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Site Effects and Design Provisions: The Case of Euroseistest

KONSTANTIA MAKRA,! DIMITRIOS RAPTAKIS,> FRANCISCO J. CHAVEZ-GARCIA,>
and Kyriazis PrriLaxis®

Abstract— Modern seismic codes usually include provisions for site effects by considering different
coeflicients chosen on the basis of soil properties at the surface and an estimate of the depth of bedrock.
However, complex local geology may generate site amplification on soft soils significantly larger than what
would be expected if we assume that the subsoil consists of plane soil layers overlaying a homogeneous
half-space. This paper takes advantage of the large number of previous studies of site effects done at
Euroseistest (northern Greece). Those studies have supplied a very detailed knowledge of the geometry and
properties of the materials filling this shallow valley. In this paper we discuss the differences between site
effects evaluated at the surface using simple 1-D computations and those evaluated using a very detailed 2-
D model of the subsoil structure. The 2-D model produces an additional amplification in response spectra
that cannot be accounted for without reference to the lateral heterogeneity of the valley structure. Our
numerical results are extensively compared with observations, which show that the additional amplification
computed from the 2-D model is real and affects by a significant factor response spectra, and thus suggests
that some kind of aggravation factor due to the complexity of local geology is worthy of consideration in
microzonation studies and seismic codes.

Key words: 1-D and 2-D modeling, observations, response spectra, aggravation factor, seismic codes,
microzonation studies.

Introduction

It is widely recognized that local geological conditions have a pronounced impact
on ground motion at a given site. The geometry of the subsoil structure, the variation
of soil types and its properties with depth, the lateral discontinuities, and the surface
topography are at the origin of large amplification of ground motion and have been
correlated to damage distribution during destructive earthquakes (AKI1, 1993; BARD,
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1994; FAccioLl, 1991, 1996; CHAVEZ-GARCIA et al., 1996). Site effects have been
studied using both observations and numerical models. However, numerical studies
are well in advance of observational ones as regards the understanding of the effects
of complex geological settings. Thus, while most observational studies of site effects
emphasize the effect of soft soils directly under the recording station, i.e., 1-D site
effects (e.g., DIMITRIU et al., 1998), detailed 2-D numerical studies were presented in
BARD and BOUCHON (1980a, b, 1985), and today’s modeling studies are concentrated
on 3-D site effects (e.g., GRAVES, 1998; BIELAK et al., 1998). This situation reflects the
vast difficulties involved in evincing the effects of lateral heterogeneities in data sets
that are obtained with an insufficient number of stations, or using arrays that are not
dense enough for the dominating wavelengths. Numerical studies have shown clearly
that the finite lateral extent of soil surface layers may generate surface waves at the
edges of alluvial valleys. These locally generated wave trains may increase the
amplitude and duration of ground motion. They may also contribute to the spatial
variability of ground motion, which could have major significance in the seismic
response of long structures such as dams, bridges or life-lines systems. Laterally
inhomogeneous ground has repeatedly been signaled as a cause of severe damage
(AK1, 1988; KAWASE, 1996).

The engineering community is well aware of the existence of this kind of
complex site effects and of the need to consider them (RASSEM ef al., 1997,
CHAVEZ-GARciA and FaccioLl, 2000). However, modern seismic codes (UBC97,
EC8) and current microzonation practice have mostly relied on the one-
dimensional analysis to predict surface motions at a site, thus overlooking the
effects of surface and buried topography (geometry of bedrock-sediment interface)
and the finite lateral extent of soil in sediment filled valleys. Although there is an
ongoing discussion on the need to improve seismic codes, attention is concentrated
on aspects such as definition of soil classes and shape and amplitude of the design
response spectra (see the papers presented at the special session on EC8 during the
proceedings of the 11th ECEE, Paris 1998; AFPS/MSI Group Report, 1998). Less
effort is being directed to the possible influence of complex site effects. We believe
that this issue should receive wider discussion, supported both by observations and
numerical simulations.

