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SUMMARY:

Knowledge of the acceleration spectral shape is important for ground motion prediction. At high frequencies
spectral amplitude decreases rapidly, controlling peak values. Anderson and Hough (1984) modelled this with
the spectral decay factor k, which constitutes today a basic input parameter —a site effect proxy— for the
generation of stochastic ground motion and the calibration and adjustment of GMPEs. We study « in the
EUROSEISTEST valley: a geologically complex and seismically active region with a permanent strong motion
array. We derive k at 14 locations in and around the basin following two approaches: measuring it directly on S-
wave spectra and indirectly on the site functions derived from source-path-site inversions. The agreement is
good. Because k is a site-effect proxy, we correlate it with local site conditions: the well-known site-
characterisation parameter Vsg,, but also the resonant frequency and depth-to-bedrock. We find that these new
parameters may complement the existing x-Vss, correlation.
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1. INTRODUCTION
1.1. Background

Knowing the shape of the acceleration spectrum is important for the prediction of ground motion. At
high frequencies, the spectral amplitude decays rapidly, with high frequencies acting as filters on
acceleration values. Hanks (1982) first attempted to model this decay through ., a frequency above
which the spectrum ‘crashed’. Anderson and Hough (1984) introduced a factor they named the
spectral decay factor (x), which —although empirical rather than theoretical- is used in various
applications almost thirty years later. This parameter is based on the observation (Figure 1) that, for
frequencies higher than f., k can be related to the slope A of the spectrum when plotted in lin-In space:

xk=—A/r where A=A(Ina)/Af (1.2)

The same authors observed a correlation between observed values of k and the distance of the source
from the station where the record was obtained. As a first approximation they suggested a linear
relation where the intercept of the k trend with distance (denoted o) corresponds to the attenuation
that S waves encounter when travelling through the subsurface geological structure to the surface,
while the slope of the trend corresponds to the incremental attenuation due to predominantly
horizontal S-wave propagation through the crust. If the trend is denoted by m then the relation can be
written as follows, in units of time:

K=Kk, +M-R (S) (1.2)



In recent years there have been several studies to investigate the dependence of k on various factors,
such as distance and source parameters (e.g. Tsai and Chen, 2000; Parolai and Bindi, 2004; Douglas et
al., 2010; Van Houltte et al., 2011). The debate as to the origins of k and the effort to decipher them is
still on. However, up to now, ko has been correlated primarily to local soil conditions. The following
paragraph describes such fields of application.
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Figure 1. Linear decay trend of the acceleration spectrum when plotted in lin-loge space
(adapted from Anderson and Hough, 1984).

1.2. Use of «k in engineering seismology

Despite the on-going debate regarding its origins and though it lacks a rigorous theoretical basis, « is
often used in a variety of applications today, almost 30 years after its definition. It is used in the
computation of site amplification factors when using the quarter-wavelength method of Boore and
Joyner (1997). It constitutes an important input parameter in the prediction of ground motion and
hence in the creation and calibration of GMPEs, particularly for Central and Eastern North America
(Toro et al., 1997; Atkinson and Boore, 2006). Also, since these are usually created for hard rock sites,
K is also used when adjusting such models for softer site conditions such as rock. This may be done
through the host-to-target method used e.g. by Cotton et al. (2006) and Douglas et al. (2006). « is also
necessary to constrain the attenuation, PGA and duration of synthetic accelerograms generated with
stochastic methods in ground motion simulation studies (e.g., Boore, 2003). Finally, ko may be used in
site characterisation, especially given empirical correlations of kg with Vs, such as those introduced
by Silva et al. (1998). Recently it has been correlated also to other engineering parameters such as the
Arias intensity and peak ground acceleration (Mena et al., 2010).

1.3. The present study

Our motivation in this study lies in estimating « at a site marked by complex surface geology, where
site effects have already been studied and have been shown to be of great importance, and where
records are available from a variety of geological conditions ranging from soft soil to hard rock. This
will allow us to perform two tasks: 1. Estimate k and particularly «, at all these sites, through two
different approaches (directly on the data, based on the original definition; and indirectly, based on a
previous site effect study via inversions). 2. Correlate our «, estimates with the local soil conditions,
test the validity of ko as a proxy for site effects, and link it to the recent parameters used in site
characterisation. In the present work we will assume the simple model of Equation 1.2 for k, where «q
is a site effect and m is related to regional (presumably frequency-independent) Q attenuation.

