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Create the truth that you wish to know; and I,
in knowing the truth that you have proposed to
me, will make it in such a way that there will
be no possibility of my doubting it, since | am

the very one who has made it.

“Seeing knowing’, 2004, Castello di Rivoli.

Joseph Kosuth quoting Giambattista Vico
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ABSTRACT

This work studies the possibility of using surfacave analysis as a tool for a robust
estimation of the S-wave velocity behaviour iretally varying media. The surface
wave method, in fact, can be effectively adopteddifferent purposes and at different
scales, but | focused on the geo-engineering antiegenical applications of surface
wave analysis and also on the production of nedastl models for deep exploration:
in both cases the aim is to retrieve the trenthefS-wave velocity in the first tens up
to hundreds meters of depth of the subsoil. Théaserwave method exploits the
geometric dispersion proper of surface waves: moa-homogeneous medium every
frequency is characterized by a different phasecitgl, as every frequency component
travels through a portion of medium whose thickniegsroportional to its wavelength.
The curve associating every frequency componentitstqgphase velocity is called
dispersion curve, and it constitutes the experialettitum one uses for the solution of
an inverse problem to estimate the behaviour ofa8welocity in the subsurface. The
inversion is performed by assuming a 1D forward atladlg simulation and suffers
from equivalence problems, leading to the non uengss of the solution. Despite its
great ductility, the main limitation of surface veawnethod is constituted by its 1D
approach, which has proved to be unsatisfactogven misleadingin case of presence
of lateral variations in the subsoil. The aim o€ thresent work is to provide data
processing tools able to mitigate such limitatemthat the surface wave method can be
effectively applied in laterally varying media.

As far as the inadequacy of surface wave methea@se of 2D structures in the subsoil,
| developed two separate strategies to handle smarad gradual lateral variations and
abrupt subsurface heterogeneities. In case of $mawiations, the approach | adopted
aims at “following” the gradual changes in subso#terials properties. | therefore
propose a procedure to extract a set of neighbgudispersion curves from a single
multichannel seismic record by applying a suitagpetial windowing of the traces.
Each curve corresponds to a different subsoil proytiso that gradual changes in subsoil
seismic parameters can be reconstructed throughvéesion of dispersion curves. The
method was tested on synthetic and real datasgtprbved its reliability in processing
the data from a small scale seismic experimenteds Win the context of characterizing
smooth 2D structures in the subsurface via theasarivave method, | also developed a

procedure to quantitatively estimate the (gradiaadral variability of model parameters
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by comparing the shape of local dispersion curwadjout the need to solve a formal
inverse problem. The method is based on a semgiavialysis and on the applications
of the scale properties of surface wave. The puweedan be devoted to different
applications: | exploited it to extend a priori &dnformation to subsoil portions for
which an experimental dispersion curve is availapld for an estimation of the lateral
variability of model parameters for a set of nemtitg dispersion curves. The method
was successfully applied to synthetic and realsdta

To characterize sudden and abrupt lateral variationhe subsurface, | adopted another
strategy: the aim is to estimate the location amdbeziment depth of sharp
heterogeneities, to process separately the setsatses belonging to quasi-1D subsoill
portions. | adapted several methods, already dlailen literature but developed for
different purposes and scales, to the detectiosudiden changes in subsoil seismic
properties via the analysis of anomalies in surfae@e propagation. | got the most
promising results when adapting these methodsjnatlg developed for single shot
configurations, to multifold seismic lines, expioi their data redundancy to enhance
the robustness of the analyses.

The outcome of the thesis is therefore a seriepro€essing tools that improve the
reliability and the robustness of surface wave wetiwhen applied to the near surface

characterization of laterally varying media.
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INTRODUCTION

Surface wave (SW) method has progressively eshalias an effective and reliable
tool for the estimation of the mechanical properbésubsoil and materials. Its ductility
has given birth to a wide range of applications,different scales and purposes: from
micro to macro scales, ultrasonic surface waves eaqeoited to identify material
defects (Scales and Malcolm 2003), while seismgksgiise surface waves produced by
earthquakes to investigate the structure of thdn'sacrust and of the upper layers of the
mantle (see for instance Trampert and Woodhouse&)20% intermediate scales,
geophysicists and geo-engineers make use of susaee for the estimation of S-wave
velocity in the first tens or hundreds of meterdiwé subsurface. This particular field
has in turn a great number of applications: surfacaves are used for the
characterization of the near surface weatheringeriayin seismic hydrocarbon
exploration (Bohlen et al. 2004), but also for éséimation of the dynamic behaviour of
soils in structural engineering. As for the latégplication, SW method has nowadays
become a standard for seismic risk assessmentestuaid has involved part of the
activity of my doctorate (Bergamo et al. 2011, Fettial. 2011). Despite this great
variety of purposes, all applications exploit treeme property of SW, that is the
geometric dispersion which occurs when surface watravel through a non-
homogeneous medium (Socco and Strobbia 2004).rexffkinds of surface waves can
be generated and therefore analyzed (Love wavés|t8avaves, P-guided waves) but
generally SW method exploits Rayleigh waves, whatle easily generated and/or
recorded on the ground surface.

