properties denoted
with bold line in the typical profile of Figure 6. For the sites with ground surface
recordings, where fundamental site periods (7,_p) obtained with this input data
diverged more than about 10% from the periods obtained applying the NHVSR
method (Tyuysr), the analyses were repeated in order to improve agreement. The
shear wave velocities used in the new analyses, denoted with dotted line in the
typical profile of Figure 6, were obtained with a more or less uniform scaling of
the initial values without violating the range of data obtained from the geotech-
nical investigations. From the total number of eight (8) sites with ground surface
recordings, six (6) had to be re-examined with appropriately scaled shear wave
velocities.

5. Analytical Predictions of Ground Response

To obtain a gross feeling of the accuracy associated with the analytical predictions,
Figure 7 compares predicted and recorded seismic ground motions at the area of
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Figure 7. Comparison between typical analytical predictions and ground surface recordings
at Sepolia subway station. Recorded motions within the station (SPLA) were used as input
excitations while recorded motions at the ground surface (SPLB) were used to compare with
the analytical predictions. The comparison is shown for (a) the TRANS component and (b)
the LONG component of motion (parallel to the station).

Sepolia subway station. At this area, the seismic motion has been recorded at two
sites 170 m apart, SPLB and SPLA, the first located at the ground surface and
the second at approximately 14 m depth, within the subway station. The analyses
were performed for the average (analysis 1) as well as the scaled (analysis 2) soil
properties shown in Figure 6. The seismic motions recorded within the station
(SPLA) were used as input excitation while the seismic motions recorded on the
ground surface were compared with the analytical predictions. The comparison is
shown in terms of the elastic response spectra for 5% damping.
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It is observed that the numerical analyses for average soil properties predict a
predominant site period of 0.18-0.19 s as compared to the 0.30 s obtained by the
NHVSR method for the ground surface recording at SPLB. This difference is prac-
tically eliminated after an average 15% decrease of the shear wave velocity values.
Predicted and recorded elastic response spectra compare fairly well for the TRANS
component of the seismic motion, oriented perpendicular to the longitudinal axis of
the subway station. For the LONG component, oriented parallel to the longitudinal
axis of the station, the two sets of data show larger differences that are not improved
after modification of the shear wave velocity values. This is a possible indication
of interaction phenomena between the relatively stiff reinforced concrete skeleton
of the station and the surrounding soil.

The basic results from all ground response analyses are summarized in Table III,
for both the average and the scaled shear wave velocity profiles. The following
information is provided for each recording site and each component of excitation
(LONG, TRANS):

— the fundamental site period,

— peak accelerations at the free surface of the ground and the outcropping
bedrock, as well as,

— the average spectral accelerations for period range 0.10-0.25 s and 0.25-0.50 s,
where most of the damaged buildings belong.

Peak ground and average spectral accelerations for recorded motions are shown in
bold characters, in order to be easily distinguished from the numerical predictions
shown in plain characters.

Figure 8 compares analytically predicted fundamental site periods to site peri-
ods obtained directly from the NHVSR method. The data corresponding to the
TRANS components of MNSA and ATH-02 records have been excluded from
the comparisons, as possibly affected by dynamic soil-structure interaction phe-
nomena. Observe that the fundamental site periods (7npvsr) correlate well to
analytical predictions based on average shear wave velocity but they are systemat-
ically overpredicted by an average of 35% (Figure 8a). This difference is essentially
eliminated when the shear wave velocity profile is scaled to lower values (Fig-
ure 8b). The average reduction applied to each recording site to close the gap varies
merely between 5% and 20% and has a relatively minor effect on predicted ground
and spectral accelerations.

At present, there is no conclusive evidence on the reasons for the observed dif-
ference in the fundamental periods derived with the two methods. However, taking
into account that the methods are based on widely different concepts, it would be
reasonable to oversee this bias as relatively small and emphasize that both sets of
data reflect local ground conditions fairly well.
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Figure 8. Comparison between fundamental site periods obtained from seismological data
and site periods computed for (a) average Vg profiles and (b) scaled Vg profiles.

Attenuation of Seismic Ground Motion

Peak horizontal and vertical ground accelerations are correlated to the distance
from the rupture in Figures 9 and 10, respectively. Similarly, Figures 11 and 12
show the effect of distance on the average normalized spectral accelerations for
the two period ranges, 0.10-0.25 s and 0.25-0.50 s. All correlations are shown
separately for Rock and Soil sites and include data obtained directly from the
seismic recordings or indirectly from the site response analyses for the initial
(average) soil velocity profiles. In all figures the available data are compared to
the empirical relations from Abrahamson and Silva (1997) for the hanging wall of
shallow crustal earthquakes of M = 5.9 magnitude. Since all recordings correspond
to intermediate or large distances from the rupture, these relations are used to guide
the extrapolation of available data to the epicentral area (shaded band).

