
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=texg20

Exploration Geophysics

ISSN: 0812-3985 (Print) 1834-7533 (Online) Journal homepage: https://www.tandfonline.com/loi/texg20

Surface wave analysis: improving the accuracy
of the shear-wave velocity profile through
the efficient joint acquisition and Full Velocity
Spectrum (FVS) analysis of Rayleigh and Love
waves

Giancarlo Dal Moro

To cite this article: Giancarlo Dal Moro (2019) Surface wave analysis: improving the accuracy
of the shear-wave velocity profile through the efficient joint acquisition and Full Velocity Spectrum
(FVS) analysis of Rayleigh and Love waves, Exploration Geophysics, 50:4, 408-419, DOI:
10.1080/08123985.2019.1606202

To link to this article:  https://doi.org/10.1080/08123985.2019.1606202

Published online: 04 Jun 2019.

Submit your article to this journal 

Article views: 5

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=texg20
https://www.tandfonline.com/loi/texg20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08123985.2019.1606202
https://doi.org/10.1080/08123985.2019.1606202
https://www.tandfonline.com/action/authorSubmission?journalCode=texg20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=texg20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/08123985.2019.1606202&domain=pdf&date_stamp=2019-06-04
http://crossmark.crossref.org/dialog/?doi=10.1080/08123985.2019.1606202&domain=pdf&date_stamp=2019-06-04


EXPLORATION GEOPHYSICS
2019, VOL. 50, NO. 4, 408–419
https://doi.org/10.1080/08123985.2019.1606202

Surface wave analysis: improving the accuracy of the shear-wave velocity
profile through the efficient joint acquisition and Full Velocity Spectrum (FVS)
analysis of Rayleigh and Love waves
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ABSTRACT
Surface wave propagation can be exploited to investigate subsurface conditions in terms of
shear wave velocities in a number of possible applications (geotechnical site characterisation,
seismic-risk assessment, crustal studies and non-destructive testing). Nowadays, one of themost
common methods adopted to analyse the dispersion of surface waves is based on the determi-
nation of the Rayleigh wave frequency-dependent phase velocities obtained frommultichannel
active data. The obtained values represent the dispersion curve, which is inverted to determine
the vertical shear-wave velocity (VS) profile. After briefly recalling some fundamental facts and
problems regarding surface wave propagation and analysis, we present the Full Velocity Spec-
trum (FVS) approach which here is used to jointly invert the velocity spectra of the Rayleigh and
Love waves acquired by means of a set of horizontal geophones only (Rayleigh waves are in fact
analysed while considering their radial component). It is shown that for non-trivial data sets for
which modal dispersion curves cannot be soundly extracted, the joint FVS approach may repre-
sent an efficient way to properly analyse the data, thus eventually obtaining a robust VS profile
free from significant ambiguities that would otherwise inevitably affect the results obtained by
following the ordinary approach based on themodal dispersion curve(s) of just one component.
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Introduction

Nowadays, analysis of surface wave dispersion is
adopted to derive the vertical shear-wave velocity (VS)
profile in a number of geotechnical and geophysical
applications. The method is fundamentally based on
the fact that, in a layered medium, short wavelengths
(high frequencies) are influenced by shallow layers,
whereas longer wavelengths (low frequencies) sense
deeper strata. Considering a vertical impact force, more
than two-thirds of the produced seismic energy propa-
gates as surface waves (Miller and Pursey 1955), which
consequently dominate the wavefield, also suffering
from lower attenuation with respect to body waves.
The Multichannel Analysis of Surface Wave (MASW)
approach (e.g. Park, Miller, and Xia 1999) was origi-
nally developedby considering an active vertical source
and vertical geophones commonly used also for P-
wave reflection and refraction studies. Such a classical
approach is therefore based on the analysis of the ver-
tical component of Rayleigh waves only, so that the
acronym MASW has somehow become a synonym of
“analysis of themodal dispersion curve(s) of the vertical
component of Rayleigh waves”. During past decades,
many other possible methodologies have been imple-
mented based on both active and passive data. Active

