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Summary

In the following, we report on the results of the field measurements carried out within task
C of JRA4 at the 19 selected sites in Greece, Turkey and Italy. Ambient vibration (AMV) array
measurements with an adaptive, wireless eight-station array were performed together with
active seismics (refraction and MASW) at each site. Measured dispersion curves and inverted
Vs profiles are compared to results of borehole tests available at all Italian and Greek sites,
and to previous MASW results at Turkish sites. We also compare the Vs30 values estimated
from the different methods. In general, these comparisons are good for sites with Vs30 lower
than 600 m/s; at stiffer sites, velocity values are higher when estimated from boreholes than
from AMV. Analysis of the penetration depths gives typical penetration depth ranges for the
different methods: a few tens of meters for boreholes (with increasing cost with depth), 1 to
3 tens of meters for MASW, nearly always more than 100 m, and often more than 200 m for
AMV. The analysis of the high frequency part fo the dispersion curves and shallow part of the
inverted profiles showed that the AMV Rayleigh wave results were good at high frequencies,
that Love waves estimated from AMV and MASW covered complementary frequency ranges,
but that including the MASW Love wave dispersion curve did not improve much the inversion
results. Finally, we showed that at these 19 sites, the correlation between Vλ30 measured
on dispersion curves and Vs30 estimated from inversions is very good, and the correlation
between Vλ30 and Vs30 estimated from borehole is good for Vs30 values lower than 700 m/s.
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1 Introduction

1.1 Context

JRA4 aims at developing prototype, reliable, low cost tools for the geotechnical charac-
terization of European strong motion sites and broad-band stations. An overview of available
methods used in site characterization suggested that array recordings of ambient vibrations
(AMV), while non-standard until now, could be a cheap tool of satisfactory accuracy to derive
the shear wave velocity (Vs) structure of the uppermost 50 or more meters. However, various
previous experiments had shown the difficulty in measuring the high-frequency asymptote of
dispersion curves even with small arrays, and the match of the dispersion curves in the overlap-
ping region between small and larger arrays was often not satisfactory. To investigate further
the problems encountered by ambient vibration techniques at high frequencies and to extend
the measured dispersion curves to higher frequencies, it was proposed to perform cheap active
seismics (refraction and MASW triggered by hammer and plate) in conjunction with the ambient
vibration array measurements.

The work of JRA4 task C consists in testing and validating the suggested prototype tools
under a variety of real field conditions at various European strong motion sites. The sites
were selected within JRA4 subtask A3 (NERIES JRA4 Deliverable D1) to present a wide range
of possible EC8 classes and soil conditions (soft, stiff, rock sites; variable depth to bedrock)
as well as variable measurement environments (city centre vs. city outskirts and rural sites).
Among various other geotechnical information, the Vs structure at most of these sites was
previously known from borehole tests, and is used as reference in this study to validate the
AMV technique. It has to be mentionned that the reference Vs profiles at the Turkish sites
were not determined by borehole tests, but by independent previous MASW measurements.
Moreover, two new borehole tests were performed in 2007 in Forli and Sturno, and compared
to the previous ones performed in 1991. For both sites, the EC-8 classes derived from the 1st
and 2nd boreholes are different. In Forli, this difference is certainly due to the distance (1.5 km)
between the 2 acquisitions and the slight dip of the bedrock interface; in Sturno, this difference
is not explained. In the following, we use for the comparisons the results of these new surveys.

Table 1: Characteristics of the 19 investigated sites.
Site Name EC 8 class Location

AIGIO B urban
ATHENS B urban

BENEVENTO A urban
BOLU C urban
BUIA C rural

CERRETO B rural
COLFIORITO D rural

DUZCE C urban
EDESSA E urban

FORLI B urban

Site Name EC 8 class Location
KNIDI E rural

KORINTHOS C urban
NESTOS C/D rural
NOCERA E urban
NORCIA B urban

SAKARYA B urban
STURNO B rural

TOLMEZZO A rural
VOLVI D rural

Active seismic equipment being currently more commonly available in the engineering com-
munity, these measurements over a wide range of sites also offer the opportunity to study
whether the MASW technique is sufficient to provide parameters such as Vs30.

This study should therefore answer the following questions:

- Is the Ambient Vibration technique indeed a reliable tool to estimate Vs profiles down to
at least 50 meters depth ? Are there particular site conditions under which the method is
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not suitable ?
- Is it necessary / useful to complete the dispersion curve at high frequencies by active

seismic measurements ?
- Down to which depth can the MASW technique (with cheap active seismics) give reliable

Vs profiles ?

While a detailed explanation of the results obtained at 2 particular sites and a synthesis
of all results are proposed in sections 2 and 3, the following part of this introduction briefly
describes the acquisition parameters and the processing methods used to derive the results.

1.2 Data acquisition

All details on acquisition are given in NERIES JRA4 Deliverable D2, and we only recall here
the most important parameters.

At the 19 sites located in Figure 1, both ambient vibration measurements and active seis-
mics were performed in parallel. Ambient measurements usually consisted in recording suc-
cessively seismic ambient noise on 3 to 4 concentric arrays. These were composed by 1 central
station and 7 others spread on a (not necessarily perfect) circle of radius increasing from 5 to
up to 450 m, and linked by wireless connections. Recording time length usually ranged be-
tween 45 mn and 1.5h, being adapted from near-real-time calculation of the frequency spectra,
H/V ratio and Rayleigh wave dispersion curve. Active seismic measurements were performed
on 1 to 3 profiles of 24 geophones regularly spaced by 1 to 5 m depending on the a priori
information on bedrock depth. Both vertical and transverse horizontal motion were recorded
on all profiles (except in Athens where only the vertical motion was recorded). Seismic signals
recorded with vertical geophones were generated on an aluminium plate hit vertically with a
5kg sledge hammer. Those recorded with horizontal geophones were generated with the same
hammer hitting horizontally both sides of a wooden beam settled perpendicularly to the profile.
For most profiles, at least 5 positions were used to shoot: one in the middle, two at both ends
(with distance source - 1st receiver equal to the geophone spacing), and two with offsets.

Figure 1: Location of the 19 investigated sites, in Italy, Greece and Turkey
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1.3 Data processing

1.3.1 Ambient vibration measurements

Ambient vibration data were processed with three different methods to retrieve surface
wave dispersion curves: the frequency-wavenumber (FK) method (Lacoss et al., 1969), the
high-resolution frequency-wavenumber (HFK) method (Capon, 1969) and the three-component
modified spatial auto-correlation (3C-MSPAC) technique (Aki, 1957; Bettig et al., 2001; Köhler
et al., 2007). These methods are implemented in the Sesarray package proposed by JRA4
(NERIES JRA4 Deliverable D3), but at the time when these data were processed, the FK and
HFK techniques were only implemented for vertical records. For all of them, dispersion charac-
teristics (dispersion or auto-correlation curves) are built frequency by frequency from statistics
computed over successive time windows distributed along the signal, the length of which is
usually frequency-dependent. The FK technique consists in computing by beamforming the
energy corresponding to all possible plane wave propagation vectors within some pre-defined
wavenumber range (Figure 2, left). For each time window and each frequency, the slowness
of the most energetic wave is retrieved by using the relation s = |k| / 2 π f. The dispersion
curve and attached uncertainty are obtained by drawing at each frequency the histogram of
the slowness values measured for all time windows, after manual removal of outliers to obtain
a close to Gaussian-shaped distribution (Figure 2, right). The HFK technique is similar to the
FK method, but different weights are given to the different sensors in order to minimize the en-
ergy carried by wavenumbers differing from the considered one. This allows a better separation
of two waves travelling at close wavenumbers.

Figure 2: Ambient vibration processing: the FK method. Left: Energy map in the (kx, ky)
domain for a single time window and frequency F. Right: Dispersion curve derived from the
histogram of the slowness values at all frequencies. On this graph, outliers have been removed
at frequencies lower than F, not yet at higher frequencies.

