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Quantification of Frequency-Dependent Lengthening

of Seismic Ground-Motion Duration due to Local Geology:

Applications to the Volvi Area (Greece)

by Céline Beauval, Pierre-Yves Bard, Peter Moczo, and Jozef Kristek

Abstract Many methods have been proposed through the last decades for the
experimental estimation of site effects. However, these estimates have largely fo-
cused on the amplitude of motion, and less attention has been given to duration. The
present study is an attempt to fill this gap through a comparison of the phase of the
Fourier spectrum at two nearby sites. The method makes use of the frequency-
dependent mean group delay as proposed by Sawada (1998). Its application on weak
and moderate motion recordings from the European test site near Volvi (Greece)
yields stable and physically satisfactory results: the soft sites inside the graben exhibit
a consistent increase of the mean group delay, which is maximum around the fun-
damental frequency of amplification, while rock sites on either side of the graben
have comparable spectra, in terms of both modulus and phase. A further comparison
with results of 2D finite-difference simulations provides qualitatively similar results.
The mean group delays are found, however, to be much smaller on numerical syn-
thetics than on observed records, although the increase of duration for simple input
signals is obvious by visual inspection. This may offer a way to discriminate the
existence of 2D or 3D effects at a given site. Finally, this technique also allows
construction of site-specific time domain synthetics accounting for both the amplitude
and phase modifications associated with site conditions. The method requires, how-
ever, a good signal-to-noise ratio.

Introduction

Since destructive earthquakes such as the Michoacan
earthquake in Mexico (1985), the Northridge, California,
earthquake (1994), or the Hyogoken-Nanbu earthquake,
Kobe, Japan (1995), there is no more doubt about the im-
portance of site effects during earthquakes in relation to the
local geology. Different methods have been developed to
estimate site amplification factors from earthquake record-
ings, but the lengthening of the duration of seismic ground
motions has received less attention.

The Volvi test site (Euroseistest, Greece) has already
been the source of several instrumental and numeric studies
that have revealed the important effects of the graben struc-
ture on seismic ground-motion amplitude. Located 25 km
northeast of Thessaloniki, this test site aims to create a better
understanding of local site effect phenomena for strong
ground motion prediction. The Volvi valley is part of the
Graben Mygdonian region, a seismically active zone under
north-northeast–south-southwest continental extension. The
valley trends east–west between the Langhada and the Volvi
lakes (Fig. 1) and is filled with alluvial deposits, mainly Qua-
ternary. On the profile where the permanent network stations

have been installed, the valley is 5.5 km wide and the sed-
iments are as thick as 200 m in the center. At the northern
and southern borders are outcroppings of hard metamorphic
rock. The analysis of seismograms shows that the local ge-
ology has an influence on the duration of the seismic ground
motions: a lengthening of the duration of the signals from
the borders to the center of the valley is noted, as displayed
in Figure 2. In the present work, we use a method introduced
by Sawada (1998) based on signal phase to estimate the
arrival time of wave groups. The use of a reference station
provides a basis for comparing signal duration as a function
of frequency at the different sites.

First we describe the method used for the estimation of
ground-motion duration lengthening and test it on synthetic
and real signals. Then we apply this method on two different
experimental data sets: acceleration signals recorded by the
test site permanent network (moderate events, 3.3 � ML �
4.6) and signals obtained on a temporary network (ML �3)
(Riepl, 1997). In the third part, the method is applied to
synthetic seismograms based on 2D numeric modeling
(Moczo et al., 1996). We finally propose a straightforward
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Figure 1. Map of the region where the Eu-
roseistest is installed. Triangles, stations from
the permanent network; asterisks, 9 moderate
events; circles, 7 weak events. Box in the lower
left shows the location map in regional context.

way to generate site-specific synthetic seismograms account-
ing for the modulus and phase modifications. This approach
is particularly relevant in basins and valleys where the 1D
numerical approach fails.