seismics (Ganji, Gucunski, and Nazarian 1998; Park,
Miller, and Xia 1998, Park et al. 2000; Shtivelman 2002;
Stokoe et al. 1988), clearly requires a source (sledge-
hammer, weight drop, explosive charge or vibrating
source) and is typically used for the analysis of high fre-
quencies, which for geotechnical applications are usu-
ally between 4 and 50Hz (Dou and Ajo-Franklin 2014;
Forbriger 2003a, 2003b)while in caseof non-destructive
testing for pavement evaluation can reach several hun-
dred Hz (e.g. Ryden and Park 2006). Acquisition param-
eters (number of geophones and spacing, minimum
offset, recording time and sampling rate) depend on
the scope of the survey (the larger the array length, the
greater the investigated depth).

Passive techniques exploit the background ambi-
ent wavefield generated by microtremors and/or cul-
tural activities using a linear array (Louie 2001) or a
two-dimensional (2D) deployment of sensors (Aki 1957;
Asten 2006; Asten et al. 2014; Capon 1969; Cho, Senna,
and Fujiwara 2013; Ling andOkada 1993; Ohori, Nobata,
and Wakamatsu 2002; Poggi and Fäh 2010). These
methods are aimed mainly at retrieving the disper-
sive properties of the low frequencies, and their per-
formances depend on the dimensions of the array, the
recording time, the characteristics of the microtremor
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field and the quality of both the sensors and the
acquisition system. Because linear arrays cannot handle
the unknown location of passive seismic sources, analy-
ses based on bi-dimensional arrays necessarily provide
clearer velocity spectra (Dal Moro 2014; Ohori, Nobata,
and Wakamatsu 2002; Poggi and Fäh 2010).

In the classical approach, processing is fundamen-
tally accomplished through three main steps:

(1) computation of the phase–velocity spectrum from
the field data;

(2) interpretation of the phase–velocity spectrum in
terms of modal dispersion curve(s);

(3) inversion of the interpreted dispersion curve(s).

During the first step, field records are transformed
from the time-offset domain (e.g. Figure 1b) into the
velocity–frequency domain (Figure 1c). In the second
step, the obtained velocity spectrum is interpreted in
terms of dispersion curves, which are picked so to
obtain a series of frequency–velocity points depicting
the interpreted dispersion curves(s). This is clearly a crit-
ical step since an erroneous interpretation would nec-
essarily lead to meaningless results (Zhang and Chan
2003).

As a third and final step, the vertical shear-wave
velocity profile is determined by means of an inver-
sion procedure that eventually provides a subsurface
modelwhose theoretical dispersion curvesmatch those
picked.

Despite the cost-effectivenessof surface-waveacqui-
sition, intrinsic issues like non-uniqueness of the solu-
tion and erroneous velocity spectra interpretation
can seriously undermine the overall accuracy of the
obtained subsurface model (Dal Moro 2011, 2014; Dal
Moro and Ferigo 2011; Zhang and Chan 2003).

About the problems of the velocity spectra interpre-
tation (dispersion curve picking), it must be underlined
that the continuity of a signal does not necessarilymean
that such a signal pertains to a single mode. In fact,
especially when dealing with Rayleigh waves, mode
excitation can be extremely complex and, as a conse-
quence, the velocity spectra can be impossible to inter-
pret in terms ofmodal dispersion curves (see also Chap-
ter 3 in Dal Moro 2014; Dal Moro, Moura, and Moustafa
2015a).

In Figure 1 the data of a synthetic model are
presented with the aim of illustrating how com-
plex and counterintuitive interpretation of a classical
phase–velocity spectrum, as defined according to the
classical MASW approach, can be. The model reported
in Figure 1(a) is used to generate the seismic traces
reported in Figure 1(b). The velocity spectrum obtained
via phase shift (Dal Moro et al. 2003; Park, Miller, and
Xia 1998) and reported in Figure 1(c) is apparently clear
and continuous (no jump or discontinuity is evident).