Finally, the 3C-MSPAC technique uses the fact that the azimuthal average of the correlation
coefficient ρ(r,ω0) between stations distributed along a circle with radius r and a station at
position 0 in the center of this circle (equation 1)

ρ(r, ω0) =
Φ(r, ω0)
Φ(0, ω0)

, (1)

with
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Φ(r, ω0) =
1
T

∫ T

0
v0(t, ω0)vr(t, ω0)dt (2)

has the shape of a Bessel function (equation 3).

ρ̄(r, ω0) = J0(
ω0r

c(ω0)
) (3)

Accordingly, the Bessel functions can first be derived by correlating the seismic traces be-
tween station pairs and averaging over azimuthal directions. For this, all possible station pairs
within the array are grouped in rings of roughly constant radius. For each pair, the correla-
tion coefficient ρi(r,f) is computed over the frequency band of interest, and for each ring, the
average autocorrelation curve is computed from all pairs belonging to this ring. In a second
step, the autocorrelation curves may then either be inverted to determine the phase velocity
curve using equation 3 (which is then subjected to another non-linear inversion procedure), or
used directly to constrain the velocity distribution with depth (Wathelet et al. 2005). The valid
frequency ranges of the auto-correlation functions are selected visually from the corresponding
dispersion curve (Figure 3, right). All parameters used for the 3 methods are detailed in Table
2.

Figure 3: Ambient vibration processing : the MSPAC method. Left: Auto-correlation curves
computed for 6 different rings. Right: corresponding dispersion image, where s=1/c is the
slowness, and f=ω0/2π.

To summarize, Vs profiles were estimated at each location by the joint inversion of:
- the Rayleigh wave dispersion curve derived from the average of the FK and HFK pro-

cessing of vertical records, cut towards low frequencies at f1: either the resolution limit
of the largest array, or the frequency from which MSPAC and FK results diverged. At
high frequencies, this dispersion curve is usually limited by the upper limit of the energy
content, this one being usually lower than the aliasing limit of the smaller array.

- the auto-correlation curves derived from the MSPAC processing of vertical records, cut
towards high frequencies at the same limit f1,

- the Love wave dispersion curve computed from the auto-correlation curves resulting from
the 3C-MSPAC processing of the 3 component records.

Inversions were all performed with the Dinver software implemented in the Sesarray pack-
age, using the enhanced neighbourhood algorithm (Wathelet, 2008). The misfit is computed
following equation 4:

misfit =

√√√√ n∑
i=1

(sobsi − scalci)2

σ2
i n

, (4)
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where sobsi, scalci and σi are respectively the measured slowness, the slowness of the
calculated curve and the standard deviation at frequency fi, and n is the number of frequencies
considered. It must be stressed that the use of both Love and Rayleigh waves sometimes
helped identifying the Rayleigh wave as first higher mode rather than fundamental mode. The
parameterizations used for the inversion of the AMV dispersion and autocorrelation curves
consisted usually in 1 to 3 power law layers above half space.

Moreover, the H/V ratio (Nakamura, 1989) was also computed at all stations. This informa-
tion was not used within the inversion, but the measured H/V curves are used as independent
information and compared at each site with the theoretical ellipticity curves computed from the
inverted profiles.

Table 2: Parameters used for processing ambient vibration measurements.
Method FK HFK SPAC

Number of frequencies 100 to 150 100 to 150 100 to 150
Time window length 50 T 80 T 50 T

Overlap 5% 5% 5 %
Anti-triggering On except for largest array Off

Grid size and grid step Adapted to the array response -
Number of rings - - 4 to 5 per array

Number of pairs per ring - - 5 to 8

1.3.2 Active seismic measurements

Active seismic data were both processed with classical refraction and with the MASW
method. At the time of the processing, no refraction algorithm was implemented yet in the
Sesarray package, and we used the dipping layer algorithm implemented in the software Sar-
dine (Seismic And Radar Data INtErpretation). All individual results were given in NERIES
JRA4 Deliverable D2 (Appendix 3 and 4), and we only use in the present report the resulting
Vs profiles for comparison with surface wave results. The MASW method implemented in the
Geopsy software of the Sesarray package is based on the principle of the FK technique ap-
plied to ambient vibration measurements, but is adapted to a linear array with only one time
window to process. We used 100 frequency samples usually between 4 and 100 Hz. Dis-
persion curves were limited at low frequency by the near field criterion (λmax < 2x0, where
x0 is the distance between the source and the 1st receiver taken into account), and at high
frequency by the frequency content of the signal and the suspected presence of higher modes.
One single dispersion curve with uncertainty was derived for each profile from the average of
the different dispersion curves computed from the different shots. This type of uncertainty is
therefore different from the uncertainty measured with array measurement, which comes from
statistics on a large number of time windows. The parameterizations used for the inversion
of the MASW dispersion curves consisted usually in 1 uniform layer above one (or two) linear
gradient(s) above half space. The first uniform layer was intended to visualize the shallowest
depth of resolution (towards short wavelengths). Moreover, as MASW never goes down to the
resonance frequency, the linear gradient corresponds to the upper part of the power law used
in AMV inversion, and the half space helps visualizing the largest depth of resolution (towards
long wavelength).
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1.4 Report overview

Section 2 contains a detailed description of the results obtained at two sites representative
of a thick soft site and a rock site : Volvi and Tolmezzo. The same type of results for all other
sites are gathered in Appendix 1. In section 3, we propose a synthesis of all results, divided
into 7 items. The first part summarizes the comparison of the dispersion curves measured
by AMV and MASW, and forward computed from the profiles measured in boreholes. The
second item compares the profiles resulting from surface wave inversions to the ones derived
from boreholes. We also compare the Vs30, Vs20 and Vs10 values estimated from the 3
techniques. In the third paragraph, we look at the penetration depths of the 3 methods both
in terms of maximum wavelengths measured on the dispersion curves, and in terms of depth
of resolution of the inverted profiles. The fourth point looks at the contribution of the MASW
technique to complete the dispersion curve measured with AMV towards higher frequencies.
The two following items deal with questions that rose from the processing during the last year:
concerning the importance of the high frequency part of the dispersion curve on the one hand,
and regarding the relation between average shear wave velocity values at different depths
(Vs30, Vs20, Vs10, called VsZ) and surface wave velocities at different wavelengths (VλL).
Finally, we summarize all conclusions derived from this study.
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2 Detailed results in Volvi and Tolmezzo

All results computed for all sites are gathered in Appendix 1, presented in the same way as
explained in this section for the 2 sites Volvi and Tolmezzo. These two sites were chosen to
give examples of very consistent results on a thick soft site (Volvi) and results more difficult to
interpret on a rock site (Tolmezzo). The Volvi EuroTest site (Greece) is located in a 6 km wide
and 200 m thick valley, far from any urbanization. In Tolmezzo, acquisitions were performed on
the calcareous ridge above Verzegnis Lake. This ridge is about 100 m height, and 75 m wide
at its midheight. The area is also very quiet, but Verzegnis Lake is a dammed lake, and there
may be an influence of the dam on the seismic noise.

2.1 Acquisition

Figure 4: Acquisition layouts in Volvi (left) and Tolmezzo (right).

All acquisition images show the different array positions with coloured pins and the seismic
profiles with brown markers; the strong motion station and the borehole are represented by
letters A and B in red circles. In Volvi (Figure 4, left) ambient vibrations were recorded on
4 roughly circular arrays of radius varying from 10 to 450 m. Three seismic profiles were
performed: two of 115 m length and one of 23 m length. In Tolmezzo (Figure 4, right), the
available space on the ridge did not allow to deploy a large array close to the borehole. Two
different locations were thus investigated, with small deployments close to the borehole (array
2nd loc. and MASW P1), and larger acquisitions (array 1st loc. and MASW P2) in the field
about 100 m away (still on the ridge, which explains the shape of the largest array).