This paper discusses site effects due to complex local geology in terms of seismic
building codes. Our discussion is based on Euroseistest. The reason for this choice
is the very detailed information available on the subsoil structure at this shallow,
alluvial valley, and the existence of a large database with earthquake records of
small and moderate intensity, which makes Euroseistest one of the best
documented cases of site effects studies. We take as our starting point previous
studies of site effects at this valley (RAPTAKIS et al., 2000; CHAVEZ-GARCIA et al.,
2000) that showed the substantial impact of the 2-D valley structure on its site
response. Those papers were based on the analysis of one recorded event and a
numerical simulation restricted to the low-frequency range. In this study we pursue
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those ideas but extend the objectives along two lines. First, a more thorough
analysis of data recorded at Euroseistest is made, with the aim of evaluating a
robust, observed, site response in terms of response spectra. Second, we compare
the observations with numerical simulations of site effects in this valley, extending
the domain of the computations up to 10 Hz. Both 1-D and 2-D numerical models
are explored. Our results confirm that the effects of complex local geology have a
large impact on ground motion. The additional amplification introduced by the
complex geology relative to the predictions of a 1-D model is quantified in terms of
an ‘“‘aggravation factor.” We propose that this additional amplification should be
taken into account in seismic codes.

Data

Euro-seistest site is established on a 5.5-km-wide and 200-m-deep sedimentary
valley between the Lagada and Volvi lakes in the Mygdonian graben. This graben is
located some 30 km to the east of Thessaloniki in northern Greece (Fig. 1a). The
subsurface structure of the valley was explored extensively, with the aim of
generating an accurate description of the subsoil structure and of the mechanical
properties of the sediments filling the valley (RAPTAKIS, 1995; JONGMANS et al., 1998;
PITILAKIS et al., 1999; RAPTAKIS et al., 2000). A detailed determination of the
geometry and dynamic properties of soil deposits was obtained using different and
complementary prospecting techniques, including borehole seismic tests (cross-hole
and down-hole), P and SH refraction, P reflection and surface wave (Rayleigh and
Love) inversion. The seismic prospecting campaigns were followed by extensive
geotechnical in situ and laboratory testing program (drillings, sampling, groundwater
table measurements, SPT and CPT, cyclic triaxial and resonant column tests).

The more recent evaluation of those measurements (RAPTAKIS et al., 2000)
refined previous models as it concentrated on the determination of shear-wave
velocities for each soil formation, since it is foreseen that this parameter plays the
most important role in seismic response due to incident shear waves. The result was
the 2-D model shown in Figure 1b. The mean values of material properties assigned
to each soil formation are given in Table 1.

Earthquake observation at Euroseistest has been a major goal of this test site. In
this paper the records obtained by the permanent accelerograph network that has
operated since 1993 have been used. This network consists of 7 surface and 3
downhole three-component accelerographs with force balance accelerometers,
capable of measuring acceleration from 0.001 g (trigger threshold) to 1.0 g in the
frequency band 0 to 50 Hz. The digital resolution of the Instruments ranges between
12 and 19 bits (Fig. 1b, RAPTAKIS et al., 1998).

Sixty seven earthquakes have been recorded at this network since its installation
(EuroseisMoD Final Scientific Report). Twelve of them have been selected for use in
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(a) Map of the Mygdonian Graben with the earthquakes’ epicenters (open circles) recorded at the stations

of the Euroseistest strong-motion network (open triangles). (b) NNW-SSE 2-D model of the Euroseistest

soil structure. The solid diamonds show the location of the permanent strong-motion network. Four faults

(F1-F4) and eight different strata (layers A to G) are identified. Properties of the material are given in
Table 1. [After RAPTAKIS et al. (2000).]

this study (Table 2) because they were recorded at all stations. The largest peak-
ground acceleration of the data that was used is 0.03 g, while the majority of the
recordings have peak acceleration between 0.003 and 0.02 g. Thus it is anticipated
that linear models may be adequately compared to this database. The records were
rotated with respect to the axis of the valley. In this paper, we have limited ourselves
to site effects evaluated in the horizontal component directed along the axis of the
valley, perpendicular to Figure 1b (SH motion). In a later paper we will present
results for the in-plane component (S} motion).

These data were used to evaluate site effects at Euroseistest. Moreover, we have
used the standard spectral ratio technique relative to a reference station. We will also
show results of spectral ratios using smoothed amplitude Fourier spectra, and
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Table 1
Properties of the materials in the model
Layer Description S-wave velocity, Density, Quality
Vs (m/s) p (t/m%) fator, O
A Silty, clayey sand 130 2.05 15
B Silty sand and sandy clay 200 2.15 25
C Marly silt and silty sand 300 2.075 30
D Marly, sandy clay and 450 2.100 40
clay silt
E Alternating sublayers of 650 2.155 60
clayey, silty sand and
sandy clay with stones
and gravels
F Alternating sublayers of 800 2.20 80
clayey, silty sand and
sandy clay with stones
and gravels
G* Weathered schist bedrock 1250 2.50 100
G Gneiss basement 2600 2.60 200
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spectral ratios of 5% acceleration response spectra. Our reference station was PRO
(Fig. 1b) located on a very thin sediment layer overlying the gneiss basement.