All surface wave analysis applications share thmesarocedure, which is based on
three successive steps:

1) acquisition of the experimental data. Recordedad can be either generated by an
active source (active methods) or by ambient noissarthquakes (passive methods);
2) acquired data are then processed to extraaxterimental dispersion curve, that is
a curve expressing the relationship between tlguémrecies and their respective phase
velocities, caused by the geometric dispersion @rgh SW. The dispersion curve can
comprise more than one propagation mode;

3) finally, the experimental dispersion curve umggdes an inversion process through
which model parameters are estimated.
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According to the scale and the application, théseet steps can be achieved following
different approaches. However, for geotechnical g®b-engineering applications,
which are of greater interest for this work, theguasition is performed with a
multichannel array of vertical low-frequency geopés:. the recorded seismogram is
then converted to the frequency-wavenumbé&j or frequency-slowness<{p) domain,
where the energy maxima are identified to extraetexperimental dispersion curve. As
far as the inversion is concerned, it exploits bdmMard modelling to estimate a 1D S-
wave velocity profile. Notwithstanding its greatatility, the SW method is however
characterized by a 1D approach which might proveatisfactory, and sometimes
misleading, when the method is applied in 2D emviments (Semblat et al. 2005).

In literature some strategies to overcome thistaton are present. A first strategy is
based on a spatial windowing of the seismic trd8hlen et al. 2004; Boiero and
Socco, 2011), so that the dispersion curve becamnéscal property of the subsoil
beneath the receivers whose traces are weightee mbrs solution can be successfully
and effectively adopted in case of smooth lateealations: if the spatial window is
successively shifted along the seismic profilestac$ dispersion curves can be extracted
and the gradual change in subsoil seismic parametan be reconstructed with a
laterally constrained inversion of the dispersianves yielding a pseudo-2D section of
the shear wave velocity in the subsurface (Socad. €009, Bergamo et al., 2010). In
case of sharp and sudden 2D effects in the suleeurtmother strategy should be
preferred: it consists in estimating the locatidrdiscontinuities in seismic parameters
of the subsoil and in processing separately seidmsices belonging to quasi-1D
subsurface portions (Vignoli and Cassiani 2010 hwiget al. 2011).

As for the last stage of SW analysis, that is tpeeemental dispersion curve inversion,
different approaches have been developed. Mosherhtadopt deterministic (or local
search) inversion techniques , that imply an iteeaipdating of the initial model based
on the computation of partial derivatives. Being thata-model relationship for SW
strongly non linear, the inversion suffers from igglence problems (Tarantola 2005,
Foti et al. 2009): great care must then be paidnwdiosing the initial model, as the
non-uniqueness of the solution makes the inversésmilt very sensitive to it, driving
the inversion towards local minima if the initiabdel is not correct (Sambridge 2001,
Luke et al. 2003 and Wathelet 2005). The issudlwan be faced by preferring a global
search method inversion algorithm, which is able highlight the presence of

equivalence problems by providing a set of soligiequally satisfying the experimental
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data. A global search approach, however, impliesatgr computational costs with
respect to deterministic inversion methods (Sodcal.€2010). The robustness of SW
inversion can be significantly improved by explogia priori information and/or other
geophysical data available for the investigatee tsitproduce a reliable initial model for
local search algorithms or run a constrained ant jmversion (Wisen and Christiansen
2005 and Schuler 2008). A similar strategy is applied by laterally constrained
inversion (LCI) algorithms, where a set of dispanscurves is inverted simultaneously
and each 1D model is linked to its neighbours withtual constraints to provide a
single pseudo-2D model, thus increasing the rolasstnof the inversion process.
Laterally constrained inversion, in particularshproven to be an effective tool for the
inversion of a set of neighbouring dispersion car{f&occo et al. 2009).

The research activity that is presented in thiskwisrmainly devoted to analyse and
mitigate the inability of SW method to adequatiglyestigate lateral variations in the
subsoil. | separately approached the problems ngri$iom smooth, gradual 2D
structures in the subsoil and from sharp latergtriogeneities. As far as smooth lateral
variations are concerned, | adopted the stratedyctily focus the investigation and to
follow the gradual changes of subsoil seismic progg The approach providing a
local focusing of the examination has been chosemng others, by Bohlen et al.
(2004) who propose to spatially window the seistnaces: traces amplitudes are
suitably weighted, to mitigate the effect of laterariations and to centre the
investigation within a certain spatial range. listtvay the dispersion curve becomes a
local property of the subsoil beneath the receivensse traces are weighted more. |
have set up a procedure to retrieve 2D structw@s SW acquired with a limited
number of receivers, for engineering or geotechnpeaposes (Bergamo, Boiero and
Socco 2010). My technique is based on a two-stepgss:

1) extraction of several local dispersion curvEm@the survey line using a spatial
windowing based on a set of Gaussian windows walying shape whose maxima
spanthe array line;

2) inversion of the retrieved set of dispersionvesr using a laterally constrained
inversion (LCI) scheme based on a pseudo-2D maatelnpeterisation together with 1D
forward data simulation.