Despite this, once we plot the theoretical modal disper-
sion curves of the first two modes, we realise that the
signal that dominates the velocity spectrum (Figure 1c)
is actually composed of the fundamentalmode for a fre-
quency higher than 40Hz and of the first higher mode
for lower frequencies.

Some authors (e.g. Gao et al. 2016; Xia et al. 2006)
have named such a phenomenon mode kissing, and
a series of further examples is presented in Dal Moro
(2014). Given the continuity of the signal along the
velocity spectrum (Figure 1c), it is clear that if this
data set were to be processed in terms of modal dis-
persion curves, it would be inevitably misinterpreted,
eventually leading to an erroneous subsurface model.
In other words, the interpretation and analysis of data
sets according to the modal dispersion curves (in these
cases, the different modes cannot be separated) and
while considering one single component (usually the
vertical component of Rayleigh waves), risk being mis-
leading and consequently provide erroneous subsur-
face models.

A possible solution to these problems is represented
by the acquisition and joint analysis ofmulticomponent
data that canbeanalysednotnecessarily by considering
interpreted (picked) dispersion curves.

Joint analysis is then important both to better under-
stand each single velocity spectrum (i.e. the waymodes
interact and possible unify), and to reduce the non-
uniqueness of the solution,whichnecessarily affects the
solution even ifmodal dispersion curves are interpreted
properly (Dal Moro 2011, 2014; Ivanov et al. 2006).

In this paper, we consider both Rayleigh and Love
waves (Dal Moro and Ferigo 2011; Dal Moro, Moura,
and Moustafa 2015a; Safani et al. 2005; Winsborrow,
Huwsa, and Muyzert 2003; Xia et al. 2012), and the data
are not analysed considering the traditional interpreta-
tion–picking–inversion approach but through the Full
Velocity Spectrum (FVS) analysis (Dal Moro 2014; Dal
Moro et al. 2016; DalMoro, Coviello, andDel Carlo 2014).

As amatter of fact,, surfacewaves can be recordedby
using different combinations of sources and receivers.
For acquisition of the Rayleigh and Love waves anal-
ysed here, we used a set of horizontal geophones that
allow the recording of both the radial component of
Rayleigh waves and Love waves (vertical geophones
can be used to record only the vertical component of
Rayleigh waves).

We considered the two simple settings depicted in
Figure 2:

Rayleigh waves: the axis of the horizontal geophones
is oriented parallel to the array and a vertical-impact
source is used;

Love waves: horizontal geophones are rotated with the
axis perpendicular to the array and Love waves are
produced by means of a horizontal (shear) source (a
classical wooden beam).
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Figure 1. Counterintuitive (and thus misleading) phase–velocity spectrum for a synthetic data set (MASW data): (a) subsurface
model (numbers report the adopted Poisson’s ratios); (b) synthetic seismic traces computed according to Carcione (1992) (verti-
cal component); (c) phase–velocity spectrum of the synthetic traces computed according to the phase shift method (Park, Miller,
and Xia 1998; the values of the obtained matrix represent the normalised summed amplitude for each frequency/velocity point); (d)
phase–velocity spectrum and theoretical modal dispersion curves for the first two modes. Because the signal in the velocity spec-
trum is continuous (see plot c), it is clearly not possible to separate the twomodes that dominate the velocity spectrum (fundamental
mode for frequencies higher than 40 Hz and first higher mode for lower frequencies – see text for details).

Such a procedure allows a fast and efficient acquisition
of Rayleigh (radial component) and Love waves using
just a single set of 4.5 Hz horizontal geophones set up
according to the scheme reported in Figure 2 and with
no need for a set of vertical geophones (which would
require more complex field procedures).