Numerical Modelling

We have modeled site response using 1-D and 2-D numerical models. Only linear
behavior was considered for all the soil types. In all cases, excitation was given by
vertical SH waves. 1-D site response was computed for the corresponding vertical
soil profile at each station using Kennett’s reflectivity-coefficient method (KENNETT,
1983). The 2-D response of the model of Figure 1b was computed applying the finite-
difference method of Moczo (1989), refined in Moczo and BARD (1993), and Moczo
et al. (1996). This finite-difference method allows modeling of a non-flat free surface,
if it is constrained to pass through nodes of the grid. This restriction does not apply
for any other irregular interfaces in the model, which allows, including in the model,
the precise shape of the soil interfaces. Attenuation is taken into account through
three relaxations mechanisms which ensure approximately constant quality factors in
the frequency range of validity of the computations (Moczo, 1989; Moczo and
BARD, 1993). The grid model is bounded laterally and at the bottom with
transparent, Reynolds’ type, non-reflecting boundaries (REYNOLDS, 1978) to avoid
unwanted artificial reflections.

The 2-D valley of Figure 1b was extended laterally and at the bottom up to a
total length and height of 6,453.2 m and 403 m, respectively. The model is covered by
a grid using a constant grid step of 1.3 m in the horizontal and vertical directions.
This model is similar to the one used in CHAVEZ-GARCIA et al. (2000), however, we
have decreased the horizontal grid step in order to extend the frequency of validity of

Table 2

Seismological information of the strong motion data used ( Euroseismod Final Scientific Report)

No. Date Time (GMT) M Latitude Longitude
1 950404 17:10 4.6 40.562 23.626
2 950404 17:27 4.3 40.565 23.661
3 950503 14:16 44 40.555 23.679
4 950503 15:39 4.7 40.565 23.685
5 950503 18:56 4.3 40.556 23.653
6 950503 21:36 5.0 40.565 23.667
7 950503 21:47 5.1 40.569 23.660
8 950503 22:33 3.8 40.561 23.687
9 950504 00:34 5.8 40.558 23.653

10 950504 00:43 4.1 40.570 23.628
11 950504 01:14 3.8 40.577 23.605
12 950513 08:47 6.6 40.158 21.673
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the computations up to 10 Hz. The excitation to the model is a vertically incident,
plane SH wave with a time dependence of a Gabor pulse given by the equation:

s(t) = e~ cos[w,(t — t;) + Y]

where

2
o= {wp(t/_t)} . fy=2w,=40, y=15, % =0.0 and £, = 0.169 .
Figure 2 depicts this signal in time and frequency domains. The pulse has non-
negligible frequency content extending 15 Hz (Fig. 2b). Thus the synthetic time
histories are low-pass filtered in order to eliminate contribution of frequencies that
cannot be propagated correctly by the grid.

So as to compare with the observations, synthetic response spectra were also
computed for the 1-D and 2-D numerical results. The procedure was as follows. For
each of the 12 selected events (Table 2), the transverse component of the record
obtained at PRO was convolved with the numerical 2-D SH transfer function relative
to station PRO and with the 1-D transfer function computed at the locations
corresponding to each of the accelerograph stations. Station PRO is not located on
bedrock (the gneiss basement), however site effects at this station are small, and they
occur at high frequencies. Moreover, this procedure allows a direct comparison with
the observations, since site effects at PRO are already present in the observed record.
Then, synthetic accelerograms are obtained at each strong motion station for the
transverse component of motion, for each selected event, and for each of the two
models considered (1-D or 2-D). In order to compare observations to synthetics,
average response spectra were computed. Before averaging, response spectra were
normalized relative to the observed peak ground accelerations at station PRO.
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Figure 2

The Gabor pulse used as incident signal in the 2-D finite-difference simulation. (a) Signal in time domain.
(b) Fourier amplitude spectrum of the time signal.
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Scatter is measured using standard deviation. Finally, ratios of average response
spectra were computed.