Method

Group Delay Time

The method used in this article was proposed by Sawada
(1998) to determine the average group delay time of a seis-
mic signal. Taking the Fourier transform S(x) of the time
history s(t) yields the amplitude spectrum A(x) and phase
spectrum �(x):

�1 ��ixt �i (x)S(x) � s(t)e dt � A(x)e . (1)�2p ��

The information on signal duration is included in the phase
spectrum �(x). The gradient of the phase contains infor-
mation on the arrival time of energy as a function of fre-
quency. In order to retrieve this phase gradient, the phase
spectrum must be first unwrapped (absolute jumps greater
than p are replaced by their 2p complement), then differ-
entiated with respect to frequency, x. The obtained quantity
has a time dimension and is defined as the group delay time
(Tgr):

d�(x)
T (x) � (2)gr dx

Because this quantity is very unstable and varies from one
frequency to the next (Fig. 3), a smoothing operation is nec-
essary. This is carried out by means of a frequency window
function W(x;x0) and takes into account the signal ampli-
tude, represented by the Fourier amplitude spectrum A(x).
As proposed by Sawada (1998), the average spectrum

(x) and variance spectrum (x) of Tgr(x) are defined2l rTgr Tgr

as follows:

�1
l (x ) � W (x;x )T (x)dx, (3)Tgr 0 A 0 gr�S 0

�12 2r (x ) � W (x;x )(T (x) � l (x )) dx, (4)Tgr 0 A 0 gr Tgr 0�S 0

where

A(x)
W (x;x ) � W(x;x ) , (5)A 0 0

l (x)A

�

S � W (x;x )dx and l (x )A 0 A 0�
0

�

W(x;x )A(x)dx0�
0

� (6)�

W(x;x )dx0�
0

The smoothing function used here is that of Konno and
Ohmachi (1998):

b b 4W(x;x ) � [sin(log (x/x ) )/log (x/x ) ] , (7)0 10 0 10 0

where b is an adjustable factor that controls the smoothing.
The usual value b � 20 corresponds to a significant smooth-
ing; a value b � 40 or b � 60 would imply a much smaller
smoothing.

Figure 3d shows an example of group delay time Tgr(x)
(dots) calculated from an observed acceleration motion re-
corded on the Volvi test site (Fig. 3a). The solid line cor-
responds to (x), dashed lines to (x) � . Thel l rTgr Tgr Tgr

amplitude spectrum A(x) used in the calculation of group
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Figure 2. Observed acceleration and displacement motions of north–south com-
ponents from a local event (04 April 1995 17:27) at permanent stations installed across
the Volvi basin. The geophysical cross section shown was derived from geophysical
and geotechnical data (Jongmans et al., 1998).

delay time as well as the unwrapped phase are also presented
(Fig. 3b, c). (x) is therefore the mean arrival time of thelTgr

wave group at frequency x.
This method has been tested on a simple signal made

of the summation of three truncated sinusoids with frequen-
cies of 0.5, 1, and 5 Hz, and durations of 7, 2, and 3 sec,
respectively (Fig. 4). It is inferred that the group delay is
perfectly determined at the frequencies present in the signal:
the 3.5-, 1-, and 1.5-sec values are respectively obtained at
0.5, 1, and 5 Hz. However, outside these frequencies, the
calculated group delays have no significant meaning; it is
therefore necessary to take the signal amplitude into account
when applying the method. In addition, according to Sawada
(1998), the previously defined variance is representative of
signal duration for each frequency. The example displayed
in Figure 4 clearly shows that is not linked to duration;2r Tgr

variance only indicates the accuracy of (x) estimationlTgr

and is relatively small at 0.5, 1, and 5 Hz and large at other
frequencies. This quantity will therefore not be used in the
present study, and we claim it cannot be used as an estimate
of the duration.

Estimation of Duration Lengthening

According to classical formalism, the signal recorded
on surface sO(t) is considered to be the convolution of
source, path, and local effects:

O S P Ls (t) � s (t) s (t) s (t) (8)* *

where the superscripts O, S, P, and L stand for the observed
signal, source, path, and local site effects, respectively. In
the Fourier frequency domain, amplitude A(x) and phase
�(x) spectra are therefore defined as follows:

O S P LA (x) � A (x)•A (x)•A (x) (9)

O S P L� (x) � � (x) � � (x) � � (x). (10)

By linearity,

O S P LT (x) � T (x) � T (x) � T (x) (11)gr gr gr gr

and

O S P Ll (x) � l (x) � l (x) � l (x) (12)Tgr Tgr Tgr Tgr

We seek to determine L(x), the group delay spectrumlTgr

linked to the site effect (lengthening of the duration of seis-
mic ground motions). A nearby reference site is used,