Following the coding system originally proposed
by Herrmann (2015) and widely adopted in Dal Moro
(2014) and Dal Moro, Moura, and Moustafa (2015a,
2016), these two components are abbreviated to RVF
and THF: the first letter indicates the type and orienta-
tion of the geophones, whereas the second and third
letters relate to the source (see Table 1 and Figure 2).

It is important to point out that the velocity spectra
of the radial (R) and vertical (Z) components of Rayleigh
waves are generally different and it is not possible to
state that one component is “better” than the other. If
we wish to think in terms of modal dispersion curves,
the velocity spectrum of the radial component is some-
times easier to understand than the vertical compo-
nent, and sometimes the opposite is true (for a wider
overview about these issues see Dal Moro 2014; Dal
Moro, Moura, and Moustafa 2015a).

After briefly describing the adopted FVS joint
approach, we present, comment and invert a field data
set with the overall goal of highlighting the two main
points that characterize the proposed approach:

(1) joint FVS inversion of Rayleigh and Love waves
can be used to handle complex data sets that can-
not be solved through the standard method based
on interpreted modal dispersion curves of a single
component;

(2) the field procedures for efficiently recording the
twoconsideredcomponents areextremely straight-
forward and require the use of just a set of hori-
zontal geophones (it will be shown that for com-
mon geotechnical applications a dozen of traces
are sufficient).

Inversionmethod: the FVS approach in a
bi-objective perspective

As briefly reported in the introductory paragraph, the
analysis of surface wave dispersion via modal disper-
sion analysis can be quite problematic because the way
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Figure 2. Acquisition of Rayleigh and Love waves using only
horizontal component geophones (map view): (a) acquisition of
the radial component of Rayleigh waves (the axis of the geo-
phones is set parallel to the array and a vertical force, e.g. a
sledgehammer or weight drop, is applied); (b) the geophones
are rotated by 90° and a horizontal force is applied.

energy is actually distributed among different modes
can be extremely complex and counterintuitive. For
this reason, in Dal Moro, Coviello, and Del Carlo (2014)
and Dal Moro (2014) a different approach is introduced,
based on the analysis of the whole velocity spectrum
without the interpretation of the velocity spectra in
terms of modal dispersion curves. Such methodology
is based on the analysis (inversion) of the whole veloc-
ity spectrum (or spectra, in case of multicomponent
data) and for this reason, is referred to as Full Velocity
Spectrum (FVS) analysis.

Such amethod is actually similar to the full-wavefield
inversion described in Dou and Ajo-Franklin (2014) for

the analysis of seismic data collected in a permafrost
region, so that it is somehow possible to speak of
a multiple independent creation. Here, synthetics are
computed via modal summation and two components
(Love waves and the radial component of Rayleigh
waves) are analysed jointly.

The FVS approach fundamentally consists of three
steps:

(1) computation of the synthetic traces of the consid-
ered component(s) (for instance the radial compo-
nent of Rayleigh waves and/or Love waves) for a
tentative model;

(2) determination of the velocity spectra of the com-
puted synthetic traces;

(3) computation of the misfit between the velocity
spectra of the field and synthetic traces.

These three steps are implemented within a heuris-
tic optimisation scheme (Coello Coello 2003; Van Veld-
huizen and Lamont 2000) that minimises the misfit,
thus eventually providing the subsurface model that
has a velocity spectrum as close as possible to the
velocity spectrum of the field data. It is clearly impor-
tant to understand that in this way we deal with the
entire velocity spectrum (i.e. the frequency–velocity
matrix) and not with a dispersion curve (i.e. a fre-
quency–velocity curve that represents a mere subjec-
tive interpretation of the velocity spectrum). Figure 3
reports an example of single-component FVS analysis
and intends to briefly (and visually) express how, dur-
ing the FVS inversion process, we aim at identifying a
subsurfacemodelwhose velocity spectrum is as close as
possible to one of the field traces. In case two or more
components are analysed jointly, the inversion scheme
we adopt is based on the Pareto optimality and aims
at finding models that represent the best compromise
with respect to the two (or more) considered objective
functions (DalMoro,Moura, andMoustafa 2015a; Parda-
los, Migdalas, and Pitsoulis 2008; Ramík and Vlach 2002;
DalMoro, Ponta, andMauro 2015b; DalMoro et al. 2016,
2018). Figure 4 reports an example of bi-objective space
where each model evaluated during the optimisation
procedure is identified by itsmisfits (in our case, the first
misfit refers to the radial component of Rayleigh waves