Results

2-D Numerical Modeling in Time and Frequency Domains

Figure 3 shows the displacement time-histories of 155 receivers distributed every
41.6 m along the free surface of the 2-D soil profile. They have been low-pass filtered
with a Butterworth filter with 10 Hz cut-off frequency. The results are similar to those
presented in CHAVEZ-GARCIA ef al. (2000). The most important feature of the
synthetics is the surface wavetrains generated at fault F4 (northern edge), fault F3 and
at fault F1 (southern edge). Two additional surface wavetrains are observed in
Figure 3. The first oneis generated below station STE at the southern edge of the valley.
The second is generated at the northern edge of the valley. These wavetrains have
dominating frequencies larger than 4 Hz and therefore were not present in previous
computations. All these surface waves converge towards the center of the valley,

PRO GRA GRB TST FRM STC STE
> > * * * * *

00

=

(09s) awi ],

Distance (km)

Figure 3
Seismic section computed at the surface of the 2-D model of Figure 1b for vertical incidence of SH waves.
The positions of the surface accelerographs of the permanent network have been indicated for reference.
Traces have been low-pass filtered with a 10.0 Hz cut-off frequency.



Vol. 158, 2001 Site Effects and Design Provisions 2357

tSTE — -
- ‘_’!'

5000 - ’ e — - L
& FRM -  .ubs -
4000 ‘ e - - H
3 & K
‘ - - s i -
— $T5T . t - — —
E 3000 B - -
3 i - “ e —_—
: el TR -
= 2000 $ORA - — X = L
* _\ T
\. \'_‘*\QL - - —
i S —
e
1000 - — .
$ PRO
0 b

00 10 20 30 40 50 60 Y0 80 90 100
Frequency (Hz)

Figure 4
Numerical transfer function for vertical incidence of SH waves with respect to the receiver at the location
of station PRO of the 2-D model shown in Figure 1b. This result was computed from the synthetics of
Figure 3.

resulting in large amplitudes of ground motion for more than 10 s in sharp contrast to
ground motion duration outside the central part of the valley. Synthetics around PRO
confirm that the topography at this station modifies slightly ground motion.
Transfer functions of the synthetics relative to the synthetic at station PRO are
presented in Figure 4. Station PRO is also considered as a reference for the 2-D
transfer functions. This serves the requirement to compare similar transfer functions
relative to the observed ones. The center of the valley shows peaks of amplification at
about 0.8-1.0 Hz, at 1.8-2.0 Hz, and at 3 and 4 Hz. The regular succession of
amplification peaks suggests 1-D site effects, however the spacing in the frequency
domain of these peaks is too small, ruling out resonance of vertically propagating
waves. CHAVEZ-GARCIA ef al. (2000), using borehole records from TST site,
demonstrated that ground motion at low frequencies is dominated by locally
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generated surface waves. Figure 4 confirms that those results are valid in a larger
frequency range. This figure shows that the main amplification peaks observed at the
center of the valley are very discontinuous. None of them, not even the fundamental,
remains continuous over the central part of the valley, where soil layering is
approximately flat and without geological discontinuities. This lateral variability
increases with frequency. The peaks follow the pattern corresponding to the
dominance of locally generated surface waves, as identified by BARD and BOUCHON
(1980a).

Comparison of Observations with Synthetics, in Frequency and Time Domains

Empirical and numerical transfer functions are compared in Figure 5. This
figure shows average spectral ratios with respect to station PRO (thick lines) for
each strong motion station. The thin, solid line indicates the numerical transfer
function (computed with respect to the synthetic at PRO) for the 2-D simulation,
and the dotted line indicates the corresponding amplification computed for the
vertical soil profile at each station. The differences in shape between the predictions
of the 1-D model and those from the 2-D simulation are quite large. The 2-D
transfer functions do not have the simplicity and regularity of the 1-D transfer
functions, and in this sense are closer to the observations. In general, the synthetic
transfer functions have amplitudes similar to those of the observations in the low
frequency range, and larger than the observations in the higher frequency range
(higher than 3 Hz). This suggests that the shear-wave velocity contrast is correctly
estimated in the model, but that Q factors in Euroseistest may be lower than the
values assigned in Table 1. In detail, there is similarity between observed and
predicted transfer functions with the 2-D model, with the exception of station GRA
and GRB, where quite good agreement is observed up to 3 or 4 Hz. The
complexity of the observed curves and the level of amplification are well predicted,
but the precise location of peaks and troughs is missed. The results for stations
STE and STC show major disagreements between observations and results from
modeling, suggesting that the subsoil structure in the southern edge of the valley
should be revised.