Another procedure | developed to face smooth lateerogeneities in the subsurface
allows to quantitatively estimate the lateral Jailisy of model parameters by

comparing the shape of local dispersion curveshauit the need to perform their
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inversion. The algorithm is based on a sensivitglyais and on the applications of the
scale properties of surface wave (Maraschini e204ll). The procedure can be devoted
to different applications: | exploited it to exteagriori punctual information to subsoil
portions for which an experimental dispersion cusvavailable and for an estimation
of the lateral variability of model parameters #@rset of neighbouring dispersion
curves. The first application allows to producecasistent initial model based on a
priori information accustomed according to local S¥sfta; the evaluation of the
expected spatial variability of model parameters waed to provide a data-consistent
setting of the lateral constraints for a lateralhnstrained inversion (Boiero et al. 2009).
As for handling sharp and abrupt subsoil heterageaginstead, | adopted a different
strategy: the aim is not following smooth graduarations but identifying the location
of sudden discontinuities to process separatelfrdoes belonging to quasi 1D subsoil
portions (see for instace Vignoli et al. 2010). Hus purpose, | tested the applicability
and the effectiveness in retrieving discontinuiiieshe subsoil of three methods, all of
them exploiting the detection of anomalies: muffset phase analysis of surface wave
(MOPA, introduced by Strobbia and Foti 2006), goBasrum method (described by
Zerwer et al., 2005) and the attenuation analyERayleigh waves (AARW, Nasseri-
Moghaddam et al., 2005). Although already availabhese methods were originally
developed for different purposes and differentespabblems: therefore, | tested them
on the same synthetic and real dataset, both of t@racterized by the presence of a
fault permpendicularly crossing the array line (Bang and Socco 2011).

The aforementioned methods were implemented in &a&l and were first tested on
synthetic datasets and later applied to real ddtaone case, the algorithm was also
tested on seismograms derived from a small-scakamse survey performed on a
p hy sical model.

As for the synthetic datasets, they were producederify the applicability of the
developed algorithms and to test their effectivenasfacing different kinds of lateral
heterogeneities. | adopted several methods to @ndne synthetic data: finite element
method (FEM) and finite difference method simulasiavere performed, but | also used
a code implemented at Politecnico di Torino (Boig€2@09) able to model semi-
analytically only the Rayleigh wave propagatioroiigh a layered medium. As already
mentioned, | also processed a dataset obtained &rosmall-scale seismic survey
performed on a physical model. The experiment wasfopmed at the Acoustics

Laboratory of the Université du Maine, in Le MaRsance. The small scale model was
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constituted by granular materials and the acqaisitvas obtained with a laser-Doppler
interferometer: thanks to a proper choice of theéemas, grain size and deposition
process, | managed to produce a layered mediunactieazed by a 2D geometry.
Small scale experiments are in fact gaining pojitylar surface wave analysis literature
because they allow to perform measurements on miodglose geometry and
mechanical properties are known and, at the same they are able to yield datasets
whose quality is not far from the real case adgjorss (their datasets are therefore
more realistic than those derived from numericahuations: see for instance
Campman et al. 2005 and Bodet et al. 2010). Thdodest developed for the present
work were eventually applied to real cases. Adairsed different kinds of field data: |
exploited MASW (multichannel analysis of surfacews) acquisitions, but also

seismic reflection surveys, performed in both cdseseismic risk assessment studies.
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1 - RETRIEVING 2D STRUCTURES FROM SURFACE WAVE DATA BY

MEANS OF ASPACE-VARYING SPATIAL WINDOWING

In this first chapter | introduce a processing tedue | developed to reconstruct
smooth lateral variations in the subsurface by nseahthe application of surface wave
analysis. The technique is based on the spatiadloviing of traces amplitudes, which
allows to locally focus the investigation and, thfere, to “follow” gradual 2D
structures in the subsoil, even when a limited nemol shots is available.

ABSTRACT

Surface wave techniques are mainly used to retd&eubsoil models. However,
in 2D environments the 1D approach usually negléloespresence of lateral variations
and, since the surface wave path crosses differaerials, the resulting model is a
simplified or misleading description of the sitee\Wropose a processing technique to
retrieve 2D structures from surface wave data aeduwith a limited number of
receivers. Our technigue is based on a two-stepegso First, we extract several local
dispersion curves along the survey line using dialp@indowing based on a set of
Gaussian windows with different shape; the windoaxima span the survey line so
that we are able to extract a dispersion curve fileenseismogram for every window.
This provides a set of local dispersion curves eafchhem referring to a different
subsurface portion. This space varying spatial wuvidg provides a good compromise
between wavenumber resolution and the lateral wgsal of the obtained local
dispersion curves. In the second step, we invertrélrieved set of dispersion curves
using a laterally constrained inversion scheme. &pplied this procedure to the
processing of both synthetic and real data setstathethod proved to be successful in

reconstructing even complex 2D structures in thssdace.

INTRODUCTION

Surface waves (SW) analysis is usually applieddtmate 1D subsurface shear

wave velocity Yy models. However, when applied in 2D environmetits 1D
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approach might prove unsatisfactory and, sometimesleading (Boiero and Socco,
2011). Indeed, in a fully 1D environment the digp@n curve represents the seismic
properties of the subsurface, but the presencateffdl variations beneath the receiver
spread affects the SW propagation and this shaulitbounted for when processing the
data to retrieve the dispersion curves. Therefibre,question is: since the 1D approach
neglects the presence of lateral heterogeneitibat v8 the retrieved dispersion curve
representative of in case of 2D structures in thesarface? Can we refer the dispersion
curve to an “average” subsurface shear wave vglguibfile or does it represent a
particular portion of the investigated subsurface?

