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ABSTRACT The present paper deals with some often poorly considered aspects related to data
interpretation (and inversion) and non-uniqueness of solution when analysing seismic
data according to methodologies based on surface wave propagation. Critical aspects
are highlighted by presenting both synthetic and field data sets. A case study is
presented with the aim of showing some complexities related to data analyses. The
recommended holistic approach (joint analysis) is presented with a twofold goal. On
one side improving the subsurface model, on the other helping in data
interpretation/modelling for complex data sets. Since, ambiguities in velocity
spectrum interpretation and non-uniqueness of the solution, do not make it possible to
consider ReMi analyses as a solution for improving penetration depth, joint analyses
of Rayleigh and Love-wave dispersion curves obtained from active seismics (also
exploiting possible higher modes) and horizontal-to-vertical spectral ratio are
considered together with compressional and shear wave refraction travel times capable
of further validating V and V), values for the shallowest layers. Rayleigh wave
attenuation is also considered as an additional tool for retrieving the overall
consistency of the subsurface model.

Key words: Surface waves, Rayleigh and Love wave dispersion, data inversion, HVSR, joint analyses,
refraction, Rayleigh wave attenuation.

1. Introduction

In the last few decades, Surface Wave (SW) analysis has appeared as an appealing method for
near-surface imaging (Stokoe et al., 1988; Glangeaud et al., 1999; Park et al., 1999; Shtivelman,
1999, 2002; Xia et al., 1999, 2004; Louie, 2001; O’Neill et al., 2006; Dal Moro et al., 2007).
Classical refraction studies based on body wave analysis have thus found a significant aid able to
partially overcome some well-known limitations mainly related to low-velocity channel(s) and
blind layer(s).

Surface wave dispersion can be analysed by considering either an active or a passive
experimental setting. The acronym MASW (Multichannel Analysis of Surface Waves), although
it could in principle indicate any kind of geophone-array-based study, is normally used for the
active case while ReMi (Refraction Microtremors) commonly refers to linear-array passive
experiments.

HVSR (Horizontal-to-Vertical Spectral Ratio) is also sometimes proposed as a tool for
depicting the vertical ¥ profile, although the debate is still open about some problematic points
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that characterize its phenomenology thus its possible use for unambiguous subsurface
investigations (e.g., Fah et al., 2001; Bonnefoy-Claudet et al., 2008).

Of course, no method can be considered as the ultimate stand-alone solution both for intrinsic
general limitations and site-specific problematic aspects that can limit specific methodologies. A
critical point relates to the fact that analyses always require data interpretation and final results
dramatically depend on it. On the other hand, it must be bear in mind that any automatic
procedure that is now and then proposed is necessarily based on some assumptions that,
althoughcan be valid under some circumstances however, cannot be considered universally
applicable.

The present paper is aimed at briefly summarizing some problematic aspects of the mentioned
methods thus showing that the only possible approach for a sound non-invasive investigation is
the holistic one. Data interpretation (thus modelling/inversion) must in fact identify a model able
to properly justify all the observed data.

After putting in evidence some often poorly considered aspects of surface wave analysis, a
non-trivial case study is presented.

2. One method, no sound solution

Albeit researchers often long for a final solution able to image the subsurface materials under
any circumstance, non-invasive surface investigations are inevitably subject to ambiguities in the
retrieved model. In other words, the observed data sets can often be explained by different
subsurface models.
This aspect is often neglected by many authors and consequently poorly understood by the end
users.
It is important to underline that any (seismic and non-seismic) methodology suffers from this
problem (Scales et al., 2001). Ivanov et al. (2005a, 2005b) emphasized, for instance, the well-
known problems of the blind layer and velocity inversion channel in refraction seismics. Luke et
al. (2003) and Dal Moro et al. (2007), have already put in evidence the fact that dispersion curves
also suffer from a relevant non-uniqueness problem.
The presence of several local minima in the inversion process is quite well-known. Fig. 1
synthesizes the consequent problem of the starting model that affects gradient-based inversion
methods. Due to the presence of local minima, gradient-based methodologies are inevitably prone
to errors: the system is attracted by the closest local minimum so that the final model will depend
on the initial one.
In Fig. 2, a number of different V' profiles are presented together with their Rayleigh-wave
fundamental-mode dispersion curves (such a relevant Vg range is particularly emphasised by the
deliberate choice of allowing a very wide range of Poisson values, thus V). Few straightforward
observations can be depicted:
1. uncertainty increases dramatically with depth (please notice that the A/3 - /2 value related
to the lowest frequency - steady state approximation - provides a value of 30-45 m);