We now compare the observations with the synthetics in the time domain. To this
end the event occurred on May 4, 95 (No. 9 in Table 2), whose epicenter was located
32 km to the southeast of Euroseistest. Figure 6 shows, on the left column, the
transverse component of the records obtained at the strong motion stations. All
traces in this figure have been low-pass filtered with a 2.5 Hz cut-off frequency, in
order to reveal the contribution of locally generated surface waves both in amplitude
and duration at this frequency band. The amplitude scale is common to all traces. It
is observed that, in addition to the large differences in amplitude between PRO and
the stations on sediments, there are pronounced differences in the duration of ground
motion. Indeed, the records obtained at stations GRB and most clearly at TST for
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Figure 5

Comparison of observed and computed transfer functions. Thick, solid lines: average ratios of the

transversal component of motion, relative to the corresponding component recorded at PRO, for the 12

events analyzed. The shaded area shows the average plus or minus one standard deviation. Thin, solid line:

numerical transfer function, relative to the receiver at the location of PRO, obtained from the 2-D, finite-

difference computations. Dotted line: numerical transfer function, relative to the receiver at the location of
PRO, obtained from the 1-D vertical profile at each location.

this event show late arrivals with amplitude comparable or larger than the S
wavetrain (which arrives at 4 s). This characteristic is well reproduced by the
synthetics shown in the central column of Figure 6. They correspond to synthetic
accelerograms obtained by convolution of the observed record at PRO with the
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Figure 6
Comparison in time domain between observations and synthetics, for the event which occurred on May 4,
95 (No. 9 in Table 2). All traces were low-pass filtered with a 2.5 Hz frequency cut-off in order to reveal the
contribution of locally generated surface waves. Amplitude scale is common to all traces in the figure. (a)
Accelerograms recorded at the permanent array. (b) Synthetic accelerograms obtained by convolution of
the observed record at PRO with the corresponding 2-D transfer function at each location. (c) Synthetic
accelerograms obtained by convolution of the observed record at PRO with the corresponding 1-D transfer
function for the vertical soil profile at each location.

corresponding 2-D transfer function at each location. As in the observations, in
addition to the large amplitude increase, the duration of the record and the
importance of the late arrivals are well reproduced, especially at the center of the
valley. In contrast, the synthetic accelerograms obtained by convolution of the
observed record at PRO with the corresponding 1-D transfer function for the vertical
soil profile at each location, shown on the right column of Figure 6, manifest very
poor approximations to the observations. The duration is too short and similar in all
the stations, and amplitudes are smaller than observed.

Comparison in the Response Spectra Domain

We consider now one of the favorite measures of site response in the engineering
community: response spectra for 5% damping. We computed average acceleration
response spectra from the 12 transverse acceleration record obtained for the events of
Table 2, as well as for the synthetic accelerograms obtained from the convolution of
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Figure 7
Average and average plus or minus one standard deviation response spectra computed for the transverse
component of motion at station TST at the center of the valley. Response spectra were normalized with
respect to the peak ground accelerations recorded at station PRO. (a) Observations. (b) 2-D synthetics
(response spectra of the synthetics obtained with the convolution of the 2-D transfer function and the
observed record at PRO). (¢) 1-D synthetics (response spectra of the synthetics obtained with the
convolution of the 1-D transfer function and the observed record at PRO).

PRO record and the 2-D and 1-D transfer functions corresponding to each strong
motion site. Before averaging, response spectra were normalized with respect to the
observed peak ground accelerations at station PRO. This normalization is chosen so
as to compare shapes of response spectra obtained for events with different relative
amplitudes. Scatter is measured with the standard deviation. The results obtained for
station TST are shown for reference in Figure 7. Scatter about the average 1-D value
results from the different way in which each of the input signals excites shear-wave
resonance. It is observed that scatter about the average 2-D response spectra has
increased considerably relative to the 1-D value, although the input signals are the
same in both cases. The same also applies for the scatter of the observed values. This
increased variability is a consequence of the larger complexity of the 2-D and
observed transfer functions.

Figure 8 displays average values of observed response spectra, as well as average
values of response spectra for the synthetic accelerograms obtained from the
convolution of PRO record and the 2-D and 1-D transfer functions corresponding to
each strong motion site. It is observed that the largest amplitudes of the observed
response spectra occur at short periods, decaying steadily at longer periods. There are
fewer differences among the stations, as the computation of response spectra is not
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Average response spectra computed for the transverse component of motion (parallel to the axis of the
valley) obtained at each station for the 12 events analyzed. Thick, solid lines: Observations. Thin, solid
lines: 2-D synthetics (response spectra of the synthetics obtained with the convolution of the 2-D transfer
function and the observed record at PRO). Dashed lines: 1-D synthetics (response spectra of the synthetics
obtained with the convolution of the 1-D transfer function and the observed record at PRO).