In the case of weakly laterally varying media, Boiand Socco (2011) showed that,
depending on the lateral variation pattern and warder resolution of the measuring
array, the dispersion curve, retrieved by app Wirayefield transforms over the whole
receiver spread, can be either representative ef aberage slowness along the
propagation path or be definitely not represengabivany portion of subsurface beneath
the array. They also showed that in these casempihlecation of spatial windowing can
make the dispersion curve representative of thal lsgbsurface velocity beneath the
window maximum. When strong and abrupt heterogeseiccur in the subsurface,
they are likely to produce significant deviatiorfstioe SW path from the shortest path
between source and receiver, with induced coupbetween modal contribution
(Strobbia and Foti, 2006). Lin and Lin (2007) hgveoven that artifacts can be
introduced in 2DVsimaging if the effect of lateral heterogeneity @ accounted for. In
literature some strategies to apply SW analyseage of lateral variations are available
(Socco et al., 2010). A first strategy is to detdtcontinuities in subsurface seismic
parameters and to process separately seismic tbatesging to quasi-homogeneous
subsurface portions. This can be achieved by dewegrproaches (see for instance
Nasseri-Moghaddam et al., 2005, Zerwer et al., 2@®bbia and Foti, 2006, Vignoli
and Cassiani, 2009). Another strategy, of greaf@rest for this work, is based on the
spatial windowing of the seismic traces: trace dmgés are suitably weighted, to
mitigate the effect of lateral variations and tous the investigation within a certain
spatial range. In this way the dispersion curveobexs a local property of the subsoil
beneath the receivers whose traces are weightegl Bohlen et al. (2004) proposed an
approach based on a moving spatial window for m%iog and extracting dispersion
curves which are then inverted to generate a 2@rsiave velocity pseudosection.

They applied it to a marine data set acquired fqrlagation purposes and indeed,
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methods based on a moving window may only be appdiesery long survey lines, like
those used in exploration seismic reflection. Oa ¢bntrary, we propose a processing
technique to retrieve 2D structures from SW acquiveth a limited number of
receivers, for engineering or geotechnical purpcdsrgamo et al., 2010). Our
technique is based on a two-step process:

e extraction of several local dispersion curves gltme survey line using a spatial
windowing based on a Gaussian window with vargingpe;

* inversion of the retrieved set of dispersion curueg1g a laterally constrained
inversion (LCI) scheme based on a pseudo-2D maatelnpeterization together with 1D
forward data simulation. Auken and Christianseéd0@ first introduced LCI approach
for the interpretation of resistivity data, and séfi and Christiansen (2005) and Socco
et al. (2009) successfully applied it to the inianmsof SW data: LCI is a deterministic
inversion in which each 1D model is linked to itsghbors with mutual constraints to
provide a single pseudo-2D model.

We present the proposed method in the followingis®cand then we apply it to

synthetic and field data.

METHOD

We firstly outline the proposed technique and thendiscuss the consequences of
its application in terms of lateral resolution amdvenumber resolution of the retrieved

dispersion curves.

The processing technique

In the case of both weak and sharp lateral variatioelow the survey line, the
dispersion curve assumed as corresponding to aubBusface profile might not be
representative of the seismic characteristics eftibsurface: a strategy to mitigate this
problem is to focus the dispersion curve estimabanthe array centre to reduce the
effects of the lateral variations and make the afisjpn curve a local property of the
subsoil beneath the array centre (Boiero and Sdi@bl). Bohlen et al. (2004) have
suggested to window the seismogram in the spadiamaih with a Gaussian window.
We propose to substitute this symmetric window wité maximum in the centre of the

receiver array, with several windows whose maxipensthe array (Figure 1.1).

11
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Figure 1.1 — Gaussian windows used for the spatial windowinghaf seismogram.
Parametera is 6 for all windows, parametgtis different for each window.

For every window we extract a dispersion curve frohe seismogram thus
retrieving a set of dispersion curves, each of thefarring to a different subsurface

portion. We use a Gaussian window defined as follow

yavi|

w,,=e? N2/ k=01..,N (1)
wherew is the weight that is assigned to thel™ trace,N is the number of spatial
samples minus ong,is a number ranging from 0 to 1 indicating theek position of
the maximum of the window with respect to the areygth ande>2 is a parameter
inversely proportional to the window standard deeras, as

=N/ (2)

Note that parametetsandg define the shape of the window;: in particular, is
related to the width of the window (Figure 1.2), ighhcontrols the extent of the
investigated portion of subsoil and, thus, the rédteesolution of the retrieved
dispersion curves. The following section explainsdetail how we need to choose
parametera to conceal the wavenumber resolution requiremerftsthe related
frequency-wavenumbef-K) spectra and the desired lateral resolution ofdiepersion

curves.

12
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Figure 1.2— Effect of parameterr on Gaussian windows shape. Paramgtas 0.5 for

all windows, parameter ranges from 3 to 7.