Table 1. Nomenclature adopted for the different components (i.e. acquisition settings). See also Figure 2 and Dal Moro (2014).

Acronym Geophone Source Component

ZVF Vertical (Z) Vertical force (sledgehammer, weight
drop, vibroseis)

Vertical component of Rayleigh waves

ZEX Vertical (Z) Explosive Vertical component of Rayleigh waves
RVF Horizontal with axis parallel to the array - radial

(R) component (Figure 2a)
Vertical Force (sledgehammer, weight
drop, vibroseis)

Radial component of Rayleigh waves

REX Horizontal with axis parallel to the array - radial
(R) component

Explosive Radial component of Rayleigh waves

THF Horizontal with axis perpendicular (transversal,
T) to the array (Figure 2a)

Shear source (horizontal force) Love waves
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Figure 3. Example of single-component FVS analysis: (a) phase–velocity spectrumof a field data set; (b) phase–velocity spectrumof
themodel identified through the inversion procedure described in this paper; (c) compact representation of the twoprevious velocity
spectra (background colours represent the velocity spectrum of the field data, whereas the overlaying black contour lines relate to
the synthetic one); (d) same data as in the previous plot but from a different (3D) perspective.

Figure 4. MOEA optimisation: bi-objective space. Each point
represents a model evaluated during the optimisation proce-
dure. Circles indicate the final Pareto-optimal models and the
square highlights the minimum-distance model (i.e. the model
with the minimum geometrical distance from the ideal utopia
point). Further details in Dal Moro and Pipan (2007).

and the second to Love waves). A description of this
type ofmulti-objective evolutionary algorithms (MOEA)
optimisation scheme is provided in Van Veldhuizen and
Lamont (2000), Coello (2003),DalMoroandPipan (2007)
and Dal Moro and Ferigo (2011).

The proposed approach through a case study

The data set was acquired in northwest Italy (Figure 5)
in the framework of the geotechnical characterisation
of a construction area. The site is located along a Qua-
ternary river terrace composedmainly of soft sediments
(silt, clay and sand), alternating with deposits of poly-
genic gravels that may be occasionally cemented (con-
glomerates). Active data were acquired by means of
22 4.5 Hz horizontal geophones and an 8-kg sledge-
hammer (Table 2 and Figure 6). As described widely
in Dal Moro (2014) and recalled briefly in the intro-
ductory paragraph, horizontal geophones allow the
efficient acquisition of both the radial component of
Rayleighwaves (RVF) and Lovewaves (THF component).
Figure 6 reports the original data (seismic traces and
phase–velocity spectra computed via phase shift; Park,
Miller, and Xia 1998), whereas in Figure 7 we show the
velocity spectra of the decimated data sets obtained
by removing each second trace (thus keeping only 11
traces). By comparing the phase–velocity spectra in Fig-
ures 6 and 7, three facts can be highlighted:

(1) for the RVF component, the higher modes appar-
ent at frequencies higher than ∼ 35Hz are slightly
more evident in the velocity spectrum computed
from the decimated data set (white box in
Figure 7b);
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Figure 5. Location of the site (northwest Italy). In the lower part of the map is visible the River Po.

Table 2. Acquisition parameters.