2. Vg down to about 7 m are extremely well defined;

3. due to a “compensation effect” V3 values span in a reasonably-narrow range (272+330
m/s, £10% uncertainty);
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Fig. 1 - Data inversion: schematic
representation of the problem caused by
local minima. While using gradient-
based inversion algorithms, different
starting models (the numbered red

model pal'ametel'S circles) will provide different solutions.
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Fig. 2 - A series (a) of Vg profiles (Poisson ratios are set free to vary remarkably), and: their Rayleigh-wave
fundamental-mode dispersion curves (b).
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HVSR

0 : ' Fig. 3 - H/V curves computed
10 10 (Herak, 2008) for the ¥ models
frequency (Hz) reported in Fig. 2.

4. the similarity of the dispersion curves of the fundamental mode is such that the models
might be considered as equivalent in terms of dispersion curves (as a matter of fact extreme
Poisson values can determine peculiar energy distribution among the modes, thus somehow
possibly reducing this problem - see next paragraph).

It is also noteworthy that the H/V curves computed for all these models (Fig. 3), although
slightly different, do not show dramatic deviations from an average characteristic peak value
around 3-4 Hz.

In the last few years, several authors proposed to invert surface wave dispersion curves by
means of global-search methods (e.g., Yamanaka, 2005). Although, in principle, such methods
can surely better handle dispersion curve inversion, it would be quite naif to imagine that they
could represent a solution as the equivalence of the models in terms of dispersive properties
(which can be thought as an extreme case of local minima) means that the right model simply
does not exist.

Horizontal-to-Vertical Spectral Ratio (HVSR) - traditionally used for the estimation of the site
resonance frequency - is nowadays sometimes proposed so as to depict the vertical Vs profile.

However, although HVSR jointly with dispersion curves is a remarkable tool able to better
constrain possible deep horizons typically poorly-defined through dispersion curve analyses, its
stand-alone application is prevented from functioning by remarkable problems related to severe
non-uniqueness of the solution (Arai and Tokimatsu, 2005; Parolai et al., 2005; Dal Moro, 2010).

Fig. 4 presents two models that produce identical H/V spectral ratios (many other models with
similar H/V curves are clearly possible) independently from the approach used to model the H/V
spectral ratios. The modelling performed by considering body waves only (Herak, 2008) shows
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Fig. 4 — The equivalence issue in HVSR. Two V¢ models (upper panels) with identical horizontal-to-vertical spectral
ratio. Shown H/V curves are calculated considering body waves only (middle panel) (Herak, 2008) and SW ellipticity
only (lower panel) (Lunedei and Albarello, 2009), being O, 10, 20, 30, 90 (Q,=20y). See text for comments.

high peaks at higher frequencies which are not present in the H/V computed considered SW
ellipticity only (Lunedei and Albarello, 2009). The amplitude of the lowest peak (the fundamental
period) is just slightly different for the two modelling criteria (for a review about this topic see
Albarello and Lunedei, 2010).

It is then obvious that without the possibility of robustly fixing shear-wave velocities for at
least the shallow layers, H/V curves are extremely ambiguous if employed for vertical Vi
profiling.

A further problem is determined by the difficulties in fixing the criteria for the HVSR
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Fig. 5 - Synthetic data set (see text for details) showing an example of mode splitting: a) Vg model (reported numbers
indicate the adopted Poisson values); b) seismic traces for the vertical component (vertical impact source); c)
computed velocity spectrum overlapped by the theoretical Rayleigh-wave dispersion curves for the first 6 modes.

modelling which can result quite difficult when no (or little) auxiliary data are available. In fact,
it becomes impossible to determine a priori the relative importance of Rayleigh, Love and body
waves (e.g., Fah et al, 2001; Bonnefoy-Claudet et al., 2006, 2008), the number of relevant
surface wave modes and the influence of the quality factors O (Lunedei and Albarello, 2009).
Please notice that these aspects appear to be typically site dependant, so no universal solution can
be considered valid (see also the case study presented later on).