L(x) is estimated by subtracting the average group delaylTgr

spectrum calculated from a recording at the analyzed station
from the average group delay spectrum obtained from a re-
cording of the same component at the reference site:
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Figure 3. Example of group delay time calculated from
an observed seismogram. (a) Acceleration motion observed
at TST station in north–south component; (b) amplitude
spectrum of observed ground motion that is taken into ac-
count in the smoothing of Tgr; (c) unwrapped phase spec-
trum, whose gradient is the group delay time Tgr; (d) dots,
group delay time Tgr (x) (sec); solid line, average spectrum
of Tgr (x), (x); dashed lines, standard deviation (x).l rTgr Tgr

L Ol (x) � l (x)|Tgr Tgr analyzed station
O� l (x)| . (13)Tgr reference site

The reference site must be close enough to the analyzed
station such that the source and path effects can be assumed
equal at both stations. To be free of site amplifications and/
or prolongations, it must be installed on outcropping hard
rock without any topography. In principle, this method is
analogous to the traditional spectral ratio method that esti-
mates site amplification factors at different sites. In this case,
the site response is determined by dividing the amplitude
spectrum at the analyzed station by the amplitude spectrum
at the reference site. When the previously described condi-
tions are fulfilled, an estimate of AL(x) is thus obtained.

The quantity L will concern all results that follow.lTgr
L(x) is the difference between two arrival times (at thelTgr

analyzed station and at the reference) at frequency x, so we
will use interchangeably the terms “group delay spectrum”
or “duration lengthening.”

Results on Experimental Signals

Data

In this study we used two data sets recorded by the
Euroseistest project. The first one corresponds to a swarm
of events that occurred in the southeastern part of the Volvi
lake in spring of 1995 (Table 1, magnitude range: 3.3 � ML

� 4.6) (Raptakis et al., 1998) Figure 1 shows the epicenters
(stars) together with the observation sites. As in previous
site amplification studies (Chavez-Garcia et al., 2000; Rap-
takis et al., 2000; Riepl et al., 1998), these seven permanent
stations are aligned on a cross section of the Volvi valley.
Station PRO at the northern border (Fig. 2) is chosen as the
reference station; STC and STE stations are located close to
rock outcrops but are also close to a major normal fault. TST
station is located in the center of the valley, at a site with
about 200 m of sediments (soft at the very surface, but rather
stiff at depths exceeding 50 m) (Jongmans et al., 1998). Only
three stations, PRO, STC, and TST had a 16-bit recording
system at the time of the events. After examining the signal-
to-noise (S/N) ratios of the records, we decided to consider
the frequency range of 0.6–10 Hz. One of the records is
shown in Figure 3. The seismograms are bandpass filtered
between 0.6 and 40.0 Hz, and the whole signal available
from the direct P-wave arrival is used in the calculation.

The second data set was obtained during the summer of
1994 when a temporary seismic network of more than 30
three-component stations was installed across the graben,
with interstation distances of about 250 m (Riepl et al.,
1998) The present study is limited to the analysis of records
obtained at seven of these stations that were connected to
Reftek digitizers and broadband CMG40 sensors with an
almost flat transfer function in the frequency domain down
to about 0.05 Hz. Their location is the same as the permanent
network. Records from seven local events are used with hy-



Quantification of Frequency-Dependent Lengthening of Seismic Ground-Motion Duration due to Local Geology 375

Figure 4. Test of the Sawada method (1998) on a simple signal made of the sum-
mation of three truncated sinusoids with frequencies of 0.5, 1, and 5 Hz and durations
of 7, 2, and 3 sec, respectively. The amplitude spectrum is displayed. The thick line
corresponds to group delay time (w), thin lines show standard deviation.lTgr

Table 1
Moderate Earthquakes in Data Set 1

Date (yyyy/mm/dd) Time ML PRO GRA GRB TST FRM STC STE

1995/04/04 17:10 4.1 X X X X X X X
1995/04/04 17:27 3.8 X X X
1995/05/03 14:16 3.9 X X X
1995/05/03 15:40 4.2 X X X
1995/05/03 18:56 3.8 X X X
1995/05/03 21:36 4.5 X X X X X X X
1995/05/03 21:43 4.6 X X X X X X X
1995/05/03 22:33 4.3 X X X
1995/05/04 00:43 3.6 X X X
1995/05/04 01:14 3.3 X X X
1995/05/07 09:26 3.5 X X X

pocentral distances of less than 25 km and small magnitudes
(Table 2, ML �3). The group delay is evaluated only at the
values where the S/N ratio is greater than 3. The time series
used begin with the P-wave arrival, but the coda is not al-
ways included because of the high noise level. The recorded
signals at RFAR (FRM) station could not be used because of
an excessive noise level.