2.2 Dispersion curve comparisons

We compare the dispersion curves estimated from all different methods in the frequency-
slowness domain. NERIES FK curves correspond to the average of the dispersion curves
measured by FK and HFK; NERIES SPAC curves were computed from the measured
auto-correlation curves; NERIES MASW P1 to P3 are the dispersion curves measured by
MASW on the different profiles; REFRACTION curves were forward modeled from the results
of the refraction study, SESAME FK and SPAC curves correspond to previous results obtained
in the SESAME project; finally, the curves in yellow to orange correspond to the ’reference’
dispersion curves (fundamental and first higher modes) forward computed from the Vs profiles
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resulting from borehole tests and previous geotechnical and geophysical studies.

In Volvi (Figure 5), all Rayleigh wave dispersion curves derived from geophysical measure-
ments are consistent, except above 15 Hz where MASW results show differences between
the 3 different profiles. These dispersion curves also agree with the dispersion curve forward
computed from the cross-hole, in orange, except above 8 Hz, where the reference is much
slower than the measured dispersion curves. The deviation observed at 2-3 Hz on the curve
computed from the refraction study is due to the penetration depth of the refraction; this kind
of difference is also observed at other sites between reference and array measured dispersion
curves (e.g. at Korinthos, Appendix 1), showing that at these sites, the array method allows a
deeper investigation of the site. Love wave dispersion curves show a good complementarity
between SPAC and MASW results, and a good consistency with the cross-hole. This site was
thus considered as showing a good agreement between all considered methods (AMV, MASW
and reference).

Figure 5: Dispersion curve comparison in Volvi. Left : Rayleigh waves. Right: Love waves.

On the contrary in Tolmezzo, all dispersion curves are significantly different, even looking
separately at the 2 different locations (green, dark green and black curves derived respec-
tively from FK, SPAC and refraction curves close to the borehole (MASW did not give any
nice Rayleigh wave dispersion curve), and red, brown, dark blue and grey curves respectively
derived from FK, SPAC, MASW and refraction further in the field). In particular, it is worth
mentioning that Love waves were easier to observe than Rayleigh waves on MASW dispersion
curves, whereas they were more difficult to identify with SPAC. This site, where topographic
effects can certainly not be neglected, was thus considered as not showing consistent results.
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Figure 6: Dispersion curve comparison in Tolmezzo. Left : Rayleigh waves. Right: Love waves.

2.3 Frequency spectra and H/V ratio

In Volvi (Figure 7), the H/V ratios show a clear peak at all stations. It is located at 0.7 Hz
at all inner stations, at slightly lower frequencies at stations to the South East, and at slightly
higher frequencies at stations to the North West. The propagation of the wavefield can be
considered as 1D in Volvi (at least locally), and there is a very slight variation in bedrock depth,
in agreement with what is known about the morphology of the underground.

On the contrary in Tolmezzo (Figure 8), the H/V ratios do not present one clear peak but
several peaks, which may be resonance frequencies linked to the topography and/or industrial
peaks linked to the presence of the dam.

Figure 7: Frequency analysis in Volvi. Top Right: frequency spectra, Bottom Right: measured
H/V ratio (green) and forward computed ellipticity curve corresponding to the reference profile,
Left : lateral variations of the H/V frequency peak.
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Figure 8: Frequency analysis in Tolmezzo. Top Right: frequency spectra, Bottom Right: mea-
sured H/V ratio (green) and forward computed ellipticity curve corresponding to the reference
profile, Left : Layout of the array - no clear frequency peak can be indentified on the H/V curves.

2.4 Inversion

2.4.1 Volvi

Figure 9 (left) shows the Vp and Vs profiles resulting from the inversion of all information
derived from ambient vibration measurements in Volvi: Rayleigh wave fundamental mode de-
rived from FK and HFK analysis, Love wave fundamental mode dispersion curve and Rayleigh
wave auto-correlation curves computed from the SPAC analysis. The inversion was performed
with a parameterisation with two layers with power law increase of velocity with depth, over
a half space. All profiles represented here have a misfit lower than 1, and the black curve
corresponds to the reference profile whose dispersion curve is named CROSSHOLE in figure
5. On the right, measured H/V ratios in green are compared to the theoretical 1D Rayleigh
wave ellipticities of the inverted models in black. Figure 10 shows the comparison between
the measured dispersion and auto-correlation curves and the ones forward calculated from the
inverted models. The AMV results are here consistent both with the reference profile and with
the H/V measurements.

Figure 9: Volvi site, AMV inversion. Left: Vp (left) and Vs (right) profiles with misfit<1 resulting
from the AMV measurements. The black line is the Vs reference profile. Right: measured H/V
curves (green) and raw ellipticity curves (black) forward modeled from the inverted profiles.
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Figure 10: Volvi site, AMV inversion. Inverted dispersion (top) and auto correlation curves
(bottom) compared to the measured curves (black).
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In the same way, Figure 11 (left) shows the Vs profiles resulting from the inversion of the
MASW dispersion curves obtained in Volvi. For the high frequency part of the Rayleigh wave,
we only kept the results of profile P2 (115 m long), and for the Love wave dispersion curve, we
did not take into account the result of P3, only estimated from 1 shot. The parameterisation
is here one uniform layer above one layer with linearly increasing velocity above half space.
On the right are plotted the corresponding Rayleigh and Love wave dispersion curves, with
the same misfit colour scale. There is also a good agreement between the inverted profiles
and the reference profile, except at very shallow depth (less than 3 m), where the reference
profile is slower than the inverted one, as expected from the dispersion curves comparison.
The resolution depth of the MASW results is here about 25 m, below which Vs values are not
well constrained anymore.

Rayleigh waves Love waves

Figure 11: Volvi site, MASW inversion. Left: Vs profiles. Middle and right: Inverted (colours)
and measured (black) dispersion curves of Rayeigh and Love waves respectively.

Finally, we show the joint inversion of AMV and MASW: the Love wave dispersion curve
measured with MASW was used to complete the one measured with 3C SPAC. The main
difference with results from AMV alone is at very shallow depth (see comparison in Figure 14),
where Vs is higher for the joint inversion (150-200 m/s), than for AMV alone (100-150 m/s).

Figure 12: Volvi site, AMV and MASW inversion. Left: Vp (left) and Vs (right) profiles with
misfit<1 resulting from the AMV and MASW measurements. The black line corresponds to the
Vs reference profile. Right: measured H/V curves (green) and raw ellipticity curves (black)
forward modeled from the inverted profiles.
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Figure 13: Volvi site, AMV and MASW inversion. Inverted dispersion (top) and auto correlation
curves (bottom) compared to the measured curves (black).

Figure 14: Volvi site, AMV and MASW inversion. Zoom on the 20 first meters of the inverted
profiles. Left: AMV alone (2 power law layers above half space), Middle: MASW alone (1
uniform layer above 1 linear law obove half space), Right: joint AMV + MASW (2 power law
layers above half space). Misfit scales are different for the 3 graphs.
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2.4.2 Tolmezzo

The same type of results are presented for the northern acquisition in Tolmezzo, performed
in the field (array 1st loc and MASW P2). At the site close to the borehole and strong motion
station, no clear dispersion curve could be extracted from the MASW measurements. Figures
15 and 16 are related to the inversion of AMV, and figure 17 shows the inversion of the MASW
data. As no model could explain both Rayleigh and Love MASW dispersion curves as two
fundamental modes, we inverted the observed MASW Rayleigh dispersion curve as the 1st
higher mode. The corresponding fundamental mode is yet different from the one observed
with AMV, and the depth of the shallowest interface is not the same on the 2 inversion results
(figure 18). However, both inversions show an upper layer slower than estimated from borehole
measurements. Finally, as expected for a site with such topography, the measured H/V curves
are very different from the 1D ellipticity curves forward computed from the inverted profiles.

Figure 15: Tolmezzo site, AMV inversion. Left: Vp (left) and Vs (right) profiles with misfit<1
resulting from the AMV measurements. The black line corresponds to the Vs reference profile.
Right: measured H/V curves (gray shading) and ellipticity curves (coloured according to misfit)
forward modelled from the inverted profiles.