The average values of the peak and the normalized spectral accelerations es-
timated in this way for Rock and Soil conditions are summarized in Table IV for
different distances from the fault rupture. The effect of soil conditions is evaluated
quantitatively with the aid of the Soil Amplification Ratio (SAR), defined as the
ratio of peak ground accelerations at the soil surface and at the outcropping bed-
rock. Observe that soil effects become eminent for peak horizontal and average
spectral accelerations only, whereas peak vertical accelerations are not signific-
antly affected by local ground conditions. Estimated SAR values range between
1.34 and 1.96 for peak horizontal ground accelerations, increasing in general with
the distance from rupture. The corresponding range for the normalized spectral
accelerations is 0.96-0.99 for short periods and 1.13—1.37 for longer periods, with
practically no systematic dependence on distance.

The previous data suggest that, while peak horizontal and vertical accelerations
attenuate with distance from the fault, normalized spectral accelerations remain
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Figure 9. Attenuation of peak horizontal acceleration with distance from fault rupture for

Rock and Soil sites. The continuous lines show the empirical relations (mean + standard

deviation) of Abrahamson and Silva (1997) for similar seismotectonic conditions. The gray

band corresponds to the range of these relations but it has been translated vertically to fit the
data points.
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Figure 10. Attenuation of peak vertical acceleration with distance from the fault rupture. The
presentation follows the format of Figure 9.
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Figure 11. Attenuation of mean normalized spectral acceleration (7 = 0.10-0.25 s) with
distance from the fault rupture for Rock and Soil sites. The continuous lines show the em-
pirical relations (mean + standard deviation) of Abrahamson and Silva (1997) for similar
seismotectonic conditions.
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Figure 12. Attenuation of mean normalized spectral acceleration (7" = 0.25-0.50 s) with

distance from the fault rupture. The presentation follows the format of Figure 11.

Table 1V. Estimated mean seismic motion parameters for different distances

from the fault rupture.

100

Distance from rupture (km)

Distance from rupture (km) 1 3 5 10 30 50
Peak vertical ROCK 0.27 0.22 0.19 0.16 0.032 0.019
acceleration (g) SOIL 0.30 0.25 0.22 0.18 0.042 0.022
SAR 1.11 1.14 1.16 1.13 131 1.16
Peak horizontal ROCK 0.42 0.35 0.32 0.20 0.048 0.028
acceleration (g) SOIL 0.57 049 043 0.29 0.090 0.055
SAR  1.357 1.400 1.344 1.425 1.875 1.964
Mean normalized spectral ROCK 2.348 2.307 2.265 2.214 2.206 2.218
acceleration for SOIL 2.329 2.281 2.229 2.158 2.119 2.140
0.10<T <0.25s SAR  0.992 0.989 0.984 0.975 0.961 0.965
Mean normalized spectral ROCK 1.374 1.331 1.298 1.293 1.432 1.532
acceleration for SOIL 1.887 1.803 1.728 1.658 1.662 1.730
025<T <0.50s SAR 1.373 1.354 1.331 1.282 1.161 1.130

practically constant. Based on this finding, Figure 13 shows the general shape of
the normalized acceleration spectra for Rock and Soil sites, obtained as the average
of the response spectrum from all available ground surface recordings, regardless
of distance from the rupture. Notice that the seismic ground motions for Rock sites
are rich in periods between 0.07 and 0.30 s with predominant period approximately
equal to 0.10 s. For Soil sites, the range of important periods is between 0.10
and 0.40 s with predominant period of the order of 0.25 s. The aforementioned
periods are of the same order with the fundamental period of 1-5 stories reinforced
concrete buildings, commonly build in the wider Athens area and this may be one
reason for the extensive damages caused by the earthquake.
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Figure 13. Normalized elastic response spectra (5% damping) for Rock and Soil sites. The
shaded area shows the range of ground surface recordings and the thick line shows the average
spectrum.

At the epicentral area, 1-3 km away from the fault rupture, peak vertical acceler-
ations are grossly estimated as 0.22-0.27 g for Rock sites and 0.25-0.30 g for Soil
sites. Peak horizontal accelerations are estimated as 0.35-0.42 g and 0.49-0.57 g
for Rock and Soil sites respectively. Taking further into account the average nor-
malized response spectra of Figure 13, the maximum mean spectral accelerations
(0.10 < T < 0.25) at the same area are estimated as 0.810-0.98 g for Rock sites
and 1.09-1.32 g for Soil sites. The above accelerations are statistically mean values
and may have been locally exceeded by as much as 70%. Still, they are more than
double compared to the values defined by the Greek National Seismic Code (EAK,
2000) for the wider Athens area.

6. Conclusion

The main findings of this study are briefly outlined below, with reference to the

practical issues addressed in the introduction.

(a) Principal direction of ground shaking. It has been found that maximum re-
corded peak ground accelerations aim at an average direction 109°N. This
is practically parallel to the rupture plane obtained from recently reported
credible fault plane solutions.