Results and Discussions
Figure 5 displays results obtained for L at two rep-lTgr

resentative sites: TST at the graben center and STE on the
southern edge, for both north–south and east–west horizontal
components, as well for the vertical component. The thick
solid line corresponds to the mean values using all the avail-
able events, the averages being calculated by weighting the
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Table 2
Weak Earthquakes in Data Set 2

Date RPRO RGRE RTES RFAR RTOW RCHU
Event (yyyy/mm/dd) Time (PRO) RROA (GRA) (TST) (FRM) (STC) (STE)

1 1994/06/24 05:48 X X X X
2 1994/06/25 17:37 X X X X
3 1994/07/02 22:49 X X X X X X
4 1994/07/03 08:27 X X X X X X
5 1994/07/04 10:55 X X X X
6 1994/07/05 07:26 X X X X
7 1994/07/05 21:02 X X

group delay spectra by the normalized spectral content at the
reference station:

l (x)A (x)� i i
i�1,N

l (x) � , (14)mean

A (x)� i
i�1,N

where lmean(x) is the mean delay spectrum at frequency x,
li(x) is the delay spectrum computed from event i, Ai(x)
the normalized spectral amplitude at the reference station
(spectrum divided by maximum amplitude), and N is the
number of event. One may notice a remarkable stability of
group delay spectra, which highlights the reality of length-
ening effect. Lengthening at STE station is approximately
zero for the three components, as expected since the station
is located very near to the bedrock on the southern border
of the valley. On the other hand, TST station shows a rise
in lengthening toward low frequencies with a maximum
lengthening around 0.7–1.0 Hz, which corresponds exactly
to the fundamental resonance frequency determined by vari-
ous experimental means from weak events (Riepl, 1997).
The observed trend on the north–south component is also
found on the east–west and vertical components. Amplifi-
cations have also been calculated for the 11 analyzed events
using PRO as the reference station (top of Fig. 5). Only the
amplifications on the north–south component is shown on
Figure 5, but similar trends are found on east–west and ver-
tical components. The group delay spectra are stable from
one magnitude range to the other: the average lengthenings
obtained from events with magnitudes smaller than 3 show
similar trends (Fig. 6). For TST station, a maximum prolon-
gation of the signal duration is found around 0.7 Hz with
identical values (5–6 sec). No lengthening is observed at STE
station. The results show that the group delay method can
be applied for a wide range of motion amplitudes.

The same study was performed for the recordings of the
seven permanent strong-motion stations. Figure 7 shows the
obtained results for L on the north–south horizontal com-lTgr

ponent at the six sites (except for the reference site) and for
the 11 moderate magnitude events. Only three recordings
are available at GRA, GRB, FRM, and STE stations because
of the insufficient resolution level of the sensors. A structural

cross-section of the basin is also presented, which allows
linking the frequency of the lengthening peak to the alluvial
thickness. The thicker the sediments, the lower the frequency
at which the lengthening peak occurs. GRA and GRB stations
show a maximum lengthening of signal duration between
1 and 2 Hz, whereas this peak occurs at 0.7 Hz at TST
(site fundamental resonance frequency, Riepl et al., 1998).
Lengthening is small at STC and FRM sites; this is not sur-
prising for STC, which is located near bedrock, on a thin
sediment layer, as clearly observed in Figure 2. FRM, how-
ever, is placed above a thick alluvial layer. For these 11
events, waves come from the southeast. They are essentially
diffracted on normal faults bordering the basin in the south
and generate surface waves that propagate mainly from
south to north. FRM is located above one of those faults
inside the basin: surface waves are mixed with the arrival of
direct S waves and so are barely visible on the site record-
ings. The surface waves are significant and appear clearly
on the recordings of TST, GRA, and GRB stations; they prop-
agate throughout the valley at a group velocity lower than
direct S-wave velocity (300 to 400 m/sec) and arrive later.
Ground-motion prolongation at the three stations is signifi-
cant. The lengthening of signal duration really only occurs
at low frequency, apparently due to the effects of anelastic
attenuation.