Some problems related to the stability of the H/V spectral ratio also arise. It is for instance
well known that, especially at the lowest frequencies, weather conditions may affect the
microtremor spectra (e.g., Tanimoto, 1999; Ali et al., 2010) and that artificial sources (such as
industrial facilities, etc.) introduce signals that, if not properly filtered out, risk to be interpreted
in terms of subsurface structure.

Joint inversion of different kinds of seismic data is thus a remarkable way both to reduce non-
uniqueness of the solution and give a sounder data interpretation (e.g., Picozzi and Albarello
2007; Dal Moro, 2008, 2010).

Because of the problems caused by the presence of local minima and the equivalence of the
solutions (please notice that, although clearly related, these problems are different) it is the
responsibility of the interpreter to choose a model which holds a geological and stratigraphical
meaning [“We do not invert. We model”: Stokoe (2009)].

3. Modal energy distribution in surface wave propagation

While analyzing field data sets, a proper and sound data interpretation (i.e., mode
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Fig. 6 - Synthetic data set: a) V' model (reported numbers indicate the adopted Poisson values); b) seismic traces for
the vertical component (vertical impact source); ¢) computed velocity spectrum overlapped by the theoretical

Rayleigh-wave dispersion curves for the first 2 modes.

identification) is clearly necessary but when energy distribution among different modes does not
follow elementary patterns, data interpretation might become problematic.
In order to show how different modes can actually roll up, a series of synthetic seismograms
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Fig. 7 - Synthetic data set: a) V¢ model (reported numbers indicate the adopted Poisson values); b) seismic traces for
the vertical component (vertical impact source); c¢) computed velocity spectrum overlapped by the theoretical

Rayleigh-wave dispersion curves for the first 2 modes.
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Fig. 8 - Synthetic data set: a) V¢ model (reported numbers indicate the adopted Poisson values); b) seismic traces for
the vertical component (vertical impact source); ¢) computed velocity spectrum overlapped by the theoretical Rayleigh-
wave dispersion curves for the first 2 modes.

were computed by means of the computational scheme proposed by Carcione (1992).

Four data sets are presented. For each of them V profiles (and adopted Poisson moduli) are
reported together with computed seismic traces (Figs. 5, 6, 7 and 8). Theoretical Rayleigh-wave
dispersion curves computed according to Dunkin (1965) are overlapped with the computed
velocity spectra.

The model reported in Fig. 5 shows an example of so-called “mode splitting”. Fundamental
mode dominates up to about 28 Hz while for higher frequencies the energy pertains to higher and
higher modes within small and clearly defined frequency ranges.

Data reported in Fig. 6 put in evidence the fact that fundamental and higher modes can merge
and appear as a single mode. The fundamental mode disappears at about 20 Hz and re-appears
for frequencies higher than 40 Hz. At this point, a first higher mode merges with the fundamental
one determining a signal that might be (mis)interpreted as if related to a single mode.

Fig. 7 shows an example of a double mode jump since the fundamental mode dominates for
frequencies higher than 40 and lower than 20 Hz, while the energy in between is due to the first
higher mode. Synthetic data reported in Fig. 8 show that, under some circumstances which cannot
be universally simplified, mode jumps are possible even when no velocity inversion occurs
(please notice that the energy that dominates for frequencies lower than about 14 Hz relates to the
first higher mode).

The first field data set considered (Fig. 9) was acquired in an alluvial plain in north-eastern
Italy. The energy distribution is in principle quite similar to the one calculated for the synthetic
data set reported in Fig. 7 where energy is distributed among different modes.

Another field data set, acquired close to Pisa (Italy) and presented in Fig. 10, shows a
remarkable phenomenon of mode splitting (compare with the synthetic data in Fig. 5).