Number of channels 22
Sampling rate 1ms
Record time 1 s
Geophone spacing 2m
Minimum offset 7m
Stack 5

(2) spatial aliasing shows up in the THF velocity
spectrum (for frequencies higher than ∼ 45Hz and
velocities larger than ∼ 400 m/s) (Figure 7d);

(3) the dispersive properties are clearly and properly
imaged even by considering only 11 traces.

Since the FVS approach is computationally demand-
ing, dealing with a lighter data set (composed by only
11 traces) is surely useful (computational times are
reduced) and the only caution we might consider is
reducing the frequency range up to ∼ 45Hz to avoid
spatial aliasing (which would not represent a prob-
lem cause the synthetics would also reproduce it). In
this regard, it must be considered that from the geo-
logical/engineering point of view, 45Hz are already
an extremely high frequency that relates to the lay-
ers down to about two decimetres and are then quite
irrelevant.

As underlined in Dal Moro et al. (2003) and Dal Moro
(2014), when the dispersive properties are imaged via
phase shift and not through the f–k transform (which
compared with the phase shift method is much more
influenced by spatial aliasing), the actual number of
traces is not relevant. These means that, for common
geotechnical applications (array length between about
40 and 70 m) a limited number of channels (in this
case we used 11 traces) is sufficient and the deploy-
ment of more geophones would result in longer field

procedures without any increase in the information
actually exploited during the data analysis. The veloc-
ity spectra in Figure 7(b) and 7(d) are equivalent to the
velocity spectra in Figure 6(b) and 6(d) but because
we are processing the spectra according to the FVS
approach, using fewer traces will also reduce the com-
putational load.

Figure 8 presents the results of the accomplished
joint FVS inversion. The field and synthetic velocity
spectra for both the considered components are shown
and the overall consistency between field and synthetic
data is apparent. In order to give evidence of the com-
plexity of Rayleigh waves and the consequent impor-
tance of the adopted joint FVS analysis, in Figure 9 we
report the modal dispersion curves of the identified
model (shown in Figure 8c). Two facts are particularly
important. Between 7 and 15Hz, the Rayleigh-wave
spectrum (Figure 9a) is not representative of any spe-
cific mode but is rather amix between the fundamental
and the first higher mode. Furthermore, for frequencies
lower than about 6Hz the energy relates to the second
and third higher modes which dominate the spectra
also for frequencies higher than 20Hz.

By contrast, the THF phase–velocity spectrum is
very well focused and, for frequencies higher than
5Hz, clearly representative of the fundamental mode
alone.

It is often suggested that the maximum penetration
depth of a MASW survey is defined by half of the largest
identified wavelength (Shtivelman 2003). As a matter
of fact, the actual penetration cannot be defined in a
precise way because the sensitivity is decreasing slowly
with depth and the idea of an exact depth is there-
fore necessarily naive. However, because the specific
features of the velocity spectrum depend also on the
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Figure 6. Original (22 traces) field data set: (a) Rayleighwaves (radial component – RVF) and (b) its phase–velocity spectrum; (c) THF
component (Love waves) and (d) its phase–velocity spectrum.

Figure 7. Decimation of the traces reported in Figure 6(a) and 6(c). For both the RVF (a) and THF (c) components only 11 traces are
now kept. In spite of this, the phase–velocity spectra obtained from the decimated data sets are fundamentally identical to those
obtained while considering 22 traces. For further details see text.

length of the array, a common rule of thumb assumes
that the penetration depth is approximately half of the
array length.

It is clear that below 5Hz, the velocity increases
suddenly (see Figure 6b and 6d) thus providing the
evidence that at a certain depth (that the inversion

process identified in about 18 m), an abrupt Vs increase
occurs and reaches values typical of the conglomer-
ates. By contrast, the VS profile below such a strati-
graphic contact can be considered as merely specula-
tive because the length of the array (42 m) does not
allow a greater penetration depth.
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Figure 8. Result of the joint FVS analysis of the RVF and THF components: (a) radial component of Rayleighwaves (the colours in the
background relate to the field data while the overlaying black contour lines represent the velocity spectrum of the identifiedmodel);
(b) Love waves; (c) identified VS vertical profile.