Results on Synthetics Signals

Synthetics

The calculation of the group delay is applied to synthetic
signals stemming from 2D numeric modeling based on the
Volvi graben model presented in Figure 7 (Table 3) (finite-
difference method, Moczo et al., 1996; Chavez-Garcia et al.,
2000). We consider the surface response for six different
incident impulses. Sources 1, 3, and 5 are Ricker wavelets
with central frequencies of 1, 3, and 0.3 Hz; sources 7 to 9
are more realistic simulations, their time dependence is that
of real signals recorded at the reference station PRO during
three earthquakes (magnitudes 6.1, 5.3, and 2.0). In all the
cases, excitations correspond to vertically incident plane
waves (SH and SV for all cases). Excitations are specified
on the lower border of the model. An example of synthetic
signals, calculated every 300 m across the valley from source
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Figure 5. Amplification (north–south component) and group delay time of the three
components evaluated at two stations: TST, which is in the center of the Volvi valley,
and STE, which is on the southern border. Mean values are shown as a thick line on
each figure. The used data set consisted of local moderate events (Fig. 1). Superimposed
are the group delays corresponding to each event, and the number of records is indicated
for each station. The reference station used is PRO.
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Figure 6. Comparison of mean group delays at two stations derived from recordings
on the north–south component. The solid lines show the estimates obtained from weak
events (the number of records used is indicated for each station), the group delays were
evaluated only at the frequencies where the signal-to-noise ratio is greater than 3 and
where at least three earthquakes were used in the computation. The dashed lines are
the estimates obtained using the moderate events.

1, shows the important wave diffraction taking place on gra-
ben edges (Fig. 8).

First, group delays are determined from synthetic sig-
nals computed at the sites of the six permanent stations.
Then, group delays are determined at 60 receivers placed
every 100 m along the same profile, perpendicular to the
valley axis. On each site the average is obtained by weight-
ing the delay group values by signal spectral amplitudes at
the reference station (normalized amplitudes with respect to
maximum amplitude, see equation 14).

Results and Discussion

Results at the Locations of the Permanent Stations. The
chosen reference station for the synthetics is, as for the ob-
served signals, the PRO station located on the bedrock. The
weighted average group delays are computed for the three
components at the six permanent station sites. Synthetic re-
sults on longitudinal components are compared to observed
mean delays (Fig. 9). We focus on frequencies where length-
enings occur. The frequency band where lengthenings occur
for numerical synthetics coincides quite well with the real
data. However, delays stemming from synthetic signals ex-
hibit lower values, though the visual lengthening is very sig-
nificant as may be observed on Figure 8 (source 1). At STC
and STE, no duration lengthening is observed on the syn-
thetics; the slight lengthening observed at STC for frequen-
cies lower than 2 Hz is not found on synthetics. Lengthening
in GRA and GRB synthetics occurs between 1 and 3 Hz, as
it does for the real observations, although the real lengthen-
ings are longer. The actual lengthening of signal duration at
TST increases toward low frequencies, according to the ob-
served mean curve. However, the frequency corresponding
to maximum lengthening is slightly higher (1 Hz instead of
0.7 Hz). It is noted that lengthening at FRM is as significant
as at TST, with a peak at 1 Hz. In the numerical computation,

the input motion was specified as vertically incident S waves,
whereas observations correspond to moderate events located
southeast of the graben, with oblique incidence. This rein-
forces the hypothesis put forward earlier to interpret small
lengthenings observed at FRM. For synthetics, vertical in-
cidence leads to an important diffraction on both borders of
the valley (south and north), and the prolongation is then
significant at FRM.

Synthetic lengthenings are smaller than those observed
experimentally. One explanation might be that quality fac-
tors allocated to the geophysical model (Table 3) may have
been undervalued, causing waves to be attenuated more
strongly than in reality and surface computed signal dura-
tions to be shorter. This difference in lengthening values is
mainly noted at GRA and GRB stations: it could equally be
due to the fact that, in the case of real events, surface waves
are generated at the south border of the valley and their ef-
fects are thus greatest on the north side of graben. On the
other hand, fault locations in the graben model on which
synthetic signals are based may be uncertain.