Mode jumping is then a phenomenon that can occur more than once in the same data set and
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Fig. 9 — MASW field data set: acquired traces (vertical component, vertical-impact sledgehammer) and computed
velocity spectrum. Notice the energy associates with higher modes in the 10-20 Hz range and for frequencies higher
than 30 Hz.

energy can distribute itself over different modes in a complex, yet interpretable, fashion.

It must be underlined that once properly interpreted, higher modes do not represent a class of
noise but valuable information that is extremely important to better define the subsurface model,
in particular for the deeper layers (Xia et al., 2003).

Crucial elements typically (but not necessarily nor uniquely) responsible for complex energy
distribution (i.e., mode jumps) are velocity inversions and high Poisson values - see reported
synthetic data sets and compare with O’Neill ez al. (2004) and O’Neill and Matsuoka (2005).

The synthetic and field data presented here show that the velocity spectra must be carefully
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Fig. 10 - MASW field data set: remarkable example of mode splitting (courtesy of Studio di Geologia Stefania Botti,
Sarzana - La Spezia, Italy).
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Table 1 - Acquisition parameters for the MASW and ReMi field data sets.

MASW ReMi
(Rayleigh & Love) (Rayleigh)
Minimum offset 4m
Receiver spacing (24 channels) 2m 2m
Sample interval 0.125 ms 0.25 ms
Acquisition length 2s 600 s

evaluated to be properly interpreted. In fact, too often, implicitly proposed paradigms about
energy distribution state that the fundamental mode is the most energetic one and that higher
modes usually appear only at higher frequencies. The results presented show that these
assumptions do not necessarily apply and may mislead velocity spectra interpretations.

Although joint inversion of fundamental and higher modes is easily performed in the
framework of different possible inversion schemes (e.g., Xia et al., 2003; Dal Moro et al., 2007)
the critical point that we wish to underline is about their proper interpretation as possible
misinterpretations necessarily lead to inaccurate Vg profiles (e.g., Zhang and Chan, 2003).
Velocity spectra interpretation is often a non-trivial task that should be performed with care,
being aware that the results of any inversion process are first of all determined by that rather than
by the robustness of the adopted inversion algorithm.

4. Joint analysis: a case study

Due to the problems described in the previous sections, a series of field data sets were
acquired with the aim of retrieving a subsurface model coherent with all the observed data, thus
reducing the otherwise inevitable ambiguities. The chosen site is located in north-eastern Italy in
a upper plain area where the stratigraphical sequence is basically composed of silty and sandy
layers with occasional variously-cemented gravel lens. In particular, a superficial and abrupt V
contrast determined by the contact between silty layers and gravels produces some peculiarities
that make the site particularly interesting.

Acquisition parameters for the MASW and ReMi data sets are reported in Table 1. Rayleigh
and Love waves were acquired using 4.5 Hz vertical and horizontal geophones respectively. A
sledgehammer was used as a source: vertical impact for Rayleigh waves, horizontal (shear
source) for Love waves. HVSR was computed according to the SESAME guidelines (SESAME,
2005) by considering a 20 minute microtremor data set with a sample rate of 2 ms (acquisition
was performed by means of a calibrated three-component geophone).

Acquired multi-channel data were processed in order to evaluate Rayleigh and Love-wave
dispersion properties, V', and Vg, refraction travel times and Rayleigh-wave attenuation.

Compressional and shear (SH) wave refraction analyses on first arrivals (Fig. 11) were used
to characterize the shallowest layers and furnish V5 and V), values to compare and use while
analysing SW dispersion and HVSR. In fact, velocity spectra (especially for Rayleigh waves)
show complex mode interplay (see Fig. 13, left column) and HVSR, to be properly interpreted,