Figure 16: Tolmezzo site, AMV inversion. Inverted dispersion (left) and auto correlation curves
(right) compared to the measured curves (black). It is apparent that there are problems in
fitting the oscillations of the autocorrelation curves for larger rings, which also show very large
uncertainties.
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Rayleigh waves Love waves

Figure 17: Tolmezzo site, MASW inversion. Left: Vs profiles. Middle and right: Inverted
(colours) and measured (black) dispersion curves of Rayeigh and Love waves respectively.

Figure 18: Tolmezzo site. Comparison of AMV (left) and MASW (right) results on the first 30
m.
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3 Synthesis

Three questions were risen in the introduction:
- Is indeed the Ambient Vibration technique a reliable tool to estimate Vs profiles down to

at least 50 meter depth ? Are there particular site conditions under which the method is
not suitable ?

- Down to what depth can the MASW technique (with cheap active seismics) give reliable
Vs profiles or Vs values ?

- Is it necessary / useful to complete the dispersion curve at high frequencies by active
seismic measurements ?

The synthesis of the comparison of the dispersion curves on the one hand, and that of
the Vs profiles on the other hand will help answering the 1st question. In a second step, the
penetration of the different methods will be compared in terms of lowest frequency bounds,
highest wavelength values and penetration depths, leading to the answer to the 2nd question.
Looking at the other end of dispersion curves, we will quantify the contribution and/or necessity
of MASW to complete the dispersion curve at high frequencies and we will study the influence
of the high frequency part of the dispersion curve on the inversion. Finally, in order to check
the necessity of the inversion step to derive VsZ values (average velocity down to depth Z),
we will also look at the correlation between average Vs values down to different depths (Vs5,
Vs10, Vs20 and Vs30) and surface wave velocities measured at different wavelengths.

3.1 Dispersion curve comparison

Dispersion curves were compared in the frequency-slowness domain, as presented in Fig-
ure 5 in section 2.2. This comparison was estimated visually by the whole group in charge
of JRA4 Task C, giving more importance to the central part of the dispersion curves than to
the lowest and highest frequencies. At low frequencies, large differences between AMV and
borehole are due to the limited depth of the borehole rather than to misestimation of the dis-
persion curve with AMV (for example in Korinthos, Appendix 1). At high frequencies, resolution
on borehole measurements (with usually 1 point per m) and lateral variations in the top layer
also induce big differences between the dispersion curves (for example in Colfiorito, Appendix
1). A quantitative way to estimate the comparison could be to compute the misfits between the
different curves, but this method would not allow to separate sites where large misfits are due
to differences on the whole frequency range from sites where the differences only affect the
highest and/or lowest frequency ranges.

The different sites were thus divided into 5 different classes, according to the visual agree-
ment between the dispersion curves computed from the different methods (based on the dis-
tance between dispersion curves relatively to their standard deviation). Class names are given
according to the initial of the different methods (A for AMV, M for MASW, R for reference -
usually borehole measurements, except for Turkish sites where the reference was derived from
previous MASW measurements):

Table 3: Definition of consistency classes.
AMR AMV, MASW and reference agree
AM AMV and MASW agree, but disagree with reference
AR AMV and reference agree, but disagree with MASW
MR MASW and reference agree, but disagree with AMV
N all methods give different results
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Table 4: Dispersion curve comparison. Left: site by site. Right: synthesis.
AIGIO AMR

ATHENS N
BENEVENTO AM

BOLU AMR
BUIA AM

CERRETO -
COLFIORITO AMR

DUZCE AMR
EDESSA N

FORLI AMR

KNIDI AM
KORINTHOS AMR

NESTOS AM
NOCERA AR
NORCIA AM

SAKARYA AM
STURNO AM

TOLMEZZO N
VOLVI AMR

AMR 7
MR 0
AM 7
AR 1
N 3

Table 4 presents the classification of all sites according to dispersion curve comparison. In
Athens, the cross-hole Vs profile seems much more realistic than the down-hole profile, and
we thus only considered the first one as a reference profile. Moreover, MASW measurements
were acquired at the outer limit of the larger array, where H/V ratio show lateral variations,
which might explain the difference between MASW and AMV. Such lateral variations certainly
also explain the discrepancies between surface wave methods and borehole measurements in
Buia. In Cerreto, located in a very narrow valley, there was not enough space to acquire AMV
close to the borehole. The results of the different methods are therefore not compared. In
Edessa, all measured dispersion curves jump from one mode to the other at high frequencies.
This feature is often observed when there is a velocity inversion at shallow depth. In Knidi
and Nestos, measured dispersion curves have the same shape than the reference curve,
but are shifted towards lower frequencies and slower velocities. This shift may be explained
by differences in the top layers. For example in Nestos, the dispersion curve measured with
both surface wave methods can be retrieved by reducing by 10% the velocity of the very top
layers of the reference profile and increasing by 10 m the thickness of its third layer. Finally for
Norcia, it was impossible to compute the dispersion curve from the reference profile because
this one ends in a low velocity layer.

To summarize this comparison (which is slightly different from the Vs profile comparison
presented in the next section), the three methods show completely consistent results at 7
sites out of 18. Dispersion curves measured with the AMV technique differ from the ones
forward computed from borehole Vs profiles at 10 sites over 18, 1 (Norcia) being due to a
dispersion curve impossible to compute from reference profile, 2 (Knidi and Nestos) being
probably due to significant variations of both velocities and thicknesses of the top layers, and 7
others for undetermined reasons. There are 4 sites where MASW and AMV dispersion curves
are different: 1 (Athens) where the acquisitions were not performed at the same location, 2
(Tolmezzo and Nocera) where strong topographic effects may have an importance on the
measured dispersion curve, and 1 (Edessa) where all dispersion curves at high frequencies
jump from one mode to the other. The two methods are consistent for all the other 14 out of 18
sites.

In order to investigate whether there are any systematic reasons why all dispersion curves
are consistent or not, the next paragraph presents the link between dispersion curve consis-
tency and different site properties (type of soil, environment, site geometry).

The 3 graphs in figure 19 show the relation between dispersion curve comparison and
site characteristics, such as soil stiffness, EC-8 class and human environment (Table 1 in
section 1). Regarding soil caracteristics, two main observations can be raised: 1) at all soft
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sites (which roughly correspond to EC-8 classes C and D), AMV and MASW give consistent
dispersion curves; 2) at all rock sites (EC-8 class A), surface waves methods provide dispersion
curves that are not consistent with the reference Vs profile. Moreover, there is no apparent
correlation between the type of environment (urban or rural) and the consistency between
dispersion curves.

Figure 19: Dispersion curve consistency compared with soil stiffness (left), EC8 classes (mid-
dle) and urbanisation (right). See Table 3 for the definition of consistency classes.

Figure 20 shows the correspondance between consistency between dispersion curves and
site geometry at different scales. At large scales, the geometry of the site was estimated on
the one hand from geological and geomorpholgical information, and on the other hand from
the shape of the H/V ratios (a clear peak indicates a 1D propagation, a flatter curve indicates
that the wavefield is less simple). At the scale of the measurement, the geometry of the site
was estimated from lateral variations of the H/V frequency peaks (when clear) and from active
seismics (refraction analysis, lateral variations of the frequency contents). The first criterion
is linked to the geometry of the bedrock below the survey or to velocity variations within the
whole soil column, whereas the second one only investigates the first tens of meters. These
different estimations are gathered for all sites in Table 5 and will be developed in more details
in NERIES JRA4 Deliverable D5.

There is apparently no correlation between large scale geometry of sites (Figure 20, top)
and consistency between dispersion curves. On the contrary, variations at the scale of the
measurement may have an effect on the dispersion curves: figure 20 (bottom left) shows 1)
that there are no lateral variations of the H/V peak at all sites where all methods agree and
where the H/V curves show a clear peak, and 2) that at all sites where H/V clear peaks show
lateral variations, there are differences between measured and reference dispersion curves.
Moreover, at most sites were 2D features are observed with active seismics (Figure 20, bottom
right), there is a discrepancy between measured and reference dispersion curve.