To summarize, we are able to extract several disme curves, each of them
referred to a different subsurface portion, from slhme seismogram by windowing it in
space domain with a set Gaussian windows with emnst (i.e.: same Gaussian
windows bell width) and increasingvalues (i.e.: different positions for the windows
maxima). We conventionally refer every dispersiamve to the position of the
corresponding window maximum. Moreover, we do raKet into consideration the
Gaussian windows whose maxmum ig @r less far from one of the ends of the
receiver array to avoid the cutting of the windaast If two or more shots are available
for the same array posiion, we can stackftkespectra from different shots with the
same spatial windowing, thus improving the sigmahbise ratio (Grandjean and Bitri,
2006; Neducza, 2007): we then perform the pickihgnaxima on each stackeek
spectra, obtaining higher quality dispersion curves

We invert the set of dispersion curves obtainemmfrthe previously described
procedure using a laterally constrained inversio@lY scheme based on a pseudo 2D
model parameterization together with 1D forward adatimulation (Auken and
Christiansen, 2004, and Socco et al., 2009). THeid @ deterministic inversion scheme
inverting all the dispersion curves simultaneoustyinimizing a common objective
function: corresponding parameters from neighbofiDbgmodels are linked by means
of constraints that act as a regularization ofitkiersion process. The number of output

1D models is equal to the number of dispersionesiryielding a 2D pseudosection of

13
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the S-wave velocity in the subsurface. LCI has proto be a valuable tool able to
retrieve 2D effects and to reconcile lateral valigbwith global homogeneity (Boiero
and Socco, 2010). Its application as inversion m&héor our technique is justified,

despite the expected lateral variations, by th&éagaroximity of the dispersion curves.

Resolution issues

The application of the spatial windowing is notatt consequences on the lateral
resolution of the retrieved dispersion curves andhe wavenumber resolution of the
relatedf-k spectra. We define the lateral resolution of @dision curve as the width of
the subsoil portion the dispersion curve can besidened representative of. We have
conventionally set this width asr2i.e. we assume that every dispersion curve mainly
reflects the seismic properties of a subsurfacéi@ocentered at the Gaussian window
maximum and wide on both sides (see Figure 1.3).

T I | I
/ i \ * Receivers array
0.9F /N ___Gaussian window: beta = 0.35, H
[ \ alpha=6
0.8 / ! \ ___Projection of window maximum 1
07- .-"K ! \ on the array line 1
' /g | O \-‘ ___Projection of the ends of the area of interest

06 4—|-" :4—:,\ on the array line
ol A ! I\ |F—Area of interest
£ 0.5 /i | A i
[=)] I ] 14
e /A A
g 0.4 [ : I : \l B

1 1
I 1 1 '-_I
0.3 K i i i \ .
-"l- I : : \
! ! : \
0.1F / . | ! . |
Lo AN
Olvwvvvvyvsrryrrrrvivrrvrrrrvvrvrrrvy vrvyvros
1 L 1

|| | L 1
5 10 15 20 25 30 35 40 45 50
Spatial samples - receivers

o

Figure 1.3 — Effect of Gaussian window shape on the lateral Itdem of the
corresponding dispersion curve. A Gaussian windoih w = 6 and f = 0.35 is
represented: the thick dashed black lines markptizgection on the array line of the
points at window maximum +/s which are the ends of the subsurface portion
influencing the most the corresponding dispersimve (in the figure legend, the width

of this portion is referred to as “area of inter&st

A large value ofx produces a small value ef(because of the relationship between
o anda expressed by equation 2) and improves the latesallution: vice versa, a
small value ofx produces a large value @fand a poor lateral resolution. Unfortunately,

14
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we cannot set at will the width of the Gaussiandweins because the lateral resolution
of the dispersion curves clashes with the wavenumésmlution of thd-k spectra. In
order to define the wavenumber resolution, we haveecall that the SW method
implies the analysis of the recorded seismic trasasg a wavefield transform (efek

or w-p) to retrieve the dispersion curves. In this papemuse and make reference to the
f-k transform, but the following considerations, shigyamodified, are valid for other
wavefield transforms as well. ThHek spectrum we can compute from the recorded
traces is indeed an estimate of the ackkaspectrum of the vertical vibration velocity
of the ground particles at the surface of the itigased site. The estimated spectrum, in
fact, depends on the acquisition array geometryoanihe used spectral estimator: these
two factors are combined in the resolution functmmArray Smoothing Function
(ASF). Therefore, we have:

P(f k) = ASF* P(f, k) 3)

0
where P(f,k) is the estimatetik spectrum,P(f k)is the theoretical spectrum aAGF

is the array smoothing function (Johnson and Dudg#893). When we use the Fourier
transform, we can write the ASF as:

ASF(k) = ZN:wn exp(ik X,) 4)(

n=1
wherew, is the weight for the™ sensor, which depends on the window coefficiekts,
is the wavenumber, the position of the" receiver andN is the total number of
receivers. The ASF amplitude represents the lealerargy: the main-lobe width
(Figure 1.4) is determined by, the spacing between neighboring receiwkrand the
window coefficientswy, and it quantifies the wavenumber resolution efébtimated-k
spectrum.
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Figure 1.4— Array Smoothing Function for a 48 receiver arrayjthwspacing 1.5 m
spatially windowed with a Gaussian window defingdob= 6 and f = 0.5. The
wavenumber of the ASF at -6 dB, called half witHi], defines the array wavenumber

resolution.

According to the Rayleigh resolution criterion, tinaf of the main lobe width at -6 dB
(half width or HW in Figure 1.4) quantifies the ayrwavenumber resolution (Johnson
and Dudgeon, 1993). HW defines both the minimuneaeable wavenumber and the
minimum wavenumber distance between neighboringteven thef-k plot (e.g. two
different SW propagation modes) so that the twamessean be distinguished. The ASF,
equation 4, is function of,, the window coefficient attributed to tn? trace, hence,
the application of a spatial windowing to the sa&gmam has consequences on the ASF
and, therefore, on the wavenumber resolution. dnergl, the wider the window, the
narrower the ASF main lobe and therefore the smeEl: hence it exists a drawback
between lateral and spectral resolution.