2. STUDY AREA AND DATA

The area studied is an elongated sedimentary basin in Northern Greece, situated between lakes Lagada
and Volvi. It lies 30 km from the city of Thessaloniki and is the nearest active seismic zone affecting
it. This is why, over the past two decades, this site has been the object of extensive studies in terms of
its geological structure and soil properties (through geological, geophysical and geotechnical in situ
surveys) and seismic response (through empirical and numerical methods).
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Figure 2. Plan view of the surface stations of the permanent accelerometric network at EUROSEISTEST
(adapted from Manakou et al., 2010).
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Figure 3. NNW-SSE (adapted from Raptakis et al., 2000 - top) and WSW-ENE cross-sections
(adapted from Manakou et al., 2010 - bottom) passing through the centre of the basin.
We use arrows to indicate the locations of the stations.

The basin’s width is around 6 km and the maximum thickness of the sediments is around 200 m at its
centre. A permanent accelerometric network named Euroseistest (http://euroseis.civil.auth.gr) has been
installed around the basin centre, comprising 14 surface and 6 downhole receivers. The surface layout
of the array has the shape of a cross, extending in two directions, perpendicular and parallel to the
basin axis. The stations have been installed in different types of soil and rock formations (Figures 2 to
4) so as to sample ground motion in various geological conditions. Thus, the soil conditions where « is
investigated range from very soft, deep valley deposits (TST station at the valley centre) to very hard
rock outcrop (PRO and STE stations on the neighbouring hills). In terms of shear wave velocity, this
corresponds to a range of Vss from 175 to more than 800 m/s. In terms of EC8 site classification
(CEN, 2003), this corresponds to sites ranging from D to A respectively.



We use a dataset of 42 earthquakes, each of which was recorded by at least three of the surface
stations of the permanent network between 1994 and 2005, giving 184 three-component records in
total. The epicentral distribution of these events is shown in Figure 4. Their magnitudes range from 2
to 6.5. Most distances range from 4 to 60 km, with one distant event recorded at 150 km. All events
are crustal, with depths up to 13 km. These parameters are shown in Figure 5.
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Figure 4. Epicentre distribution for the 42 events of the dataset. The size of the circle scales with magnitude.
Location of the array stations is marked. Distances in the legend are in km.
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Figure 5. Magnitude and depth distribution of the dataset vs. epicentral distance.

3. APPROACH 1: ACCELERATION SPECTRA

We follow the methodology proposed in Ktenidou et al. (2012) for the estimation of k. The steps
followed are summarised below. We choose records of good quality based on a preliminary visual
check, and for which there is an adequate window of pre-event noise recorded. We pick P and S
arrivals and choose an S-wave window by visual inspection, taking into account the magnitude and
distance of the earthquake. We compute the signal-to-noise ratio using the S-wave and noise windows
and only work on data for which SNR is higher than 3. We compute the Fourier amplitude spectrum
for the S-window and pick the frequencies f, and f, for which the spectral acceleration amplitude
decreases linearly in lin-log space. We take care to pick f, avoiding the corner frequency of the



respective earthquakes (fe>f.) and —when possible— the resonant peak of the transfer function and the
first few overtones (Parolai and Bindi, 2004). f, is chosen within the frequency range for which the
instruments response can be considered as relatively flat. Using the chosen frequency range, we
regress the data based on equation (1.1) to compute the individual value of « for each event and each
station. We do this for all three components. We then compute the average horizontal k value from the
NS and EW components. We discard records for which the difference between the two is larger than
25%. Figure 6 shows the picking of f. and fy and the computation of «x for the same earthquake
(20/04/2005 07:52 GMT, M 4.6, R=32 km, EW component) recorded on two very different sites: TST,
the centre of the basin where Vs3=175 m/s, and PRO, a nearby rock outcrop where Vs3>800 m/s (see
station locations in Figure 3). fy is determined by the noise level, which is naturally lower at PRO. f is
determined by the resonant frequency: it is lower at TST, where f,=0.5 Hz and higher at PRO, where
fo~12 Hz. The computed «k values differ greatly, as expected: « is almost double at TST than at PRO.

TST

Spectral acceleration (cm/s)

Spectral acceleration (cm/s)

Frequency (Hz)

Figure 6. Example of the picking of f, and f, and the regression of « for a simultaneous record at TST (valley
centre - top) and PRO (rock outcrop - bottom). Noise spectrum plotted in black, S-window in grey.
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Figure 7. Distribution of individual k values with distance for the entire dataset (black crosses). We mark results
at the softest station in red (TST, valley centre) and at the hardest stations in blue (PRO and STE, rock outcrop).