Mean delays computed on the other two components
(transverse and vertical) present similar features, and results
are consistent with the experimental ones.

Results at 60 Receivers for the Three Components of Motion.
The calculation of group delay was then applied to synthetic
signals computed at 60 receivers located every 100 m across
the valley. As previously, the reference station is located on
a bedrock site outside the basin (receptor 1). A continuous
representation of lengthenings according to frequency on the
whole width of graben is displayed for the three components
in Figures 10 and 11. On the horizontal components, max-
imum lengthening occurs at an increasingly low frequency
from the borders to the center of the graben (0.7 Hz in the
center), as expected. Amplifications were also computed
from synthetic signals, and they are presented for the radial
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Figure 7. Mean lengthenings evaluated at the six permanent stations across the
valley (thick line). The data set of moderate events was used; superimposed are the
lengthenings corresponding to each event, the number of records is indicated for each
station. The lower figure illustrates the location of these sites within the valley. See
Table 3 for the description of the parameters allocated to each sediment layer of the
geophysical model.
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Table 3
Mechanical Characteristics of the Geophysical Model (Fig. 10)

Formation A B C D E F G* G

Vp(m/sec) 330 450 550 — — — — —
Vpw — 1500 1600 2000 2500 2600 3500 4500
Qp 90 45 70 60 120 150 150 250
Vs(m/sec) 130 200 300 450 650 900 1250 2600
Qs 40 20 30 25 50 60 100 200
Gd (t/m3) 1.70 1.80 1.80 — — — — —
Gt (t/m3) 2.05 2.15 2.0 2.10 2.15 2.20 2.50 2.60

Vp, P-wave velocity; Vs, S-wave velocity; Q, Quality factor; Vpw � Vp below water table; Gd/Gt, unsaturated/
saturated density; G*, weathered rock.

Figure 8. Synthetic signals stemming from
2D numeric modeling based on the Volvi gra-
ben model (source 1: Ricker wavelet with cen-
tral frequency of 1 Hz). Signals are computed
every 300 m across the valley.

component (Fig. 11). The thicker the sediment layer, the
lower the frequency of fundamental resonance. Lengthen-
ings remain significant up to 1.5 Hz in the central part of
graben on the transverse component and up to 2.5 Hz on the
radial component. At a higher frequency, they are no longer
significant, in contrast with amplifications that remain at a
high level up to about 5 Hz (Fig. 11): high frequencies are
attenuated very quickly. Lengthenings begin at lower fre-
quencies in the south of the basin than in the north, because
the graben is asymmetric, elevations are higher and sediment
layers are thicker in the south.

Lengthenings, which are nil beyond the faults edging
the graben in the north and south, are increasingly high from
the borders to the center of valley. A sharp change is noted
across the fault separating geological units from the bedrock
in the south (receptor 51 to 52): this interface slope is indeed
very steep. No sharp change is observed on the north border,
where alluvial thickness variations are smoother. Maximum

values obtained on both horizontal components have the
same size range but are slightly higher on the transverse
component. This is due to the fact that the phase and group
velocities are lower for Love waves than for Rayleigh waves.

Results on the vertical component show different fea-
tures from those of the horizontal ones. Lengthening of
peaks occurs at higher frequencies (1.5 Hz in the graben
center), and lengthening remains at a significant level on a
wider frequency range (between 1.5 and 3.5 Hz). The dif-
ferences between horizontal and vertical components have
already been highlighted in the case of amplifications (Riepl
et al., 1998). Lengthenings reach higher values than for hor-
izontal components (6 sec vs 4.5 sec maximum horizontally)
and remain concentrated in the middle of graben where sed-
iment layers are thickest. Furthermore, clear changes are ob-
served across normal faults in the south (receptors 44 to 45
then 49 to 50). The high values present at very low frequency
and up to 3 Hz on the north border are certainly numerical
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Figure 9. Comparison between the synthetic lengthenings (solid lines) and those
observed (dashed lines) in the north–south component at the sites of the six permanent
stations.

artefacts. Their origin is probably linked to the very low
energy on vertical component at these frequencies and lo-
cations and therefore to the lack of precision of group delay
estimates.

