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Abstract

In this study we estimate the spectral decay factor k0 for the EUROSEISTEST array.
Site conditions range from soft sediments to hard rock over 14 surface and 6 downhole
accelerographs. First, we separate local and regional high-frequency attenuation and
measure k0. Second, we use the existing knowledge of the geological profile and
material properties to correlate k0 with different site characterisation parameters
(Vs30, resonant frequency, depth-to-bedrock). Third, we use our results to improve
our physical understanding of k0. We propose a conceptual model comprising two
new notions. On the one hand, we observe that k0 stabilises for high Vs values; this
may indicate the existence of regional values for hard rock x0. If so, we propose that
borehole measurements may be useful in determining them. On the other hand, we
find that material damping may not suffice to account for the total measured
attenuation. We propose that, apart from damping, additional site attenuation may be
caused by scattering from small-scale profile variability. If this is so, then
geotechnical damping measurements may not suffice to infer overall crustal
attenuation under a site; but starting with a regional (borehole) value and adding
damping, we might define a lower bound for site-specific 0.

Keywords: high frequencies, attenuation, downhole array, strong ground motion.

Iepiinyn

2ty mopodoo HeAETH vIoLoYI{ovUE TV TOPOUETPO ATOCPETNS OTIS VWHAES GUYVOTHTES,
k0, y1a to diktvo EUROSEISTEST. Ot edagixés ovvOnkeg atovg 14 emipavelaxoig kou
6 DTOYEIONG EMITOYVVOIOYPAPODS KOUOIVOVTOL OTO HOLOKEG amobécels éws okAnpo
Ppayo. Iparo dioywpilovue ™y TOmIKYN OTO THYV TEPIPEPEIOKY OTOGPECH KOl
vroloyilovue 10 k0. Emerta, ypnoyomnoiodue tmy vmopyovoa yvmon Tov E00PIKOD
TPOYIA KL TV OVVOUIKDV EOOPIKDV IOIOTHTWYV PIO. VO. COCYETICOVUE TO KO e O1GPOopEg
vewteyvikés mopouérpovs (Vs30, ovyvotnto ovvioviouod, Pabog éwg 1o Ppoywoes
vrofiabpo). TELog, YpnoloToIODUE TO OTOTEAEGUAT, UaS VIO, VO. fEATICOGOVUE TH QLOIKN
kozavonon tov k0. Ilpoteivovue évo, oVTEAO OV TEPILOUPAVEL ODO KOIVOTOUES 10EEG.
Ag’ evog, mapatnpodue g ot Tipés Tov k0 orabepomoiodvror yio vynAés tiuég Vs, kot
mov mbovag onuaivel Tws o1 TpéS kK0 ovykAivovy ava, Tepioyn yio. GkANpo Ppoyo. Xe
OUTHY TNV TEPITTWA, TPOTEIVOVUE TH XPTITH OEOOUEVWY OTTO OPYAVE, EVTIOS YEWTPHTEWY
yI0. TOV DTOAOYIoUO TOVS. A’ ETEPOV, TOPOTHPOVUE TS 1] E0OPIKN OmOGfean Jev
emopkel yio vo. TepLypawel ) ovovolikn petpnleioo axoofeon. Ilpoteivooue v dmopln
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H10G ETITAEOV TNYHG ATOCPEONS TEPAY THS EOOPIKNG: THV OTOGPECH O1OOTOPAS TOV
OQeILeTOl OTIC WIKPHS KAIUOKAS ETEPOYEVEIES TOD €0aPIKOD TPOPIA. Xe ovTtHY THY
TEPITTTMION, Ol YEWTEYVIKES UETPHOEIS THG OTOCPECNS TV DAIKMDV EVOEYETOL VA UV
ETOPKOVY Y10, TNV EKTIUNGN THS OOVOMKNG TOTIIKNG OTOGPETNS. EEKIVAOVTAS OUMS OO
Mo eKTiunon g amooPeons TS mEPLOYNS (0md yewtpnon), kai mpocbitovroag Tty
OmOGPETN TOV VAIKOD, UTOPEL KOVELS Va. TPoaolopioel uio Aayioty tiun yio. 1o k0.
AéEe1s KAe101d: vYnAéS ovyvOTNTES, OMOTPET], KOATOKOPLPO OIKTVO, 1oYVPY EOGPIKN
Kivion.