In conclusion, this part of the study showed that dispersion curves measured with the two
surface wave methods are always consistent for 1D soft sites (EC-8 classes C and D), but
slightly differ from the ones forward computed from borehole Vs profiles at half of these sites.
In most cases, this difference may be explained by lateral variations between borehole and
geophysical measurement acquisitions. On the contrary, there are differences between all
dispersion curves for the 2 investigated rock sites (EC-8 class A). The influence of 2D effects
on the dispersion curve will be investigated in more details in NERIES JRA4 Deliverable D5.
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Table 5: geometry of the site according to geomorphology, shape of H/V curves, lateral vari-
ations of H/V frequency peaks (indicated only when there is a clear peak, i.e. when shape of
H/V is 1) and active seismics. 1 means 1D, 2 means 2D/3D, 1.5 means that there is a slightly
dipping interface.

Site name geomorphology H/V shape H/V lat. var active seismic
AIGIO 2 1 1 1

ATHENS 1 1 2 1
BENEVENTO 2 2 - 1.5

BOLU 1 2 - 1
BUIA 1 2 - 1

CERRETO 2 1 1 2
COLFIORITO 2 1 1 1

DUZCE 1 2 - 1
EDESSA 2 2 2 1
FORLI 1 2 - 1.5
KNIDI 2 1 2 1.5

KORINTHOS 1 1 1 1
NESTOS 1 1 1 1
NOCERA 2 2 - 2
NORCIA 2 1 2 1

SAKARYA 2 2 - 1
STURNO 1 2 - 1.5

TOLMEZZO 2 2 - 2
VOLVI 1 1 1 1

Figure 20: Dispersion curve consistency compared with geometry estimated from geomorphol-
ogy (top left), H/V curve shapes (top right), lateral variation of H/V frequency peaks (bottom
left), and active seismic measurements (bottom right). See Table 3 p.18 for the definition of
consistency classes.
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3.2 Profile comparison

In order to compare the Vs profiles obtained with the different methods, we compute at all
sites the three ratios between Vs estimated 1) from borehole and AMV (Vs-BH/Vs-AMV), 2)
from borehole and MASW (Vs-BH/Vs-MASW), and 3) from MASW and AMV (Vs-MASW/Vs-
AMV). Among the ensemble of models resulting from surface wave inversions, we took for this
computation the model with the minimum misfit, verifying that this one was representative of
the whole ensemble of models.

Figure 21: Ratio of the Vs values with depth for all sites, estimated from borehole and AMV
(red), borehole and MASW (black), MASW and AMV (blue). Colors behind names of sites
indicate the classification estimated from dispersion curve comparison (section 3.1, table 3).

The resulting profiles for all sites (except Cerreto) are represented on a log-log scale in Fig-
ure 21. Large variations on a limited depth range on single profiles (like between 55 m and 70
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m depth for Colfiorito for the borehole/AMV ratio) are due to different estimations of interface
depths, rather than to misestimation of the velocity values. This comparison is overall consis-
tent with the dispersion curve comparison described in section 3.1. For sites then classified in
the AMR class (the three methods show similar dispersion curves, sites with green names), all
ratios are generally between 0.7 and 1.3 on a large depth range. Differences observed at very
shallow depths (like in Aigio for example) correspond to the differences at high frequencies
already discussed in this section and are linked either to the different resolution of the different
methods at shallow depth or to lateral variations in the upper layer. For sites classified AM
(AMV and MASW show consistent dispersion curves, but different from reference, i.e. sites
with yellow names), Vs profiles estimated from AMV and MASW are in general similar (ratio
varying around 1), but different from the reference model. However, if this difference is sig-
nificant for Norcia and Benevento (ratios up to 2 or 3 on some depth range), the difference is
very small for Sakarya (ratio around 0.8 from 2 to 15 m) or Nestos (ratios around 1.2 from 2
to 20 m). The fact that the ratio keeps the same value on the whole depth range, instead of
varying around 1 like in Aigio or Duzce, explains the shift observed on the dispersion curves,
which lead to classify these sites as AM and not AMR. For Knidi, Vs profiles resulting from
MASW and AMV are quite different between 6 and 20 m depth. This is due to the difference
in the chosen parameterization (linear gradient for MASW, two uniform layers for AMV), and
enlightens the non uniqueness of the solution in surface wave inversions. Finally, among the
sites classified in the N class (all methods gave different dispersion curves, i.e. sites with red
names), Vs profiles resulting from surface wave inversion are very different from the reference
profile at shallow depths for Tolmezzo, whereas the comparison between AMV and borehole
results is satisfying for Athens (ratios between 0.7 and 1.3).

In order to gather all the results, all ratio profiles of all sites are represented for each pair
of methods in Figure 22, with colors representing the corresponding EC-8 classes. The thick
and thin continuous black lines in the graphs on the left respectively indicate the average and
standard deviation (computed in log scale) at each depth and for all sites. In the graphs on the
right, the number of sites reaching depth z indicates the confidence to give to these estimations
at each depth; at all sites, this depth is limited by MASW measurements or borehole depths,
but never by AMV measurements.

The average of the ratio between borehole and AMV is very close to 1 from 6 to 55 m, a
depth reached at only 7 sites by the borehole. At these depths, the standard deviation in log
scale is 1.5 (most ratio values are comprised between 1/1.5 and 1*1.5). At shallower depths,
Vs values estimated from boreholes are in average slightly higher than the ones estimated from
AMV; this is particularly true for the 2 sites of EC-8 class A. For the ratio between borehole and
MASW, the average value is quite close to 1 for depths between 5 and 30 m, below which the
MASW method does not have a good resolution (see section 3.3). The standard deviation is
around 1.5 from 5 to 18 m depth, and around 1.7 from 18 to 30 m depth. At shallower depths,
Vs estimated from borehole are also in average higher than Vs estimated from MASW, for the
same EC-8 class A sites. Finally, the ratio between MASW and AMV results is also in average
very close to 1 (or just below 1) from 4 to 30 m, with a standard deviation around 1.4 up to 20
m depth, and around 1.6 between 20 and 30 m depth.

To summarize, these comparisons between Vs profiles show a good consistency between
the profiles estimated with all methods, except at shallow depths (above 5 m), particularly for
sites of EC-8 class A (rock sites).

As Vs30 is a characteristic value that is often used in engineering studies, we also
compare the Vs30 values estimated from the different methods. In figure 23, the comparison
beween Vs30 estimated from AMV and borehole (top) and from MASW and borehole (middle)
shows that Vs30 estimated from surface wave methods and from borehole are very consistent
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Figure 22: Ratio of the Vs values with depth derived from AMV and borehole (top), MASW
and borehole (middle), array and MASW (bottom). Left: average and standard deviation for all
sites; middle: ratios corresponding to all sites, colors being linked to site classes; right: number
of sites reaching the considered depth with both methods.
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for Vs30 values below about 600 m/s, and that above this limit (site classes A, B and E),
Vs30 values estimated from borehole are higher that the ones estimated from surface wave
measurements. This is consistent with the higher velocity values at shallow depth observed on
borehole profiles in the previous section for EC-8 site class A. Moreover, there is also a good
consistency between Vs30 estimated from AMV and MASW for Vs30 values below about 400
m/s (Figure 23). Above this limit (which once again concerns site classes A, B and E), MASW
results give for most sites slightly lower values than AMV.

To conclude, the comparison of 1) dispersion curves (section 3.1), 2) Vs profiles resulting
from their inversion (this section) and 3) Vs30 values derived from these profiles (this section)
showed that the AMV technique allows the estimation of Vs profiles and Vs30 values similar to
the ones estimated from borehole measurements, except for the stiff and rock sites involved in
this study (EC-8 site classes A, B and E). At these sites, borehole measurements usually give
at shallow depths higher values than AMV measurements.
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Figure 23: Comparison of the Vs30 values derived from AMV and borehole measurements
(top), MASW and borehole measurements (middle), and AMV and MASW (bottom). Solid line:
1:1 curve.
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3.3 Penetration depths of the different methods

This section focuses on the investigation depths of the different methods, particularly the
one of the MASW method, which is common in the engineering community because of its low
cost. The first paragraph compares the minimum frequencies and maximum wavelengths of
the 3 methods used to compute dispersion curves (MASW, FK and SPAC), whereas the sec-
ond paragraph deals with the penetration depths of the borehole tests, MASW and AMV results.