Figure 9. Observed (background colours) and synthetic (over-
laying black contour lines) phase–velocity spectra for the
two considered components and theoretical modal dispersion
curves of the subsurfaceVS model reported in Figure 8(c): (a) the
first four modes for the radial component of Rayleigh waves; (b)
the first two modes for Love waves. See text for comments.

It must be also considered that the signal below 5Hz
does not pertain to the fundamental mode but to the
secondovertone (Figure9a). All these facts suggest that,
reasonably and roughly speaking, the maximum depth
that can be investigated by the considered data is not
larger than about 23 m.

In other words, we can be sure that a massive con-
glomerate is present at a depth of ∼ 18 m, but we
cannot say much about its thickness.

For the shallowest part, we compared the obtained
shear-wave velocities with penetrometer data obtained
∼ 40 m away from the centre of the seismic array by
means of a dynamic probing super heavy (DPSH) test
(Stefanoff et al. 1989) performed to characterise the site
from the geotechnical point of view (Figure 10). At a
depth of ∼ 2 m, the increase in VS and N20 (number of
blows required to penetrate 20 cm) shows the contact
between the superficial soft soil (silt/clay) and a series of
stiffer sandy layers, while considering the stratigraphic
characteristic of the area, the value of VS at a depth of
18 m indicates the presence of conglomerates.

In general terms, it must be considered that pen-
etrometer tests and borehole seismics provide very
local information, whereas MASW data depict the aver-
age model along the array (in this case 42 m long). For
this reason, it is not always possible to establish a simple
and perfect correlation between the obtained VS val-
ues and the local penetrometer data (or the velocities
determined via vertical seismic profiling). This is particu-
larly relevant in areaswhere significant lateral variations
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Figure 10. Geotechnical characterisation of the shallowest layers bymeans of a DPSHpenetrometer test (N20 is the number of blows
required to penetrate 20 cm) and the VS profile obtained by means of the joint FVS analysis.

Figure 11. Riverbed about 1 km from the study area (consider
that the Po river is responsible for the sedimentary characteris-
tics of a very large area that also includes the one considered
for the present study). Owing to the river dynamics, these high-
plain areas can be quite complex from the sedimentary point
of view. In this case, at the same level are present three distinct
types of sedimentary materials: gravels, silt/clay sediments and
conglomerates (area within the light line).

can occur (high-plain sedimentary river deposits; see
Figure 11).

To further highlight the possible benefits of the
approachproposedhere (joint acquisition andFVSanal-
ysis of Rayleigh and Love waves), we processed the
Rayleigh wave data while interpreting the main sig-
nal of the velocity spectrum (Figure 6b) as if belong-
ing to a single mode (the fundamental one). This is
the interpretation that would be inevitably given by
anyone working with this component only (standard
MASW approach). After picking the dispersion curve
(see Figure 12a), we inverted it and obtained the VS

profile shown in Figure 12(b). This is the classical and

common approach that would provide a seemingly
good result: the picked dispersion curve and the one
obtained from the inversion are in apparent good
agreement.

Nevertheless, once we compute the Love wave dis-
persion curve of the model identified through this clas-
sical approach and compare it with the field velocity
spectrum (Figure 12c), we realise that for frequencies
lower than 15Hz, the identified model is not consis-
tent with the Love wave dispersion. Such a disagree-
ment provides the evidence that the Rayleigh-wave
picking (interpretation) was erroneous, although the
inversion process of the picked dispersion curve pro-
vided a seemingly-good result (if we consider only the
Rayleigh-wave data).

The inconsistency of this result should be compared
with the outcome of the joint FVS inversion presented
in Figure 8, where the velocity spectra of the identified
model and the observed onesmatch quite well for both
Rayleigh and Love waves.