We now have pairs of values for k and distance at each site studied. Before proceeding to the
regression with distance and derive k models, we observe the individual values of k (black crosses in



Figure 7). We see a rather linear trend with distance, even though most of the data come from short
distances. At the same time, we find that the scatter, even for those short distances, is quite large.
However, despite the scatter, we find that the values of « are correlated with the site type. In Figure 7
we mark the data points coming from TST site in red and the data points coming from STE and PRO
in blue (STE is the other rock site along with PRO). We find the same tendency shown in Figure 6, in
that « is generally larger for the softer site. Most data points coming from intermediate site conditions
(i.e., between the centre and the edges of the basin) tend to plot somewhere in between the two.

We can now proceed to the regressions with distance to derive the parameters of equation (1.2), i.e. ko
and m. Following the recommendations of Ktenidou et al. (2012) we use a weighed bisquared
regression scheme. This robust regression allows us to make use of the very scarce data (only one
event) available at 150 km without permitting it to force the slope of the regressed line. Given that the
slope of the line is considered to represent the regional attenuation effect, we decide it must be the
same for all stations. Thus, we compute the slope using data from all the stations together, regardless
of soil type. We can then proceed with the estimation of «, for different site conditions, constraining
the slope to the computed value. We choose to compute «, for three different cases:
1. For the entire dataset, using all stations together, in order to get an overall estimate
2. For each station separately
3. Grouping the stations with respect to the local site conditions, namely Vss,, based on the
observation in Figure 7. This grouping corresponds to a rough ‘soft soil - stiff soil - rock’
classification.
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Figure 8. Distribution of individual k values and regression with distance for cases 1 (entire dataset — left)
and 3 (sites grouped based on Vssq — right). Regressed lines plotted + 1 standard deviation.

The results are shown in Figure 8 for cases 1 and 3. The correlation coefficient is around 50% in case
1 and improves with the grouping in case 2, particularly for the rock site group, where it reaches
almost 70%. We note that although there is only one event at distance 150 km, nevertheless the
observed x values at that distance are well correlated to the Vs;o values. Thus, the distinction between
the groups holds within the entire distance range. In case 1, the relatively high average value of «,
(0.053 s) is determined by the majority of stations being located on soil. In case 3, the k, values
derived from the site categorisation correlate with the Vs, values, reinforcing the notion that these
two parameters are related. However, though the difference in «q is very clear between rock and soil, it
is not as striking between the different kinds of soils. We believe this is due to the larger scatter
observed in k values in soil. We will address this issue further using the results of case 2 in Section 5.

4. APPROACH 2: SOURCE-PATH-SITE INVERSIONS

In Section 3 we computed « according to the original definition introduced by Anderson and Hough
(1984). In this section we follow an alternative approach. Drouet et al. (2008b) implemented a



parametric inversion on the same dataset we have studied here and separated the source, path and site
contribution to the site response. Their technique is detailed in Drouet et al. (2008a) and is based on
far-field Fourier spectra of S waves. A Brune source is assumed and both geometrical and anelastic
attenuation are modeled. Then an iterative least squares inversion is applied which uses the derivatives
of the modeling function with respect to the different parameters. Drouet et al. (2008b) derived
moment magnitudes, corner frequencies, a frequency-dependent model of Q and the site functions for
the average horizontal and vertical component. Here we focus on the latter two.

First, we use the high-frequency part of the amplification functions they computed at each station to
derive the site-specific component of k, namely ko This alternative way to compute k, has been
applied before by Drouet et al. (2010). The frequency range in which we consider the decay of the
transfer functions linear ranges from f,=5-15 Hz to f,=15-25 Hz and is shown in Figure 9 along with
the computation of i, from the inverted amplification.

In Figure 9 we also compare the ko values computed with the two different approaches: case 2
following the Anderson-Hough method of the previous section, and «k as the decay of the inverted
amplification). The results are very similar. This supports the notion that «q is primarily a site effect,
since in the second approach source and path effects have been accounted for separately. Overall, ko
values from the two approaches range from 0.02 to 0.08 s for these highly varying site conditions, with
an average of 0.053 s. Hatzidimitriou et al. (1993) proposed an average ko value of 0.057 s after
studying a variety of sites across Greece. Ktenidou et al. (2012) found lower values of 0.02-0.03 s near
the Gulf of Corinth.
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Figure 9. Left: Site functions (average + 1 standard deviation) for all stations are shown in black.
Computation of «, from their high-frequency part is shown in red. Right: Correlation of k, values using the two
approaches: the inverted site function and the Anderson and Hough (1984) method.