1. Introduction

At high frequencies, the acceleration spectral amplitude decreases rapidly; this has been modelled
with the spectral decay factor k (Anderson and Hough, 1984). Its site component, k0, is used widely
today in ground motion prediction and simulation, and numerous approaches have been proposed to
compute it (Ktenidou et al., 2014). Above a given frequency, the amplitude of the Fourier
acceleration spectrum (FAS) decays linearly if plotted in linear-logarighmic space. « is then related
to the slope of this line as follows:

Kr = _/1/7'[ @

Measured «r values at a given station scale with distance. The zero-distance intercept of the k trend
with distance (denoted k0) corresponds to the attenuation that S waves encounter when travelling
vertically through the geological structure beneath the station. The distance dependence corresponds
to the incremental attenuation due to predominantly horizontal S-wave propagation through the crust.
As a first approximation, the distance dependence may be considered linear and denoted by kR, so
that the overall k can be written as follows, in units of time:

K, =Ko+ kg R (5) (2

We choose a site marked by complex surface geology, where records are available from a variety of
geological conditions ranging from soft soil to hard rock, and where the geometry and dynamic
properties of the formations are well known through extensive geotechnical and geological surveys.
This will allow us to perform three tasks: 1. Estimate k0 at stations of varying site conditions. 2.
Correlate our k0 estimates with parameters used in site characterisation (Vs30, depth to bedrock,
resonant frequency). 3. Use results to better understand the physics of k and k0, particularly with
respect to its relation with damping and its values for hard rock.

2. Study area and data

The area under study is the Mygdonia basin (Northern Greece), an elongated graben between lake
Langada and lake Volvi bound by active normal faults. Over the past two decades, the area has
undergone extensive studies in terms of geological structure and soil properties as well as seismic
site response; see e.g. Manakou (2007) and references therein. A permanent accelerometric network
named EUROSEISTEST (Pitilakis et al., 2013; 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 (Figure 1). The stations have been installed in different formations to sample ground motion in
various geological conditions (Figure 2). They range from very soft, deep valley deposits (TST-000
station at the valley centre) to weathered rock outcrop (PRO-000 and STE stations on the
neighbouring hills) and very hard rock (PRO-033 and TST-196 downhole stations).

We use a dataset of 84 earthquakes, recorded by the surface and downhole stations of the permanent
network over 13 years. Their moment magnitudes range from 2 to 6.5, with distances out to 150 km.
All events are crustal, with depths down to 15km (Figure 3).
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Figure 1 - Layout of the EUROSEISTEST array — plan view (adapted from Manakou et al., 2010).
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Figure 2 — Layout of the EUROSEISTEST array - cross-section (adapted from Pitilakis et
al., 1999).

1517



L L 7 L
x X X x X
104 « XWxxxxxgg%x X - 2 5 ] -
= BT N P T *
E X X x KR x O 5 X * |
é x Xg « X -g . M §>2< >3<(
x x x X, X
= = 44 w FCTEX
o . . c X R Xx
() (®)] x Xl XK
[m)] 14 B3 XX = © 3 w X * X x X B
X S XX X
2 4 X L
T T T T
1 10 100 1 10 100
Distance R, (km) Distance R, (km)

Figure 3 — Moment magnitude and depth of events versus epicentral distance.

3. Kappa estimation

We apply the classical approach after the definition of Anderson and Hough (1984), now called the
‘acceleration spectrum’ (AS). We measure k on the acceleration spectrum of individual records at
various distances from the site, and then extrapolate to zero-distance to derive the site k0. We
compute the Fourier amplitude spectrum for the S-window and pick frequencies f1 and 2 between
which the spectral acceleration amplitude decreases linearly in lin-log space. We follow the steps
proposed in Ktenidou et al. (2013), and for a more detailed description of the procedure the reader
is referred to that work.