In short, the approach presented here aims to avoid
the pitfalls created by two mutually related problems:
the use of a single component and its simplistic analysis
in terms of modal dispersion curves.

Conclusions

Surface wave acquisition and analysis can be per-
formed according to very different methodologies and
the accuracy of the retrieved vertical VS profile clearly
depends on the overall adopted approach.

In past years, optimised acquisition procedures and
comprehensive processing techniques have progres-
sively increased the cost-effectiveness and accuracy of
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Figure 12. Usefulness of a second component (in this case Lovewaves) to check the consistency of the Rayleighwave data interpre-
tation in terms of modal dispersion curve: (a) Rayleigh wave velocity spectrum with the picked dispersion curve (interpreted as the
fundamental mode) and the dispersion curve of the model obtained by inverting the picked curve; (b) VS model obtained from the
inversion of the picked dispersion curve; (c) Love waves: velocity spectrumwith the dispersion curve of themodel identified through
the inversion of the Rayleigh wave dispersion curve. See text for comments.

the reconstructed subsurfacemodel. From this perspec-
tive, we presented an approach based on the FVS joint
analysis of the Rayleigh and Love waves acquired by
means of a set of (4.5 Hz) horizontal geophones only.
As shown, if the dispersive properties are obtained via
phase shift, the number of necessary traces is smaller
than is generally believed so that, for a common40–100
m array, using 12 or 24 traces does notmake any signifi-
cant difference (see also the examples reported in para-
graph 2.2.1 of Dal Moro 2014). What reallymatters is the
total length of the array (i.e. the distance between the
first and last geophones), which influences the depth
to which the retrieved model is sufficiently focused
and which is approximately equal to half the array
length.

Although the FVS approach is computationally heav-
ier if compared to the analysis of the modal dispersion
curves, it can be adopted proficiently to analyse com-
plex velocity spectra that cannot be otherwise soundly
understood and interpreted in terms of modal disper-
sion curves.

Because phase shift allows to define the dispersive
properties even while considering a limited number of
traces, by using just 12 channels we obtain a twofold
result:

(1) reduced field effort;

(2) reduced computation time for the FVS inversion
process which, being based on the computation of
the synthetic traces, is influenced by the number of
considered channels.

For the present case study, the joint analysis of
Rayleigh and Love waves was accomplished without
the need to introduce any anisotropy (VSH = VSV). The
overall good agreement of the obtained velocity spec-
tra for both the RVF and THF components (see Figure 8)
provides the evidence evidence that the local sedi-
ments are fundamentally isotropic (same properties
along both the vertical and horizontal axes). This should
not be surprising since the velocities identified down to
18mare typical of silt/clay/sandymaterials (likelymixed
with a limited amount of gravels/pebbles) that do not
have any apparent reason to behave anisotropically.

By contrast, if working in areas where, due to frac-
tures, stratification or grain orientation, the isotropic
case does not apply, the joint inversion process should
allowacertain amountof anisotropy (VSH �= VSV), always
considering that it would be meaningless to invoke
anisotropies whose values are smaller than the intrinsic
uncertainty of the retrieved VS values.

It is important to point out that for the present
data (as for many others), the Rayleigh wave velocity
spectrum would have been impossible to interpret in
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terms of modal dispersion curves because over a cer-
tain frequency range, the energy is actually a sort of mix
between the fundamental and first higher modes (see
Figure 8 and related comments and references).

Finally, in adopting the described approach (joint
analysis of Love waves and the radial-component of
Rayleigh waves) for the analysis of group velocities (e.g.
Dal Moro et al. 2016; 2018; Dal Moro, Ponta, and Mauro
2015b; Dziewonsky, Bloch, and Landisman 1969; Ritz-
woller and Lavshin 2003), we would just need one sin-
gle horizontal geophone that, properly rotated, would
allow the acquisition of Love waves as well as the radial
component of Rayleigh waves.
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