10
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Fig. 11 - Refraction data. Left and right panels report the transversal (SH) and vertical (P) data sets respectively. First
arrivals show a clear horizon at about 4 m depth (V: 120, 190, 380 m/s; Vp: 300, 480, 1800 m/s; thickness: 1, 3 m).
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Fig. 12 - Rayleigh-wave fundamental-mode separation: a) raw-data velocity spectrum with overlapped by the polygon
used to filter out the signals not related to the fundamental mode; b) raw data in the x-f domain (the polygon shows
Rayleigh-wave propagation); c) velocity spectrum of the filtered data; d) filtered data in the x-f domain. The yellow
curve is the dispersion curve pertinent to the fundamental mode (quite weak in the raw data).
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Fig. 13 — Joint analysis of Rayleigh and Love dispersion curves. On the left: top and bottom panels present the velocity
spectra together with the picked and inverted (Pareto front models) dispersion curves for Rayleigh and Love waves
respectively. On the right: Vs profiles for the Pareto front models.

required sound and quantitative constraints at least for the superficial layers.

V¢ values identified through SH-wave refraction analyses are useful to confirm the
interpretation of the velocity spectrum during MASW analyses. In fact, thanks to these values,
we can corroborate the interpretation that the energy which is particularly evident between 25 and
35 Hz (see Fig. 12a) in the vertical-component spectrum (related to Rayleigh waves) is
attributable to the fundamental mode. The fundamental mode is actually present as a faint signal
also in the 8-25 Hz range, showing phase velocities of about 150-230 m/s with clear evidence of
inverse dispersion (see also Fig. 13, left column).

In the horizontal (transversal) component (related to Love waves) the fundamental mode
appears particularly evident in the 20-33 Hz frequency range (Fig. 13 left column).

The complex energy distribution among different modes is mostly due to the superficial high
V¢ contrast already put in evidence by the refraction travel time analysis.

The energy that dominates the vertical-component spectrum (Rayleigh waves) in the 9-24 Hz
frequency range is due to higher modes and cannot be attributed to guided waves as these have
peculiar characteristics that are quite different from the observed ones (Robertsson et al., 1996;
Roth and Holliger, 1999).

Analogously to the velocity spectrum derived from the MASW acquisition (Rayleigh
component), the velocity spectrum determined via ReMi acquisitions (Fig. 15) still appears
dominated by higher modes.

Before picking the dispersion curves pertinent to the different modes present in the data sets,
data were filtered in the f~k domain (Yilmaz, 1987) in order to separate (thus putting in evidence)

12
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' . wave misfit). Symmetry Index (S.I.) of the
60 70 80 Pareto front models (red circles) is also
reported (see text for details).

signals related to weak modes (see also Luo et al, 2009). In particular, Fig. 12 reports the
Rayleigh-wave data set both in the x- and v-f domains before and after the performed processing.
The fundamental mode that was quite evanescent in the original data set now results clearly quite
apparent. Similar processing was considered while analysing dispersive properties of Love waves.

Joint multimodal inversion performed via a Multi-Objective algorithm based on the Pareto
front evaluation (Dal Moro and Pipan, 2007; Dal Moro, 2008, 2010; Dal Moro and Ferigo, 2011).
The results (Figs. 13 and 14) show an overall consistency also confirmed by the very high
Symmetry Index (theoretically ranging between —1 and 1) (variability of the Vg profiles of the
Pareto front models reported in Fig. 13 shows the uncertainty of the retrieved model). This is
given by the scalar product between the axis of the full set of evaluated models and the symmetry
axis of the Pareto front [for details see Dal Moro and Ferigo (2011)]. In fact, the symmetry of the
Pareto front models with respect to the universe of considered models is an index of the general
consistency of the whole inversion process (thus of the data interpretation and final results as
well).

A further validation of the overall congruency of the shallowest part of the model is furnished
by the analysis of the Rayleigh-wave attenuation (e.g., Xia et al., 2002). Fig. 16 reports the Qg
model together with the observed and calculated attenuation curves as a function of frequency
and A/2. The presence of a highly attenuating 4-m thick material lying over a high-Qy layer is
apparent and further supports the proposed model. While quality factors down to about 8 m are
well determined, values related to deeper layers must be considered as highly speculative due to
the limitations of the method.

Fig. 17 reports the V¢ model (the values down to about 22 m refer to the joint SW inversion
presented in Fig. 13) and the observed and calculated HVSR computed while adopting different

13
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possible criteria. Please notice that the observed pick at about 1 Hz (signal A) is due to an
industrial facility a few hundred meters from the investigated site and not to a lithological
horizon.