Finally, it is also possible to compare the values of anelastic Q attenuation derived from the two
approaches. Drouet et al. (2008b) find the following relation:

Q(f)=82.68 xf 0608 (4.1)

The frequency range in which their data was analysed was between 5 and 25 Hz. The frequency range
we used to compute k was mostly 10 to 30 Hz. For 20 Hz, an average frequency value of our range,
according to (4.1) Q is around 505. Indeed, assuming an average crustal shear wave velocity of 3.5
km/s, the slope we computed in our « regressions in Figure 8 (m~0.0005 s/km) corresponds to a
frequency-independent Q of about 570. So the two approaches yield similar results also in terms of Q
and both indicate a highly attenuative region. Similar low Q values are also proposed for Northern
Greece by Hatzidimitruou (1995) and for the Corinth Gulf by Ktenidou et al. (2012).



5. CORRELATION WITH SITE CHARACTERISATION PARAMETERS

We make use of the information available from the extensive geological, geophysical and geotechnical
surveys already conducted at EUROSEISTEST (Raptakis et al., 2000; Manakou et al., 2010) in order
to correlate k with the main parameters used in site characterization. We use the ko values computed at
each station of the array in Sections 3 (case 2) and 4. The main parameter that « has already been
correlated to is Vssp, which is also the main parameter used until recently for site classification.
However, the most recent trends in site characterization do not restrict themselves to the upper 30 m,
but also include some parameter that indicates the conditions at larger depths (e.g., Luzi et al., 2011;
Pitilakis et al., 2011). This is usually achieved through the fundamental frequency (or period) or the
depth to bedrock, which may be defined in different ways. Hence, here we choose to investigate the
relation not only between ko and Vszo but also with these two newer parameters, fres and Hpegrock (DY
bedrock we mean formations G/G* of Figure 3). In Figure 10 we see indeed a correlation between
and all three parameters, and the correlation coefficient is of the order of 30%, similar in all cases.

Despite the correlation, it is evident from Figure 10 that for soil sites with Vs, from 180 to 300 m/s
there is a large scatter in «, values. This means that sites belonging to the same site class (class C,
according to EC8) exhibit very different responses in terms of attenuation, which would render it
difficult to propose typical values for the class. We suggest that this may be partly explained by the
other two parameters which are linked to the deeper structure: fs and Hpegrock- 10 this site, as seen in
Figure 3, the underlying structure of the basin causes sharp variations in these two parameters. In
Figure 11 we apply a colour code to separate very deep soft sites (red) from shallower soft sites (blue).
The deeper sites tend to exhibit higher « values.
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Figure 10. Correlation of kg values from the two approaches (inverted site function and Anderson and Hough,
1984) with site characterization parameters: Vszy, resonant frequency and depth to bedrock. Correlation
coefficient is also shown. Vertical lines indicate limits between EC8 site classes A to D.
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Figure 11. Correlation of «, with sz, colour-coded for different ranges of resonant frequency (left) and depth
to bedrock (right).

The existing empirical correlations between ko and Vs3, have been made mainly in the context of hard
rock-to-rock conversions, so the data came mainly from sites where Vs3;,>400m/s. Such correlations



include those of Silva et al. (1998), Drouet et al. (2010), and Edwards et al. (2011). Van Houtte et al.
(2011) proposed correlations for rock sites using different kinds of average Vs as well as the resonant
frequency. Though here we have generally softer sites, in Figure 12 we attempt a comparison of our
results with the predicted o values. For stiff soil and rock (site classes A and B), most existing
empirical correlations predict ko accurately. If combined and extended out of their range of application
into that of soft soil (classes A and B), they provide upper and lower bounds for the k, we computed.
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Figure 12. Correlation of kg with sz, and comparison with predictions from empirical correlations.

6. CONCLUSIONS

We study « in the EUROSEISTEST valley: a geologically complex and seismically active region with
a permanent strong motion array. We use the surface stations of the array to compute « at 14 locations
in and around the basin. We follow two approaches: 1. We measure it directly on S-wave spectra
according to the Anderson-Hough (1984) method and then make a regression with distance to derive
the site-specific component, k. 2. We compute it indirectly on the site functions derived from source-
path-site inversions at each station of the array. The agreement between the two approaches is good in
terms of both site-specific ko and regional anelastic Q attenuation. We focus on «, values, which range
from 0.02 s to 0.08 s depending on the type of site. As expected, ko increases for soft sites, but so does
the scatter. Because « is a site-effect proxy, we examine its correlation with local site conditions. We
choose three parameters: the well-known site-characterisation parameter Vsso, for which empirical
correlations already exist, and two parameters that have been used recently to account for surface
geology below 30 m: the resonant frequency and the depth to bedrock. We find that «, is correlated
(R?=30%) to all three parameters. We believe that to some extent, the parameters indicating the deeper
surface structure may complement the existing k-VSg correlations and help interpret some of its
scatter. For instance, we find large scatter in ko for class C sites, which is partly explained when we
group them according to resonant frequency and bedrock depth.
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