Figure 4 shows the picking of fl and f2 and the computation of kr for an earthquake recorded at all
stations of the TST borehole. The results are shown with depth, starting from TST-000, the centre of
the basin where Vs30=175 m/s, down to TST-196, the downhole bedrock station where Vs30>1500
m/s (see Figure 1). As expected, the computed «r values differ greatly, with kr at depth being less than
half the surface kr. We now have pairs of values for kr and distance for all records (Figure 5). kr values
are correlated with the site conditions; data from station TST-000 (blue points) lie above data from
TST-196 (red points); however, the scatter is large. There is also an increase of xr with epicentral
distance after 15 km. We compute a common kR (see eq. 2) using data from all the stations together,
and then estimate of k0 separately for each individual station, given their different site conditions. The
regression results are shown in Figure 5 for stations TST-000 and TST-196.

Our regression yielded a value of kR~0.00048 s/km in the frequency range about 15-35 Hz.
Assuming an average crustal shear wave velocity of $=3.5 km/s, this corresponds to a frequency-
independent regional Q of 590. This is a relatively low value, especially at such high frequencies.

4. Correlation with site characterisation parameters

In this section we make use of the extensive geological, geophysical, and geotechnical studies
already conducted at EUROSEISTEST to correlate k0 with the main parameters used in site
characterisation and response. Often, when there is not enough data to measure k0, empirical
correlations are used to infer it. These are made primarily with Vs30, such as those introduced by
Silva et al. (1998). In Figure 6 (top) we see a positive correlation with a coefficient of R2=47%. If
we did not include downhole data, the correlation would decrease to R2=25%. Most existing
correlations with Vs30 have even lower coefficients. Given the lack of hard rock surface stations,
we propose that downhole data could provide valuable information for k0 at higher Vs values.

However, it is evident that there is a large scatter in k0 values. We now look at the correlation of k0
with fres and Hbed (depth to bedrock, where by bedrock we mean formations G/G* of Figure 2), in
Figure 6 (bottom). The correlation coefficients are again of the order of 40-50%. This indicates that
k0 is also correlated with the deeper structure to a similar degree as with Vs30. This is expected,
since it is considered to relate to several hundreds of meters beneath a site. We then propose that
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correlations with indices of deeper geology can be used to complement the classical correlations

with Vs30.
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Figure 7 — Left: Existing data and correlations from literature, all suggesting a downward
tendency for hard rock. Right: The alternative asymptotic functional form based on data
from Euroseistest (red) and Switzerland (blue), following the AS measurement method.

5. A new conceptual model for k0
5.1. Regional asymptotic values of k0

As seen in Figure 7 (left), there are very little data available in literature for high Vs30, and the
functional forms proposed are very poorly constrained above 1500 m/s. For very hard rock, the
question arises: what is the minimum value of k0? For the sites in our region, we have shown (Figure
6) the downward trend we observed is mainly due to site classes B and C. If we focus on results on
rock alone, our data show no significant decrease of k0 beyond Vs30=550 m/s. So an alternative
interpretation to the classic functional form would be that k0 first decreases as the material hardens,
but then reaches an asymptotic value for rock. This type of interpretation also draws from the
observation in Figure 5b, in which the short-distance measurements of xr at TST-196 and PRO-033
are indistinguishable, indicating common attenuation properties for the baserock material in the region.

We illustrate this tendency for stabilization at EUROSEISTEST in Figure 7 (right, red). In the same
figure (blue) we include results of Edwards et al. (2015) for Swiss rock sites, using the same «
approach in roughly the same frequency range (15-30 Hz). In that case too, k0 seems to stabilise at
high Vs30 (>1600 m/s). The asymptotic values are about 21ms for Volvi and 12ms for Switzerland.
Given the consistency in measurement method and frequency range, we propose that the difference
in the high-Vs30 asymptotic k0 values might be a regional characteristic of the rock. Figure 8 shows
a conceptual physical model describing this. At rock level, the asymptotic k0 value is determined
by the nature of the crust in the region (regional structure of the crust, e.g. Vs, Q, fracturation) and
regional source characteristics (e.g., the upper frequency limit to the energy emitted by a source,
etc.). As sedimentary layers are added to the rock base (i.e., as we move left on the Vs axis), k0
increases due to this additional ‘deeper site’ attenuation, probably due to intrinsic damping from the
deeper layers. Finally, adding near-surface soil layers to the profile, the additional ‘shallow local’
attenuation leads to the final value of K0 measured at the surface, including damping and scattering
from the top layers. Moreover, the attenuation in the uppermost layers might be affected by non-
linear behaviour under high-level excitations.