(b) Seismological methods for site characterization. There are two main conclu-
sions regarding this issue. The first is that fundamental site periods obtained
from the normalized horizontal to vertical elastic response spectra ratio
(NHVSR) correlate reasonably well to local geological and geotechnical con-
ditions. Site periods obtained from NHVSR are consistently higher than the
relevant analytical predictions by about 35%, but they follow a remarkably
similar trend. This gap was efficiently eliminated by a 5-20% decrease in the
empirical average estimates of shear wave velocities for the recording sites.
The second conclusion is that the peak value of NHVSR (Anpysgr) is more
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sensitive to soil conditions than the fundamental site period (Tygvsr), and may
be readily used as a site index. On the contrary, the vyax/amax ratio is less
sensitive than both Axgvsg and Tyuvsgr, and should be used with caution.

(c) Effect of local soil conditions. The soil formations of Athens basin have amp-
lified the horizontal (peak ground and spectral) accelerations from the main
shock relative to outcropping rock-soft rock formations. Soil effects on vertical
peak ground acceleration were, as expected, not significant. For 10-15 km
distance from the fault rupture, where most recordings were obtained, hori-
zontal peak ground accelerations were amplified by an average of 40%. This
effect was certainly unexpected, since the soil formations at the recording sites
are fairly stiff and could be classified as bedrock according to current seismic
codes (e.g., EC8, 2000 and the Greek National Seismic Code EAK, 2000).
Bouckovalas and Kouretzis (2001a, b) provide a more detailed account on this
aspect.

(d) Seismic motion parameters at epicentral areas. Estimated peak horizontal
ground accelerations at epicentral areas 1 to 3 kM away from the fault are
0.35-0.42 g for Rock sites and 0.49-0.57 g for Soil sites. The corresponding
vertical accelerations are 0.22-0.27 g for Rock sites and 0.25-0.30 g for Soil
sites. Maximum mean spectral accelerations (for 5% damping) are estimated
as 0.80-0.98 g for Rock sites and 1.09-1.33 g for Soil sites. Due to data scatter,
the above values may have been locally exceeded even by 70%.

The last two findings are indirectly related to the assumed location of the fault

plane, which may be refined upon completion of the relevant seismological stud-

ies. In this event, slight modification should also be expected to the quantitative
estimates of soil amplification and seismic motion parameters at the epicentral area.

Acknowledgements

The analyses presented in the article are part of research sponsored by the Organ-
ization for Seismic Planning and Protection of Greece, the Technical Chamber of
Greece and the National Technical University of Athens. The strong motion records
were provided by the Geodynamic Institute of the National Observatory of Athens
(NOAGI), the Institute of Engineering Seismology and Engineering Seismology
(ITSAK) and the Public Power Corporation of Greece. In addition, Attiko Metro
S.A. provided the geotechnical data for all subway stations where accelerographs
were installed. These contributions are deeply acknowledged.

Appendix A: Geotechnical Profiles at Recording Sites

The geotechnical profiles used in the seismic response analyses are presented in
the figures of this Appendix. Apart from the purpose of documenting the findings
of this article, these data allow an independent evaluation of the strong motion
recordings.
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Table A.1. Definition of lithology (obtained from the geological investigations for Attico Metro
S.A.

UPPER DEPOSITS
F: Fill material
AL (Alluvial deposits)
AL1: Silty clay to clayey silt (subrounded gravels)
AL2: Slightly to moderate cemented silty clay (gravel to pebble size subrounded
particles)
AL3: Moderate to strongly cemented conglomerate
ALA4: Poorly cemented conglomerate (sand to cobble particle size in a reddish clay
matrix)
Col/SD: Colluvial deposits — Slope deposits
AL/Col: Non differentiated alluvial colluvial deposits
SUBSTRATUM

Pliocene — Pleistocene deposits:
Cg(M +L): Conglomerate (limestone pebble to cobble size particles in a reddish silty clay
matrix)

“Athenian schist” — Sedimentary origin

NDS: Non differentiated schist sh: Shales

M: Marl s: Siltstone

S: Sandstone s+L: Calcareous siltstone
S+L: Calcareous sandstone G: Grauwacke

B: Breccia BLor (B +L): Limestone breccia
m: Marlstone L: Limestone

Q: Quartz Ph: Phyllite

“Athenian schist” — Eruptive origin

P: Peridotite D: Diabase

Se: Serpentine Ps: “Serpentinized” peridotite
BP: Peridotite breccia F: Faulted zone

Each profile includes the geological description of the different layers, the
Standard Penetration Test results (Ngspr), the shear wave velocity (V;), the plasticity
index (/p) and the mass density (p). The symbols used for the description of the
various lithological units are explained in Table A.1. In the presentation of the test
data different symbols are used in order to differentiate measurements obtained
at different boreholes. In the presentation of SPT results right arrows were used
when a maximum number of blow counts was reached with penetration less than
the 30 cm specified for termination of the test. In the same data, R denotes that no
penetration was achieved during the test. The data regarding shear wave velocities
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have been deduced indirectly from Ngpr, according to the empirical relations pro-
posed by Imai and Tonuchi (1982) as described in the main text. In this case, the
arrows denote lower limit values of V; obtained from SPT results with partial or no
penetration. The continuous black line denotes the average velocity profile while
the dashed black line the profile used to fit the fundamental site periods suggested
by the seismological data.
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