The sharp velocity contrasts between the bedrock and
basin sediments refract upcoming waves to near vertical in-
cidence. We therefore attribute movements on the horizontal
components primarily to S waves and those on vertical com-
ponents to P waves. Moreover, P-wave velocities are higher
than those of S wave. Consequently, if the fundamental res-
onance frequency is grossly considered to be equal to c/4h
(where h is the thickness of sediments and c is the wave
velocities), the fundamental resonance frequency obtained is
higher on the vertical component than on the horizontal, as
shown by observations.

Significant lengthenings present between 1.5 and 3 Hz
on vertical and radial components and absent on transverse
components are probably linked to Rayleigh waves gener-

ated on the borders of graben (interactions between P waves
and SV waves). Lengthenings on both vertical and radial
components are significant over a wider frequency range
than they are on the transverse component, probably corre-
sponding to the fact that P waves (and therefore Rayleigh
waves) are less attenuated than S waves (and therefore Love
waves).

Application: Synthetic Signals Computation

This technique provides information on the effects of
site conditions on the ground-motion phase and hence on the
time domain distribution of energy. We have therefore tested
its use for reconstructing realistic, site-specific synthetic sig-
nals. The basic idea is to derive a complex transfer function
accounting for both the modulus amplification and the phase
changes and to convolve it with the prescribed signal on
reference rock.
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Figure 10. Synthetic mean group delays of
horizontal components evaluated at stations
across the valley (from north to south). See Ta-
ble 3 for the description of the parameters al-
located to each sediment layer of the geophys-
ical model.

The procedure may be described as follows:

1. Select a signal r(t) for the reference site on rock
2. Compute its Fourier spectrum R(x) � B(x) exp

(�iuR(x)), where B(x) is the modulus and uR(x) is the
phase

3. Modify the modulus of the rock motion according to the
observed amplification derived from the soil site to rock
spectral ratio SR(x) and get a new Fourier modulus A(x)
� B(x)•SR(x)

4. Modify the phase according to the observed group delay

x

Lu (x) � u (x) � l dh (15)L R Tgr�
0

5. Build a new complex Fourier spectrum S(x) � A(x) exp
(�i uL(x))

6. Reconstruct a time domain synthetics s(t) by taking the
inverse Fourier transform of S(x)

As an example, this simple method has been applied at
site TST with the recording at reference station PRO corre-
sponding to the 3 May 1995 14:16 event (Table 1). Length-
ening was computed between 0.5 and 10 Hz from the group
delays derived from the three moderate events with largest
S/N ratios. The synthetic phase therefore equals the refer-
ence phase at frequencies under 0.5 Hz and beyond 10 Hz.
Figure 12 displays the recorded signal at station TST (Fig.
12a), together with the reference seismogram (Fig. 12b) used
to compute the synthetic signal (Fig. 12c). The three seis-
mograms are also shown after a low-pass filtering under 2
Hz. One may clearly identify the lengthening of the recon-
structed signal, especially on the low-pass-filtered series be-
cause the lengthening is maximum around 1 Hz. Of course,
there is not a perfect matching between the actual recordings
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Figure 11. Synthetic mean group delays of
vertical component and synthetic mean ampli-
fications of radial (north–south) component
evaluated at stations across the valley (from
north to south).

and the reconstructed signals, but the overall resemblance is
very satisfactory.

As the phase changes were found to be comparable for
weak and moderate events, one may consider applying this
technique to expected strong motions on the basis of com-
plex Fourier transfer functions derived from weak events.
Two obvious shortcomings need to be kept in mind: (1) a
good S/N ratio is required to derive a robust estimate of the
mean group delay; and (2) unless the phase and amplitude
changes are measured on strong-motion records, this method
cannot account for nonlinear effects.

However, we do think this technique is very promising
and should be tested at many different sites.

Conclusion

This study has successfully tested an improved method
for the measurement of site effects and proposes a new tech-
nique for reconstructing site-specific time domain signals.