Figure 24 gives an idea of the minimum frequencies and maximum wavelengths that can
be measured by the different surface wave methods for both Rayleigh and Love waves (see
also table 6 for a summarys), versus the maximum dimension of the acquisition. For the FK
method, the values of the maximum wavelengths and minimum frequencies correspond to the
ones used for the inversions, i.e. the smallest (resp. highest) between the resolution limit of
the outer array and the value at which FK and SPAC curves separate.

Rayleigh waves Love waves

Figure 24: Minimum frequencies (top) and maximum wavelengths (bottom) recorded by the 3
methods for Rayleigh (left) and Love waves (right), as a function of the maximum dimension of
the acquisition. Solid lines: 1:1 curves.

Table 6: Maximum frequencies and maximum wavelengths measured by the three methods
method Fmax (Hz) Lmin (m)
MASW 3 to 15 12 to 100
AMV 0.8 to 15 30 to 1200
SPAC 0.3 to 10 50 to 5000

As expected, there is a strong difference in the frequency and wavelength ranges mea-
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sured by the different methods. For Rayleigh dispersion curves, MASW minimum frequencies
and maximum wavelengths range from 3 to 15 Hz and 12 to 100 m respectively, whereas they
are from 0.8 to 15 Hz and 30 to 1200 m for FK, and from 0.3 to 10 Hz and 50 to 5000 m for
SPAC. Similar ranges are observed for Love wave dispersion curves estimated from MASW
and SPAC. These values depend partly on the geometry of the acquisitions (in particular
for MASW, which is constrained by near field effects, and for FK, which is constrained by
the resolution limits of the arrays), but also largely on the frequency content of the recorded
signals: MASW signals generated by hammer and plate and recorded by 4.5Hz geophones
are higher frequencies than the ambient noise used in FK and SPAC methods. This explains
why the correlation between maximum wavelengths and maximum dimension of the geometry
is not very strong.

The penetration depths of the MASW method were determined from the Vs profiles result-
ing from the inversion of both Rayleigh and Love waves dispersion curves derived from MASW
records, when available. They correspond to the depths below which the Vs profiles are not
well constrained (a large range of Vs values below that penetration depth give the same misfit).
Such uncertainty on the Vs profiles is only visible because the lowest depth allowed in the in-
version is lower than the penetration depth, and because there are enough degrees of freedom
in the parameterisation to both fit the dispersion curve and scan the deeper part of the profile.

In Figure 25, these penetration depths measured at all sites are represented as a function
of the maximum wavelength measured for both Rayleigh and Love waves, the maximum of
these two values being represented by a full symbol and the other by an open one. On all
investigated sites, and with the equipment and acquisition geometries described in section 1
and Appendix 1, penetration depths of the MASW method range between 15 and 25 m, except
for 2 sites where they are shallower. This result explains the slight difference between Vs30
estimated from MASW inversion and Vs30 estimated from AMV inversion (section 3.2, figure
23, bottom). Moreover, there is no strong correlation between penetration depth and maximum
measured wavelength, but the rule of thumb usually used to estimate the penetration depth
from the maximum wavelength (D=λmax/3) approximately corresponds to the average of the
values at all sites.

Figure 25: MASW penetration depths versus Rayleigh (circles) and Love (diamonds) maximum
wavelengths for all sites distinguished by their EC-8 class. For each site, the maximum wave-
length between Rayleigh and Love is represented by a full symbol. The 3 lines are for the
relations λmax/4, λmax/3, λmax/2. The black cross gives mean and standard deviations of the
penetration depths and maximum wavelengths at all sites.

For AMV inversions, it is not possible to use uncertainties on the Vs profiles at low depths
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to determine the penetration depth, because the half space defined in the parameterisation
indeed corresponds to a part of the dispersion curve and all degrees of freedom help reducing
the misfit. We therefore derive estimates of the penetration depths from the rule of thumb
D=λmax/3.

Figure 26 represents the penetration depths of the 2 surface waves methods, estimated
like described above, and the depths of the borehole tests. There is no clear relation between
these depths and the EC-8 site classes. The MASW method, when recorded like here with
cheap acquisition system, allows the estimation of the Vs profiles on the first 20 to 30 meters,
whereas the AMV method, as applied here with acquisition geometry and recording times
adapted from real-time processing, almost always allows the estimation of the Vs profile down
to 100 m, and often to more than 200 m, for the same acquisition and processing costs. On
the contrary, the cost of boreholes is correlated to their depths.

Figure 26: Penetration depths of the 3 methods. See text to read how each of them was
estimated. Site 19 (Volvi): 1700 m.

To conclude, MASW acquired with cheap active seismics allowed the estimation of Vs
profiles down to at most 25 m at the 19 investigated sites. However, as showed in section 3.2,
Vs30 values derived from these inversions are in most cases well correlated with Vs30 values
measured within boreholes. Regarding the AMV technique, its penetration depths ranged in
these 19 cases between one and several hundreds meters. This achievement was possible
thanks to wireless connections, which greatly reduce distance limits due to cables, and to real-
time processing, which allowed adapting on the one hand the recording time for each array to
obtain a stable part of the dispersion curve, and on the other hand the number and dimensions
of the arrays in order to derive the dispersion curve down to the resonnance frequency.
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3.4 Contribution of the MASW to the high frequency part of the dispersion
curve

Previous studies (in particular within the SESAME project) showed discrepancies between
MASW and AMV at high frequencies. This section therefore concentrates on the high frequency
part of the dispersion curves measured at the 19 investigated sites. In the first paragraph, Table
4 (page 18) is complemented with information on the comparison at high frequencies. The sec-
ond paragraph focuses on the maximum frequencies and minimum wavelengths measured by
the 3 methods MASW, FK and SPAC. Finally, we look at the contribution of MASW information
on the high frequency part of the Love wave dispersion curve in the inversion results.

In order to determine whether the discrepancies between AMV and MASW observed at
high frequencies in previous studies are also observed in this study, the dispersion curves were
compared another time, looking only at the high frequency part. This comparison is presented
in Table 7.

Table 7: Comparison of the high frequency part of the dispersion curves. Left: Rayleigh waves.
global: comparison presented in Table 4, AMV-MASW: comparison between high frequency
parts of AMV and MASW dispersion curves, MASW: consistency at high frequency between the
dispersion curves measured for all shots. Right: Love waves. SPAC-MASW: complementarity
of SPAC and MASW to construct the whole dispersion curve, MASW: consistency at high
frequency between the dispersion curves measured for all shots.

Rayleigh Love
site global AMV-MASW MASW SPAC-MASW MASW

AIGIO AMR no yes yes ? no
ATHENS N no no - -

BENEVENTO AM yes yes ? yes no
BOLU AMR no HF on MASW yes yes
BUIA AM yes no yes yes

CERRETO - - - - -
COLFIORITO AMR yes yes yes yes

DUZCE AMR yes no yes yes
EDESSA N no yes yes ? yes
FORLI AMR yes yes yes yes
KNIDI AM yes no yes no

KORINTHOS AMR yes yes no yes
NESTOS AM yes no yes no
NOCERA AR no ? yes yes
NORCIA AM no HF on MASW yes no

SAKARYA AM yes yes yes yes
STURNO AM yes yes yes yes

TOLMEZZO N no yes no yes
VOLVI AMR yes no yes yes

For the comparison of the high frequency part of Rayleigh wave dispersion curves (Table 7,
left), both consistency between AMV and MASW results (3rd column) and consistency of the
different profiles and shots of MASW (4th column) are considered. When MASW results were
not consistent by themselves, AMV and MASW were considered consistent when at least one
of the MASW dispersion curves was similar to the one measured with AMV. In total, there are 2
sites (Bolu and Norcia) at which the AMV method reached higher frequencies than MASW. The
comparison was thus not done for these sites. Moreover in Nocera, the dispersion curve could
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only be measured on one shot, and the consistency between MASW results can thus not be
estimated. Again, we do not compare the results obtained in Cerreto because measurements
were acquired at very different locations. Regarding the other sites, all dispersion curves are
consistent in their high frequency part at 7 sites over 18. There are only 3 sites at which
MASW results are consistent by themselves but differ from AMV, among which 2 belong to the
consistency class N defined in section 3.1 (dispersion curves from AMV, MASW and borehole
were different on the whole frequency range). On the other hand, there are 4 sites at which
different profiles (acquired perpendicularly but very close to each other) and/or different shots of
single profiles give different dispersion curves at high frequencies, but one of them is similar to
the one derived with AMV. These differences on MASW results could be either linked to higher
mode influence, or to lateral variations in the very shallow layers, which are very plausible in
such sedimentary deposits. To conclude, the comparison of the high frequency part of Rayleigh
wave dispersion curves does not show the expected discrepancies observed in the previous
studies between MASW and AMV, but rather enlightens the variability observed on MASW
results at high frequencies. The influence of this variability is studied in more details at the end
of this section.