very sensitive to the duration of ground motion. TST, FRM and GRB exhibit
significant amplitudes at longer periods than the other stations. There is a good
agreement in the shape and amplitude of the average 2-D response spectra with the
observed ones. The longer period amplitudes in the stations at the center of the valley
are nicely reproduced by the 2-D synthetic response spectra. It is immediately
apparent that results using the 1-D transfer function at each location present a lack of
longer period energy in the response spectra and significant differences with the
observations. This comparison indicates clearly that the differences in the physical
nature of site effects between 1-D and 2-D models translate into significant differences
in the response spectra domain and that results from 2-D modeling are closer to a
robust average of observations at this site.
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Aggravation Factors

We have shown that, in the response spectra domain, results from 2-D numerical
simulations are closer to the observations than results from 1-D models. Another
way to show this is using ratios of average response spectra, which we discuss in this
section, following the proposal of CHAVEZ-GARCIA and FAccioL1 (2000). Consider
initially the ratio between response spectra obtained from the 2-D model relative to
that obtained from the 1-D computation for each site. This ratio is shown with thin
lines in Figure 9. This ratio is larger than unity in almost the whole period range
considered. This indicates that 2-D site effects are significantly larger than 1-D site
effects. We have validated this result only for the model of Figure 1b, nonetheless it
coincides with many previous studies of 2-D site effects. We note that the additional
amplification observed in the results for the 2-D model come only from the geometry
of the soil formations, and that it appears at all the stations.

In order to now include the observations, the ratio between average observed
response spectra at each site relative to average response spectra obtained from the 1-D
model is computed. This ratio is shown with the thick lines in Figure 9. The marked
similarity between the thin and thick lines in this figure is immediately apparent. This
shows, first, that in the response spectra domain, observations are consistently larger
than the predictions that could be made with the 1-D model, especially for periods
longer than 0.2 s. Second, the differences between observations and the 1-D model are
very similar to the differences between the 2-D and the 1-D models, strongly supporting
the idea that at Euroseistest, a 2-D model is required to explain the observations.

We will call “aggravation factor” the additional amplification introduced in
response spectra by the 2-D nature of the response at this valley, relative to the
amplification that could be predicted using a 1-D model. In the case of Euroseistest,
the aggravation factor is comprised between 2 and 5, and does not seem to depend
strongly on the location of the station relative to the valley edge. We insist that
seismic codes emphasize 1-D site response, as the parameters that govern the seismic
coefficient at a given site are shear-wave velocity of the uppermost layers and depth
to bedrock. Our results indicate that an aggravation factor, due solely to the
geometry of the soil formations, may affect response spectra by a factor between 2
and 5, in a period range of interest in engineering. We propose that such aggravation
factors may not be safely neglected in the elaboration of seismic codes.

Conclusions

In this study we have tried to evaluate the additional amplification introduced by
the irregular lateral geometry of the soil formations at Euroseistest. This additional
amplification comes besides that due to the impedance contrast between soil layers.
Our purpose has been to stimulate discussion among the engineering community of
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Figure 9
Ratios of average response spectra for each station. Thick line: ratio between average observed response
spectra at each station relative to average response spectra computed at each site using the 1-D transfer
functions. Thin line: ratio between average response spectra computed at each station using the 2-D transfer
function relative to average response spectra computed at the same site using the 1-D transfer functions.

the possibility of including some manner of provision for such complex site effects in
terms of a modern seismic code.