Figure 1.5 represents the ASFs for a 48 recenay avith 1.5 m spacing.
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Figure 1.5—a) 48 receiver array with 1.5 m spacing; traces aatially windowed
with a Hanning window (gray line), a Gaussian wind¢dashed black line) defined by
a =5 andg = 0.5, and a box window (black continuous line)wide. b) the ASFs for

the three windows, displayed with the same linlesty

We spatially windowed the traces by a box windowaaning window and a Gaussian
window witha = 5 andp = 0.5 (Figure 1.5a portrays the windows while Fegli.5b
depicts the corresponding ASFs). Several authorse teready used the Hanning
window for the mitigation of lateral variations efts on SW analysis and to attenuate
“ghost” maxima on thék spectrum (Boiero, 2009), extracting a single dispa curve
from the seismogram: on the contrary, a sliding tixindow (which equals to dividing
the seismogram into sub-seismograms) or the Gaussiadows described in the
previous section provide a set of dispersion cufi@s the same seismogram. Figure
1.5 shows that the Gaussian window is a good comige between the optimal
wavenumber resolution of the Hanning window and high lateral resolution of the
box window: the HW for the Gaussian window is gesahan the Hanning window one
but smaller than the box. In other words, the usa spatial windowing based on a set
of Gaussian windows defined as proposed allowsraklocal dispersion curves to be
extracted from a single seismogram and, at the same, it ensures a greater
wavenumber resolution with respect to subdividifge tseismogram into several
portions. Care has to be taken when choosing théhwvaf the Gaussian windows, i.e.
for the choice of parameter. the greater is:, the poorer the wavenumber resolution,
the better the lateral resolution of the retriedespersion curves, and vice versa (Figure
17
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1.6). The optimak value should then guarantee a sufficient wavenumés®slution (i.e.
we must warrant a suitable minimuknand we must be able to detect surface-wave
propagation modes as separate events onf-th@lot) but it should also ensure

dispersion curves as local as possible.

a) v Receivers ’ ? b)
Alpha=3

Alpha=4
——Alpha=5
—Alpha=6
—Alpha=7
1

ASF (dB)

Weight (-)

0.5¢

PLALLESSIA |
-8 - >
-9 \ \ \ ]
0 20 30 &0 % 01 02 03 04 o0

Offset (m) Wavenumber (rad/m)

5

Figure 1.6 —a) 48 receiver array with 1.5 m spacing; traces afatially windowed
with Gaussian windows defined by increasingalues angs = 0.5; b) the ASFs for the
windows, displayed with the same colors. Note thatwider the window, the greater

HW.

According to the previous definition of lateralsodution (&) and spectral
resolution (HW), we can compute, for a given reeeigpread, the value of lateral and
spectral resolution provided by a chosen value dthe plot in Figure 1.7 represents the
relationship among the value of parametethe lateral resolution of the respective
dispersion curves, and the wavenumber resolutiothef-k spectra for several array
configurations. If only the fundamental mode isqer@ on the computdek spectrum,

we can improve the lateral resolution as long asewsure the necessary minimum

wavenumber.
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Figure 1.7— The plot represents the relationship among the evatia, the lateral
resolution of the respective dispersion curves tnedwavenumber resolution of the f-k
spectra for several array configurations. The wawaber resolution is multiplied by
the spacing between receivers, yielding the nomedliwavenumber resolution; the
lateral resolution is represented in terms of oabetween @ and the total array

length.

If several dispersive events are displayed on fthespectrum, we can retrieve the
wavenumber resolution that is required to distisguihem from thé-k plot obtained
from the same seismogram without windowing. By engghe chart in Figure 1.7 with
the required wavenumber resolution we can get thlaevfor parameten and the
consequent lateral resolution of the dispersiorve=sur Once the lateral resolution is
known, we can determine the spacing between neiigipalispersion curves (and
therefore the appropriaje values): as we set the width of the area of imiheeof a
dispersion curve to & the spacing between the Gaussian windows maxinoald
indicatively assume the same value. However, ie cdgarticularly complex expected

lateral heterogeneities, a finer dispersion cuesgaction can be appropriate.
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RESULTS
Synthetic examples

We assessed the feasibility of the proposed mettiothe processing of SW data on
three synthetic data sets characterized by diffekgrls of lateral variations. The first
synthetic model is made of two layers overlying#-space (Figure 1.8). The thickness
of the two layers linearly varies along the sund@e, which is made up of 181

receivers with 1 m spacing.

500 20 40 60 80 100 120 140 160 180 F”O
X (m)

150

=
[=]
o

(7]
o
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(3]
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]
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(=}

Shear Wave velocity (m/s)

100

Figure 1.8 — First synthetic model geometry. Thpandayer is characterized by a
shear wave velocity of 150 m/s, whereas the selayed velocity is 250 m/s. The half-
space has a velocity of 500 m/s. The rhombi oniapesurface of the model mark the
positions of the Gaussian windows maxima and, thezethe locations of the retrieved
dispersion curves.