Regarding Love waves, dispersion curves are only derived from SPAC (for the low
frequency part) and from MASW (for the high frequency part). Table 7 (right) summarizes
the complementarity of the SPAC and MASW to construct the whole dispersion curve (1st
column), and, like for Rayleigh waves, the consistency of MASW results at high frequencies
(2nd column). There are only 2 sites where the dispersion curves from SPAC and MASW are
not complementary: Tolmezzo, of consistency class N, and Korinthos, where the dispersion
curve measured with MASW may corresponds to a higher mode. Moreover, there are 5
sites were MASW show variations between profiles or shots in the high frequency part of the
dispersion curves. This comparison therefore enlightens the good complementarity between
SPAC and MASW Love dispersion curves, and, like the one for Rayleigh wave, the variability
on MASW results at a significant number of sites.

Another important point to estimate the contribution of MASW concerns the usual limits
of dispersion curves towards high frequencies and small wavelengths. Figure 27 represents,
versus the minimum dimension of the acquisition, the maximum frequencies and minimum
wavelengths that have been measured on all acquisitions by the different surface wave meth-
ods (MASW, FK and SPAC) for both Rayleigh and Love waves.

For Rayleigh waves dispersion curves, maximum frequencies and minimum wavelengths
range respectively between 15 and 100 Hz and between 1.5 and 20 m for MASW, between
7 and 50 Hz and between 3.5 and 45 m for FK, and between 4 and 40 Hz and between 6.5
and 80 m for SPAC. Similar ranges are observed for MASW and SPAC Love wave dispersion
curves. Like maximum frequencies and minimum wavelengths, all these values depend on the
acquisition geometry, but also mainly on the frequency content of the recorded signal.

In order to better quantify the contribution of MASW site by site, figure 28 shows the ratio
computed at each site between the minimum wavelength measured with AMV (usually with
the FK method) and the one measured with MASW. On the X axis, sites are positioned in
alphabetical order: this axis does not have any physical significance.

On average, minimum wavelengths derived from AMV are 1.5 times and 4.5 times greater
than the ones derived from MASW for Rayleigh waves and Love waves respectively. This
difference between Love and Rayleigh waves is explained by the use of the FK method for
Rayleigh waves which was not applied for Love waves, and which, with appropriate acquisition
geometry and recording time, allows a good estimation of the high frequency part of the
dispersion curves.
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Rayleigh waves Love waves

Figure 27: Maximum frequencies (top) and minimum wavelengths (bottom) recorded by the 3
methods for Rayleigh (left) and Love waves (right), as a function of the minimum dimension of
the acquisition. Solid lines: 1:1 curves

Figure 28: Ratio of the minimum wavelength measured at each site by AMV and MASW for
both Rayleigh (left) and Love waves (right). Colors indicate EC-8 site classes. Black points
and lines indicate averages and standard deviations. On the X-axis, sites are positioned in
alphabetical order - this axis does not have any physical significance.
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Two types of inversion were performed to quantify the contribution of MASW on the inver-
sion results themselves: 1) only taking into account all curves derived from AMV (Rayleigh
wave dispersion curves estimated from FK, Rayleigh wave auto-correlation curves estimated
from MSPAC, and Love wave dispersion curves derived from 3C-SPAC); and 2) completing
the high frequency part of the SPAC Love wave dispersion curves with MASW results, when
possible, i.e. at 10 sites. These two series of Vs profiles were compared through the average
values VsZ: Vs5, Vs10, Vs20 and Vs30. These values were calculated, for each inversion
results, from all profiles with misfit lower than 1 and were then averaged to derive 1 VsZ value
per inversion. Figure 29a compares the results for the two types of inversion (with and without
MASW information for Love waves high frequencies). Most values align on the 1:1 curve and
are very similar.

In order to compare with VsZ values derived from borehole, the ratios between VsZ from
inversion and VsZ from borehole were computed for each of these values. Figure 29 shows
the resulting ratios computed for inversion of AMV alone versus the ones computed for the
joint inversion of AMV and MASW. Most of the values are close to 1, both for AMV inversion
alone and for the joint inversion of AMV and MASW; however, no clear improvement linked to
the joint inversion of AMV and MASW appears for any of the VsZ values (values are not closer
to 1 for inversions from AMV+MASW than for inversions from AMV alone). Several remarks
can explain this lack of improvement: differences between results of surface waves methods
and borehole information may be explained by the variability at high frequencies observed on
the MASW results; moreover, the good estimation of the high frequency part of the Rayleigh
wave dispersion curve from the FK method reduces the importance of the information on the
high frequency part of the Love wave dispersion curve given by MASW.

a) b)

Figure 29: Contribution of the MASW derived highest part of Love wave dispersion curves to
VsZ values. a) Comparison of VsZ values of the 2 methods. b) Comparison of the ratio of VsZ
values from the 2 methods to VsZ values from borehole.

Finally, in order to investigate further the influence of the high frequency part of the dis-
persion curve on the inversion results, we inverted separately the 3 curves measured in Volvi
on the 3 different profiles (Figure 30), which are different at frequencies higher than 15 Hz
(corresponding to 12 m wavelength). We inverted as well their common part, computed from
their average in the 5 to 15 Hz frequency range. The 4 dispersion curves were inverted with
no uncertainty (or same uncertainty applied to all points). The parameterisation used here has
one layer with linear velocity increase above half space for Vp, and 4 uniform layers above
half space for Vs. Three of these four layers are used to fit the dispersion curve; the layer at
the surface is constrained to be shallower than the minimum wavelength and helps visualizing
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the shallowest resolution depth; on the contrary, the half space helps visualizing the deepest
resolution depth. Figures 31 and 32 show the results of the inversion.

Figure 30: Dispersion curves measured on the 3 profiles in Volvi (blue curves) and their com-
mon part (red).

Figure 31: Vs profiles resulting from the inversion of the 3 dispersion curves determined on
profiles 1 to 3 in Volvi, and from the common part of these dispersion curves.

Vs profiles resulting from these 4 inversions present slight variations at shallow depths: at 5
m depth, Vs is between 160 and 190 m/s for P1, between 140 and 180 m/s for P2, between 160
and 200 m/s for P3 and between 160 and 220 m/s for the common part alone. At larger depths,
the profiles are similar for the 4 dispersion curves, ranging from 200 to 260 m/s at 10 m depth,
and from 200 to 300 m/s at 20 m depth. The resolution depth is shallower for P2 because
its dispersion curve is limited at 5 Hz towards low frequencies, against a limit at 4 Hz for all
other dispersion curves. Finally, the main difference between the results of the 3 dispersion
curves measured on the profiles, and the ones of the common part lies in the shallowest depth
of resolution, which is about 2 m for the first ones, and about 4 m for the last one. This depth
corresponds to 1/3 of the 12 m minimum wavelength described by the dispersion curve.