To that end we have presented results of 2-D and 1-D numerical modeling for the
sedimentary valley of Euroseistest. The numerical results have been compared with
observations in time, frequency and response spectra domains. This comparison was
possible thanks to the detailed information available on the subsoil structure and
mechanical properties of the sediments filling this valley. We have shown that in
Euroseistest, site response is dominated by locally generated surface waves, even at
the center of the valley, where layering could be approximated as flat. Lateral
heterogeneity thus increases the duration of ground motion, in addition to increasing
its amplitude.
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In the case of Euroseistest, we have defined an aggravation factor that measures
the additional amplification in the response spectra domain caused by the 2-D
geometry of this valley, relative to site effects measured using a 1-D model. This
aggravation factor does not depend strongly on the location of the station relative to
the valley edge, and attains a value of 5 for periods longer than 0.3 s. It is clear that
these results apply only to this site. One limitation of our study is that all our
computations are based on the linear behavior of soil material. Thus, it could be
argued that our results are not applicable to the case of damaging earthquakes. This
objection, however, does not hold in regions of moderate seismicity, such as Europe.
For example, BARD (1997) proposes that a PGA between 0.1 to 0.2 g is required
before nonlinear deformations of soft sandy soils becomes apparent. The threshold is
larger (0.3 to 0.4 g) for soils of medium stiffness or stiff soils. It is thus very likely that
ground motion behavior will be linear during the future damaging events in Europe
where expected PGA on rock is less than 0.3 g (taking into account that maximum
expecting pga in Europe is 0.36 g — according to the Greek Seismic Code 2000 —
independent of soil category), then our aggravation factors are likely to apply. This is
not intended to minimize the research that is still required to understand nonlinear
soil behavior phenomena and their consequences on ground motion. We rather
would like to call attention to the importance of the aggravation factor introduced in
this paper and the need of similar studies elsewhere. If the amplitude of this
aggravation factor is confirmed, it can be used to incorporate the effects of complex
geology in seismic codes and microzonation studies.

Acknowledgements

The authors are grateful to Prof. Roca for his invitation to contribute to this
special issue of Pure and Applied Geophysics. This work was supported by
European Union (EV5V-CT93-0281, ENV4-CT96-0255 and ERBIC 15CT960210).
One of us (FJCG) acknowledges financial support by Gobierno del Distrito
Federal, Mexico.

REFERENCES

11th EUROPEAN CONFERENCE ON EARTHQUAKE ENGINEERING (1998), Proceedings TSI Eurocode 8 and
National Applications. September 611, Paris, France.

AFPS/MSI Group Report, 1998. EC8 Regulatory Spectra: Needs for a Revision and Proposals.
Transmitted to the EC8 Secrétariat, November 1998.

AKI, K. (1988), Local site effects on strong ground motion. In Earthquake Engineering and Soil Dynamics
(Von Thun, J. L. ed.) pp. 103-155 (ASCE).

AKI, K. (1993), Local Site Effects on Weak and Strong Ground Motion, Tectonophysics 218, 93—111.

BARD, P.-Y. (1994), Effects of surface geology on ground motion: Recent results and remaining issues, Proc.
10th European Conf. Earthq. Eng., Vienna, Austria, /, 305-323.



2366 Konstantia Makra ez al. Pure appl. geophys.,

BARD, P.-Y. (1997), Local effects on strong ground motion: Basic physical phenomena and estimation
methods for microzoning studies, Proc. Advanced Study Course on Seismic Risk “SERINA”, September,
21-27 Thessaloniki, Greece.

BARD, P.-Y. and BoucHON, M. (1980a), The Seismic Response of Sediment-filled Valleys. Part 1. The Case
of Incident SH Waves, Bull. Seismol. Soc. Am. 70, 1263—1286.

BARD, P.-Y. and BoucHON, M. (1980b), The Seismic Response of Sediment-filled Valleys. Part 2. The Case
of Incident P and SV Waves, Bull. Seismol. Soc. Am. 70, 1921-1941.

BARD, P.-Y. and BoucHoN, M. (1985), The Two-dimensional Resonance of Sediment-filled Valleys, Bull.
Seismol. Soc. Am. 75, 519-541.

BIELAK, J., GHATTAS, O., and Bao, H. (1998), Ground motion modeling using 3-D finite element methods,
Proc. The Effects of Surface geology on Seismic Motion, Jokohama, Japan, vol. I, 121-133.

CHAVEZ-GARCIA, F. J., SANCHEZ, L. R., and HATZFELD, D. (1996), Topographic Site Effects and HVSR.
A Comparison between Observations and Theory, Bull. Seismol. Soc. Am. 89(3), 1559-1573.

CHAVEZ-GARCIA, F. J. and FaccioLl, E. (2000), Complex Site Effects and Building Codes: Making the
Leap, J. Seismol. 4, 23-40.

CHAVEZ-GARCIA, F. J., RAPTAKIS, D., MAKRA, K., and PrTiLAKIs, K. (2000), Site Effects at Euro-seistest —
I1. Results from 2-D Numerical Modelling and Comparison with Observations, Soil Dyn. Earthq. Eng.
19(1), 23-39.

DiMITRIU, P. P., PAPAIOANNOU, C. A., and THEODULIDIS, N. P. (1998), Euro-seistest Strong-motion Array
near Thessaloniki, Northern Greece: A Study of Site Effects, Bull. Seismol. Soc. Am. 88, 862-873.