We modeled the Rayleigh wave fundamental mode maipen by the following
equation (Woodhouse, 1974; Boiero, 2009):

u( X, w) = ; R(Xw) exp{— 'wj‘rayj dx p ( x,a))} S(w) (5)

where,p(x,w) is the slowness distribution along the ray ptfor thej" mode while
S(w) represents the excitation imposed by the sourmR{X,w) includes the terms

dependent on receiver depth and the geometricaladprg of the surface waves. We
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simulated two shots in (0,0) and (180,0), respeltivWe applied the processing
scheme based on Gaussian windows to the synthatm td extract a set of 12
dispersion curves, evenly-spaced along the line. S&te parameter: to 5. as we
simulated only the fundamental mode propagation,otiter dispersive events are
present on thék plot and therefore the choice of the optimak driven only by the
minimum k that we have to guarantee. The minimum wavenurtiQgr), in fact, is

related to the maximum recordable wavelength, ask .. = 277/A., , andi, ., itself

is linked to the investigation depth,()., being roughly between two and three times
Znax 1O guarantee an investigation depth able to ersgaod characterization of all the
three layers #,,, ~ 30 m), we estimate a required minimum wavenumlzgraleto

k.. =2mA._ =225z =84 10° rad/m. Hence, as presented in Figure 1.9, the
appropriatex value is around 5: the guaranteed lateral resolusd@5 m, but we opted

for a denser dispersion curve extraction (a cumerye10 m) to carefully follow the

expected lateral variation.
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Figure 1.9— Chart from Figure 1.7 accustomed for the first &gtit model (Figure
1.8) array configuration. By entering the plot witihe required k resolution, we obtain

ana value of 5 and a lateral resolution of 35 m.
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As two shots were available, we stacked thkespectra from the two shots with the
same spatial windowing, and we performed the pgchihmaxima on each stacké#
spectrum.

Figure 1.10 represents the obtained dispersioresuboth in terms of frequency
versus phase velocity and pseudo-depth (wavelgh§)hversus apparent S-wave
velocity (1.1 times phase velocity): the latter resentation is referred to as
“approximate inversion” in engineering geophysiNeill, 2004) and it is a rough
indication of the lateral and vertical variationsbfear wave velocity\).
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Figure 1.10- Dispersion curves from the synthetic model in Fgglir8. a) Dispersion

curves represented in terms of phase velocity wefiquency: the dispersion curves
color depends on the reference point position. igpBErsion curves represented in
terms of pseudo-depth (wavelength/2.5) versus appaB-wave velocity (1.1 times

phase velocity).
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In Figure 1.10b the trend of the two interfacesqiste well marked by velocity
discontinuities in the dispersion curves. We evalhtuinverted the dispersion curves
using an LCI approach setting medium constraintoragnvelocities and loose
constraints among thicknesses. Figure 1.11 showdntlersion results, with the actual
position of the interfaces depicted in black: wenaged to retrieve the 2D structure of
the model and the obtained velocity values have@mum estimation relative error of
9%.

Inversion Results
O T T T T T T

Depth (m)

1 1
40 60 80 100 120 140

0 100 200 300 400 500 600
Shear wave velocity (m/s)

Figure 1.11- Inversion results of the dispersion curves from dlgathetic model of
Figure 1.8. The black lines mark the actual posgiof the interfaces.

We produced the second and the third synthetic sketsaby using an available
finite-element method (FEM) code for numerical siaions (COM SOL Multiphysics
®). The second synthetic model is a 2D linear,teasotropic model. Its geometry and
V;, are represented in Figure 1.12: the model is m@adef two layers and a half-space,
but the second layer contains a lens whose medignioperties are the same as the
half-space. The model geometry is therefore netatriwith abrupt lateral variations
hard to be retrieved. We used a Ricker source pmhtat 10 Hz for the shots

simulation: again, we simulated two shots, with soairce position in (310,0) and

23



Paolo Bergamo Surface wave analysis in laterally varying media

(490,0) respectively. We recorded the verticatation velocity at the surface in 181

positions between the two sources locations with spacing.

300}

250}

200t}

1507

Shear wave velocity (m/s)

100}

-8
%00 320 340 360 380 400 420 440 500 501
X (m)

Figure 1.12 — Second synthetic model geometry.dgfaphical clarity reasons, in the
current figure only the central portion of the mbde displayed: the synthetic model
extends from X =0 to X =800 m and from Y = 0 ddwnr220 m without any other
vertical or lateral variations. The model is a 2Dodel carried out by using COMSOL
Multiphysics ®. The upper layer S-wave velocity28 m/s, the second layer velocity is
170 m/s and the half-space ¢ 270 m/s. The lens has the same velocity abadlie

space.

Table 1.1 displays other numerical simulation dstai

Table 1.1- Finite-element method simulation parametergtiersecond synthetic model.

Total number of FEM elements 142047 mesh elements
Degrees of freedom 5720004

Time step 10's

Maximum simulation time 35s

Again, we applied the processing scheme based arsdw& windows to the
synthetic data. First, we computed fHe spectrum of the first simulated seismogram

without any windowing to estimate the necessary emawmber resolution. As
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highlighted in Figure 1.13, the minimuk we need to compute and the distance
between dispersive events (fundamental and figstdrimode) is around 0.11 rad/m, so
that the appropriate value feiis 6 (Figure 1.14)

Frequency (Hz)

% 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1 1.1 1.2
Wavenumber (rad/m)

Figure 1.13 — Zoom of the f-k spectrum of the satedlshot in (310, 0) without spatial
windowing. Red arrows mark the minimum k,(f that we need to compute and the

wavenumber distance between two dispersive evdaita/e have to guarantegk).