5.2. Scattering as a site attenuation mechanism

In the field of exploration seismology, it is well known that wave propagation through fine layering
can filter out high frequencies and may increase the apparent attenuation through short period
multiples (O' Doherty and Anstey, 1971), an effect referred to as stratigraphic filtering. However,
current discussions on the nature of k0 do not explicitly include the contribution of scattering. We
start from the definition of k0 as travel time along the vertical propagation path in the last few km:
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At EUROSEISTEST, we know the soil profile, the Vs and soil damping (i.e., shallow Q) values.
We have both geotechnical (lab) and geophysical (site) measurements of the damping, which agree
well, so that the uncertainty in the shallow Q is less than 50%. Based on the known profile we can
examine the relation between damping and «0 in our data. We focus on the borehole TST, and start
with the measured downhole k0 value at 196m («0DH). Then by adding the borehole-to-surface t*,
we predict k0 at the surface (kOSUR). In Figure 9 we plot KODH=21ms at TST-196 as a starting
point on the diagonal. Assuming that Q and Vs are constant and frequency-independent in each
overlying layer, we add t* (from equation 31) for each station in between. We predict a mean
kKOSUR=36ms at TST-000. The measured surface value is 6111 s. So moving towards the surface,
the starting point does not move along the diagonal (following the arrow), as it would if kO were
accounted for entirely by t*. Instead, it moves to the right, since measured «0 is larger than predicted.
This discrepancy is Ax0=25ms, which is significantly larger than the k0 measurement uncertainty.
It is also not due to Q measurement errors (see red shaded area). We propose the discrepancy is due
to the additional effect of scattering.

* dr — N Hj
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surface k0 values. The shaded red area represents the epistemic uncertainty in predicted k0
due to Q uncertainty, computed for a 50% shift in Q over the entire profile.
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Figure 10 —Transfer functions (left) at the surface (TST-000) with respect to the bedrock
(TST-196) for 1D simulations performed on the profiles on the right: the 7-layer (blue) and
the 20-layer profile (red). The increase in profile complexity leads to an increase in k0, TF.

At TST, the soil profile is very complex, due to numerous thin deposited near-surface layers. The
borehole logging shows over 20 geological units, later simplified to produce the model of Figure 2.
This important small-scale inhomogeneity of the profile may cause additional high-frequency
attenuation through scattering through two mechanisms; multiple reflections of the upgoing waves;
and the forward scattering of energy in the time history. This implies that the measured «kOSUR is
the sum of intrinsic material attenuation and scattering, and that the former is accounted in the
predicted k0 while the latter may not be. We test our assumption by forward 1D modelling. We
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compute the site response of the TST soil column for the 7-layer profile of Figure 2, and for the 20-
layer profile of Raptakis et al. (1998). We use the reflectivity method to compute the theoretical 1D
transfer function between the surface and the bedrock. We measure « on the transfer functions of
the two models and find that by increasing the profile complexity, t* increases from 12ms to 20ms,
i.e. by 8ms (Figure 10). So adding a few layers to the profile has led to additional attenuation with
respect to damping, which we believe may be related to wave reflections and scattering. The actual
profile could yield higher attenuation, if one considers more layers and more small-scale velocity
inversions. We propose that the stratigraphic filtering effect, previously considered only in the
exploration context, should also be taken into account in the context of seismic hazard. The
possibility that k0 comprises a scattering component, which is typically not discussed in hazard
studies, should be. If our interpretation stands, it would entail that knowledge of & (or Q) for the
surface layers may help compute a lower bound for k0, which however may be higher if there is
significant small-scale variability causing scattering in the profile.
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