The differences between resulting Vs profiles have an influence on the corresponding VsZ
values. Figure 33 shows the VsZ profiles corresponding to the Vs profiles presented in Figure
31, and from which the Vs5, Vs10, Vs20 and Vs30 values were extracted and gathered in
Table 8. The VsZ profiles from the 3 large frequency band dispersion curves show slight
differences down to about 10 m. Below that depth, they are very similar for the ensemble of
models represented here (i.e with misfit lower than 0.05). The larger velocity range observed
on the 2nd VsZ profile at depths below 20 m is due to the shallow resolution depth of the
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Figure 32: Inverted dispersion curves corresponding to the Vs profiles shown in figure 31.

2nd dispersion curve, already discussed before. The VsZ profile resulting from the common
part of the dispersion curve show a slightly larger velocity range, on the whole profile and
particularly in the first 10 m. This is due to the larger uncertainty on the shallowest part of the
Vs profile. However, the average values are similar to the 3 other VsZ profiles. To conclude, the
differences observed on the Volvi dispersion curve only have an influence on the very shallow
part of the Vs profiles. This does not affects the VsZ mean values, but rather the uncertainty
on the Vs5 and Vs10 values (larger ranges).

Figure 33: VsZ profiles corresponding to the Vs profiles with misfit lower than 0.05 shown in
figure 31.

Table 8: Vs5, Vs10, Vs20 and Vs30 values for the 4 inversions.
VsZ P1 P2 P3 common part
Vs5 150 - 180 140 - 170 150 - 190 110 - 190
Vs10 160 - 190 160 - 190 170 - 200 140 - 200
Vs20 180 - 220 170 - 220 180 - 220 160 - 220
Vs30 200 - 240 180 - 260 200 - 240 180 - 240
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3.5 Correspondance between VsZ and VλL

Several unpublished studies tend to show that there is a correlation between the velocity
of the 30 to 40 m wavelength Rayleigh wave and Vs30. This observation is very important be-
cause it might reveal that the inversion step, which is much more subjective than the dispersion
curve computation, is not necessary to have an estimate of VsZ values. In the next paragraph,
we first test the relation between Vs30 and the velocity of the 30 m wavelength (Vλ30) at the
19 NERIES sites, then investigate this relation for different wavelengths and different VsZ val-
ues. We also present all dispersion curves in the velocity-wavelength domain, which might be
another way to estimate EC-8 site classes without performing any inversion.

Figure 34 shows the correlation between Vλ30 and Vs30. The two top graphs concern
dispersion curves measured with the FK method (that also correspond to the ones measured
with the SPAC method), whereas the two bottom graphs concern dispersion curves measured
with MASW. On the left, Vs30 are computed from the profiles resulting from the AMV inversions,
whereas on the right, they are from the profiles estimated with borehole measurements. On all
graphs, the blue dashed line is the linear regression corresponding to all data points, whereas
the black one is the one without class A data points; it is the relation indicated at the top of all
graphs. The indicated correlation coefficient is calculated for all data points. The correlation is
very good between Vλ30 and Vs30 estimated from inversion, and is satisfying between Vλ30
and Vs30 estimated from borehole, except for sites with high values of Vs30 (sites of class A,
B and E), which were also the sites at which the comparison between Vs30 values from AMV
and borehole was not so good.

In order to understand further the relation between VsZ and VλL, the correlation coefficients
were computed for different VsZ values and all wavelengths between 5 and 40 m. The values
of these coefficients are plotted in figure 35, for Rayleigh waves dispersion curves measured
with FK, SPAC and MASW. The same graphs for Love waves are gathered in Appendix 2,
together with graphs showing the two coefficients of the linear regression without sites of class
A (slope and offset of the line). On each of the figures below, the top graphs indicate the
number of sites for which the dispersion curve gives information on the considered wavelength,
and the correlation coefficients are plotted in the bottom graphs, for wavelengths that can be
observed on more than 3/4 of the maximum number of sites. These results are not very clear,
particularly the ones involving borehole Vs profiles. On results computed from Vs profiles
inverted from surface waves measurements, the wavelengths returning the best correlation
coefficient increase when increasing the Z value in the computation of VsZ from 5 to 20 m.
For higher Z values, all correlation coefficients are nearly equal and quite high (0.9 and larger).
Further studies are ongoing to understand better these correlations.
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Figure 34: Correlation between Vs30 values estimated from inversion (left) and borehole (right)
and Vλ30 values measured on FK dispersion curves (top) and MASW dispersion curves (bot-
tom). The blue dashed line is the linear regression corresponding to all data points, whereas
the black one, whose law is indicated at the top, is the one without class A data points. The
correlation coefficient at the top is computed from all data points. The solid line is the 1:1 curve.
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Figure 35: Correlation coefficients of the relation between VλL and VsZ values. VλL are
estimated from FK (a), SPAC (b) and MASW (c); VsZ values are estimated from boreholes
(graphs on the left) and from surface wave inversion (labeled ”inversion”, graphs on the right).
For each methods, the top graph indicates the number of sites for which the dispersion curve
gives information on the considered wavelength. Correlation coefficient values are only showed
when the number of sites is greater than 3/4 of the maximum number of sites.
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Another way to test the necessity of the inversion step to determine the EC-8 class of a
given site, is to represent all measured dispersion curves in the velocity-wavelength domain,
like shown in Figure 36 for the three methods (FK, SPAC and MASW). Dispersion curves of
site classes A to D are distributed from high to low velocities whereas dispersion curves of
site class E rather start at low velocities for small wavelengths and end up at high velocities at
long wavelengths. This suggest that site classes may be estimated directly from the dispersion
curves. However, this study is only based on 20 sites, and further studies involving much more
sites are to be done in order to confirm or invalidate these results.

Figure 36: Dispersion curves measured at all sites, represented in the velocity-wavelength
domain. The colors indicate the EC-8 site classes. Horizontal dashed black lines are at 30 and
100 m wavelengths, respectively.
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3.6 Conclusions

This report presented the results of the active and passive seismic experiments performed
at the 19 sites selected in Italy, Greece and Turkey within the NERIES project - subtask JRA4.
They were compared to the ones of classical measurement techniques, i.e. down-hole and
cross-hole tests. In order to stay cheap and feasible, active seismic experiments involved 24
geophones for recording the signals generated with hammer and plate (other options would
have involved the use of explosives or vibroseis; this would not only have been more expen-
sive, but would have needed specific permissions and would not have been possible at city
sites). They were processed with the MASW technique to compute the dispersion curves. Pas-
sive seismics were acquired with 8 stations linked with wireless connections and monitored with
near real-time processing software allowing the adaptation of the acquisition to the site. Dis-
persion curves were computed both with the frequency wavenumber (FK) and with the SPatial
AutoCorrelation (SPAC) techniques for both Rayleigh and Love waves.

Comparing the Vs profiles and VsZ values estimated from borehole and AMbient Vibration
measurements, we showed that the two methods give similar results for sites where Vs30 is
lower than 600 m/s. For higher values, borehole measurements in all considered cases gave
higher velocity values than AMV.

The study of the high frequency / small wavelength limit of the dispersion curves measured
with AMV and MASW for Rayleigh waves showed that the FK method allows to have a good
estimate of the high frequency part of the dispersion curve. Moreover for Love waves, for
which the FK method was not applied, MASW and SPAC dispersion curves were found to be
complementary to obtain the dispersion curve from high frequencies down to the fundamental
frequency. However, the introduction of the MASW Love wave dispersion curve in the inversion
did not improve very much the results because the Rayleigh wave dispersion curve derived
from FK already contained information at high frequencies.

Regarding the MASW technique, we found that at these 19 sites, its penetration depth was
in most cases comprised between 15 and 25 m. However, Vs30 values estimated from MASW
were well correlated with the ones estimated from AMV for sites with Vs30 lower than 400
m/s, and were slightly lower for sites with higher Vs30 values. Moreover, we observed a large
variabiliy at high frequencies on the dispersion curves estimated from the different shots and
profiles of a single site.

Finally, we found that there is a good correlation between Vλ30 and Vs30 values estimated
from the inversion results. This could indicate that the inversion step, which is the most subjec-
tive, is not needed to derive Vs30 values. However, the site sample is here rather small, and
this correlation should be confirmed by other studies before using it to derive Vs30 values.
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