The method is an extension of the classical spectral ratio
method to include not only modulus but also phase changes.
The phase modifications are obtained using the mean group
delay technique proposed by Sawada (1998), which basi-
cally measures, for each frequency, the central arrival time
of the wavelet, derived from the frequency derivative of the
unwrapped phase. Comparing the mean group delay on a
reference site and on the site under study, we can infer site-
specific modifications that are interpreted as changes in sig-
nal duration related to site geology. Although the group de-
lay does bear some relation with the (frequency-dependent)
signal duration, this relation is not simple. For instance, if
we assume that energy is distributed in the time domain with
a boxcar window, the total duration is simply twice the group
delay. In real signals, however, the time domain envelope is
usually far from a boxcar, and the actual duration is therefore
probably significantly larger than simply twice the mean
group delay. We tested the Sawada (1998) claim that signal
duration could be accurately derived from the variance of
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Figure 12. Synthetic signal computed at
site TST (c) using the seismogram recorded at
reference station PRO (b), compared to the real
seismogram recorded at station TST (a). The
three following signals are the same as above
after a lowpass filter under 2 Hz.

mean group delay estimates: our tests indicate that this quan-
tity only indicates the accuracy of the mean group delay
calculation. We therefore focused, in the present study, on
the differences in the mean group delay spectra between sites
under study and the reference site.

We then applied this technique to weak and moderate
motion recordings obtained in the Volvi test site graben
structure.

1. The first important result is that the experimental group
delay spectra exhibit a rather satisfactory stability, though
evaluated from events of varied magnitudes (2.5 � ML

� 4.6) and variable epicentral distances and azimuths.
Their estimation are quite sensitive to S/N ratio levels: a
minimum threshold value of 5 is recommended.

2. The second result is that the increase of group delay ap-
pears closely related to the local geology (in Volvi, an
active graben filled with recent deposits) and the ampli-

fication pattern. The maximum increase almost system-
atically occurs at each site’s fundamental resonance
frequency, whereas at higher frequencies, the ground-
motion prolongation is no longer significant, even though
there still exist some modulus amplification.

3. The third result concerns the amount of group delay in-
crease: in the Volvi case, we measured differences up to
a few seconds around 1 Hz in the center of the graben.
These values may look rather low. However, one must
keep in mind the actual signal lengthening is significantly
larger.

These observations were then compared with results of
a similar processing on synthetic signals obtained with a
finite-difference modeling of the seismic response of the gra-
ben to incident SV and SH plane waves. This comparison
yielded a very satisfactory qualitative consistency: the fre-
quency ranges where significant lengthenings occur are
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similar. However, the group delays derived from synthetics
are systematically smaller than observed in real data (2 sec
versus 4–6 sec). It may indicate that some of the mechanical
parameters selected for the basin model in the 2D compu-
tations (see Jongmans et al., 1998) should be modified. For
instance, higher quality factors would induce longer dura-
tions due to lower damping of local surface waves. It also
suggests that this technique might be a very promising tool
to discriminate the respective importance of 1D and 2D or
3D effects at a given site: the former, related with up and
down bouncing and short travel times, would produce only
very small duration increase, whereas the latter would in-
volve lateral propagation and reverberations, with much
larger travel times, and produce large duration increases.

Finally, we proposed a new technique to reconstruct
site-specific time domain synthetics. This technique was il-
lustrated on a single example from the Volvi test site, where
it does allow retrieval of the nonstationary time domain
changes with larger duration increase at lower frequencies.
As the response of nonlinear structures (including soil struc-
tures) is highly sensitive to the time domain distribution of
incoming energy, this technique might prove useful in gen-
erating realistic synthetics compatible both with regulatory
spectra and the actual physics of site effects.

Frequency domain amplitudes have been until now ex-
tensively used for site response investigation, but so far,
phase has received less attention. Analysis of group delay is
a new tool that can be used to describe the phase of real
signals and thus check the validity of the phase of synthetic
signals. Given the stability of group delay differences, we
recommend that this simple method of seismic-motion pro-
longation estimation be systematically applied in all instru-
mental site effect studies. We must, however, stress the fact
that it is essential to use local event records with an excellent
S/N ratio in order to obtain stable results, since estimation
of the phase is very sensitive to ambient noise. Keeping this
limitation in mind, we are rather optimistic as to the appli-
cations of this technique, both for an improved understand-
ing of actual site effects at real sites and for improving the
way they are practically taken into account in engineering
projects.
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