Together with the observed curve, Fig. 17b reports synthetic HVSR computed while
considering body waves (Herak, 2008) and SW ellipticity (Lunedei and Albarello, 2009) in the
framework of the elastic case. HVSR is computed by considering only the first 2 modes (both
Rayleigh and Love waves are considered). Fig. 17¢c reports the same data while considering the
quality factors reported in Figs. 16 and 10 modes for the HVSR modelling computed via SW
ellipticity.

It is apparent that for the present site the second case is more appropriate. While the
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Fig. 16 - Rayleigh-wave attenuation analyses: a) attenuation curve as a function of 4/2; b) Oy model; c) observed curves
calculated according to spectral ratio and matching technique (Tonn, 1991) together with the attenuation curve of the
proposed model.
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fundamental period (the peak centred at 1.6 Hz and related to the 28-m deep horizon) is equally
reproduced both by body waves and SW ellipticity, for frequencies higher than 3 Hz most of the
H/V curve is better approximated by the SW ellipticity computed adopting a high number of
modes also considering the attenuation (compare Figs. 17b and 17c).

5. Conclusions

After having summarized some problems related to surface non-invasive methods for near-
surface investigations, a case study was presented with the aim of showing some complexities
that if improperly interpreted would lead to erroneous subsurface reconstruction.

The overall goal was to put in evidence the fact that assumptions (often implicitly) considered
while performing near-surface seismic data interpretation and modelling should be carefully
checked before delivering a model and the only way to do that is by carrying out a joint analysis.

Velocity spectra obtained by means of MASW analyses can show complex mode interlacing
while velocity spectra determined via ReMi acquisitions are necessarily blurred and fuzzy. In any
case, the assumption often adopted that the fundamental mode dominates the data can be
erroneous in both cases.

In the last decade, we witnessed a flourishing of papers on global search methods for
dispersion curve inversion. Due to severe non-uniqueness of the solution (different models can
be equivalent in terms of SW dispersion), they cannot be claimed as the solution even if,
especially in case of strong impedance contrasts, their heavier computational effort can provide
more accurate solutions. A question such as “is the inversion scheme able to retrieve the right
model?” results quite dull because, as shown in the second paragraph, especially in case of
inversion schemes based on the fundamental mode only the equivalence of different models
makes such a point meaningless.

Even though extremely useful for imaging deeper layers, HVSR cannot provide unambiguous
V¢ values when not supported by detailed superficial V values given by SW dispersion and/or
SH-wave refraction/reflection studies. Moreover, some aspects related to the HVSR modelling
[role of Love waves, higher modes, quality factors and body waves: e.g., Bonnefoy-Claudet ef al.
(2008), Albarello and Lunedei (2010), Dal Moro (2010)] pose some problems that can be
addressed only by adopting a holistic approach (see e.g., the presented case study).

Consequently, especially in case of complex data sets that can turn out to be quite challenging
in terms of velocity spectra interpretation and HVSR modelling criteria, if we are interested in an
unambiguous site characterization (e.g., for geotechnical purposes) the only way to approach the
problem is to preform a joint analysis of all suitable data. In fact, if a non-holistic approach is
adopted, there would be no chance of cross-validating data interpretation, model parameters and
modelling criteria.

A joint analysis of Rayleigh and Love-wave dispersion curves (possibly together with SH-
wave reflection/refraction analyses) can moreover provide quantitative information about
possible anisotropies which would reflect in different shear-wave velocities, being that Rayleigh-
wave dispersion depends on V, while Love-wave dispersion and SH-wave reflection/refraction
on Vg (e.g., Gaherty, 2004; Safani et al., 2005).

The case study considered also supports the idea that although at high frequencies, SW
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ellipticity is the driving force which determines the observed HVSR (see Fig. 17 at frequencies
higher than 3 Hz), the H/V curve for the fundamental period may be (sometimes better)
approximated by body-wave based modelling (peak at 1.6 Hz in Fig. 17) - see also Albarello and
Lunedei (2010) and Dal Moro (2010).
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