EUROPEAN COMMITTEE FOR STANDARIZATION-ECS (1994), Design Provisions for Earthquake Resistance of
Structures, Brussels, Belgium.

EURO-SEISMOD FINAL SCIENTIFIC REPORT (1999), Development and Experimental Validation of Advanced
Modelling Techniques in Engineering Seismology and Earthquake Engineering (Project Co-ordinator:
K. Pitilakis).

FaccioLl, E. (1991), Seismic amplification in the presence of geological and topographic irregularities. Proc.
2nd Intern. Conf. Recent Advances in Geotechnical Earthq. Eng., St. Louis (Missouri), State-of-art paper,
1779-1797.

FaccioLl, E. (1996), Site Effects in the Eurocode 8, Proc. 11th World Conf. Earthq. Eng., Acapulco,
CDROM, paper 2043.

GRAVES, R. W. (1998), Three-dimensional computer simulations of realistic earthquake ground motions in
regions of deep sedimentary basins, Proc. The Effects of Surface Geology on Seismic Motion, Jokohama,
Japan, vol 1, 103-120.

JoNGMANS, D., PrtiLakis, K., DEMANET, E., RApTAKIs, D., RIepL, J., HORRENT, C., Tsokas, G.,
LonNTzETIDIS, K. and BARD, P.-Y. (1998), Euro-seistest: Determination of the Geological Structure of the
Volvi Graben and Validation of the Basin Response, Bull. Seismol. Soc. Am. 88, 473-487.

KAwaASE, H. (1996), The Cause of Damage Belt in Kobe: “The Basin Edge Effect”’, Constructive Interference
of the Direct S Wave with the Basin Induced Diffracted/Rayleigh Waves, Seismol. Res. Lett. 67(5), 25-34.

KENNETT, B. L. N., Seismic Wave Propagation in Stratified Media, (Cambridge Univ. Press, Cambridge
1983).

Moczo, P. (1989), Finite-difference Technique for SH Waves in 2-D Media Using Irregular Grids:
Application to the Seismic Response Problem, Geophys. J. Int. 99, 321-329.

Moczo, P. and BARD, P.-Y. (1993), Wave Diffraction, Amplification and Differential Motion near Strong
Lateral Discontinuities, Bull. Seismol. Soc. Am. 83, 85-106.

Moczo, P., LABAK, P., KRISTEK, J., and HRON, F. (1996), Amplification and Differential Motion Due to an
Antiplane 2-D Resonance in the Sediment Valleys Embedded in a Layer over the Halfspace, Bull. Seismol.
Soc. Am. 86, 1434-1446.

PrriLakis, K., RAPTAKIS, D., LoNTZETIDIS, K., TIKA-VAsSILIKOU, Th., and JONGMANS, D. (1999),
Geotechnical and Geophysical Description of Euro-seistest, Using Field, Laboratory Tests and Moderate
Strong Motion Recordings, J. Earthq. Eng, 3(3), 381-409.

RAPTAKIS, D. (1995), Contribution to the Determination of the Geometry and the Dynamic Characteristics of
Soil Formations and their Seismic Response, Ph.D. Thesis (in Greek), Dept. Civil Engineering, Aristotle
University of Thessaloniki.



Vol. 158, 2001 Site Effects and Design Provisions 2367

RAPTAKIS, D., THEODULIDIS, N., and PITILAKIS, K. (1998), Data Analysis of the Euroseistest Strong Motion
Array in Volvi (Greece): Standard and Horizontal to Vertical Ratio Techniques, Earthquake Spectra /4,
203-224.

RAPTAKIS, D., CHAVEZ-GARCIA, F. J., MAKRA, K., and PitiLAks, K. (2000), Site Effects at Euroseistest —
I: Determination of the Valley Structure and Confrontation of observations with 1-D analysis, Soil Dyn.
Earthq. Eng. 79(1), 1-22.

RASSEM, M, GHOBARAH, A., and HEIDEBRECHT, A. C. (1997), Engineering Perspective for the Seismic Site
Response of Alluvial Valleys, Earthq. Eng. Struct. Dyn. 26, 477-493.

REYNOLDS, A. C. (1978), Boundary Conditions for the Numerical Solution of Wave Propagation Problems,
Geophysics 43, 1099-1110.

UNIFORM BUILDING CODE (1997), Structural Engineering Design Provisions, International Conference of
Building Officials.

(Received December 28, 1998, revised/accepted October 17, 2000)

To access this journal online:
http://www.birkhauser.ch