14

10

Alpha (-)

-~ 1 i i j
0 0.05 01 0.15 0.2 0.25 0.3 0.35
) Wavenumber resolution (rad/m)

w
k=]
T

80

-
(=]

52
(=]
T

.
(=]
T

Lateral resolution (m)
o
(=]

[
L=}

[
L=}
T

-
(=]

Figure 1.14— Chart from Figure 1.7 accustomed for the secondhstic model (Figure
1.12) recording array configuration. By enteringetplot with the required k resolution,

we obtain aru value of 6 and a lateral resolution of 30 m.
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The guaranteed lateral resolution is 30 m, but weaeted a dispersion curve
every 5 m being the 2D structure of the model paldrly challenging. We obtained 25
dispersion curves, evenly spaced along the summey these dispersion curves are
depicted in Figure 1.15 in pseudo-depth (wavele2dbh versus apparent S-wave
velocity (1.1 times phase velocity) and in frequerersus phase velocity.
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Figure 1.15- Dispersion curves from the synthetic model in Feglirl2. a) Dispersion
curves relevant to the left hand side of the méalelthe model is symmetric dispersion
curves are symmetric as well) represented in teoimghase velocity versus frequency:
the dispersion curves color depends on the referggmint position. b) Dispersion

curves represented in terms of pseudo-depth (Way®#l£.5) versus apparent S-wave
velocity (1.1 times phase velocity).

In Figure 1.15a the dispersion curves interestedhaypresence of the lens are
characterized by increasingly higher velocitiesthie 5-20 Hz frequency band as the
lens thickness increases; in Figure 1.15b the samees are characterized by higher

velocities at pseudo-depths approximately equath® lens posiion: such higher
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velocities affect a wider range of pseudo-depththadens thickness increases. As for
the LCI, we applied weak constraints for all thiekses and velocities but for the half-
space velocity, for which we imposed a medium c@ist. In Figure 1.16 we show the
LCI results: we managed to correctly retrieve thienface between first and second
layer and the upper edge of the lens and eventisfegzorily reconstruct the overall

trends of the lower edge of the lens and of thedskinterface.

Inversion results

_3320 340 6 38 400 2 4 460 480
Offset (m)
50 100 150 200 250 300

Shear wave velocity (m/s)

Figure 1.16— Laterally constrained inversion results for the aed synthetic model
(Figure 1.12).

As far as the velocities are concerned, their egton relative errors are below
15% with the exception of thé of the layers at the two edges of the lens: is ¢hse,
the smoothing effect induced by the lateral resotubf the Gaussian windows, whose
width is controlled by the minimum necessary waveber resolution, does not allow

the inversion to completely follow this abrupt l&tlevariation.

We produced the third synthetic data set by usi@SOL Muliphysics ®
again. The synthetic model is a 2D linear, elasotropic model. Its geometry andg
characteristics are displayed in Figure 1.17: gman m thick layer tops a second layer
whose thickness abruptly decreases from 8 to 2timeatentre of the model.
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2080 300 320 340 360 380 400 420
X (m)

" Shear Wave velocity (mis)

Figure 1.17 — Third synthetic model geometry. Foapdpical clarity reasons, only the
central portion of the model is displayed: the $yatic model extends from X =0 to X =
710 m and from Y = 0 down to -200 m without anyeotrertical or lateral variations.
The model is a 2D model carried out by using COM3Wlltiphysics ®. The upper
layer S-wave velocity is 120 m/s, the second lagkrcity is 170 m/s and the half-space

V,is 270 m/s.

We created this model because we wanted to tegeoknique on such a strong
and sharp lateral variation: besides, a similarehbdd already been used by Nagai et
al. (2005) to test another lateral shear wave \glomaging technique based on 1D SW
inversion. We simulated two shots, with the soyrosition in (280,0) and (430,0): our
source signal was again a Ricker source centerg@ Hiz. For both shots, we recorded
the vertical vibration velocity by means of 301 thatic receivers located on the top
surface of the model between the sources positutiis 0.5 m spacing. The number of

FEM elements, sampling rate and recording timegperted in Table 1.2.

Table 1.2 — Finite element method simulation paransefor the third synthetic model

Total number of FEM elements 167500 mesh elements
Degrees of freedom 677300

Time step 1.25 10s

Maximum simulation time 3s
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Once again, we applied the processing scheme hes&hussian windows to
the synthetic data. As far as the choice of thénwtx is concerned, we computed the
f-k spectrum of the simulated seismogram whose sasrtecated at (430,0) without

any windowing applied (Figure 1.18).

a) b)
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g 6 © 180+ \ |
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(I = \
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5 120} .
100}
% 0.2 0.4 0.6 809 10 20 30 40
Wavenumber (rad/m) Frequency (Hz)

Figure 1.18 — a) Zoom of the f-k spectrum of timeutated shot with source in
(430,0) without spatial windowing. Red arrows iradiethe minimum k gk,) we need to
compute and the wavenumber distance between twerdige events that we have to
guarantee f4k). b) Corresponding dispersion curve: the unreligpof the curve below

4.5 Hz justifies the choice of the minimum wavererrikb,.

The minimum distance between dispersive eventshefftk plot that we must
preserve is around 0.13 rad/m but the mininkusraround 0.04 rad/m: however, due to
the frequency resolution, the dispersion curve as meliable below 4.5 Hz (Figure
1.18b) which approximately corresponds to 0.13madh thefk plot. Therefore, by
entering this wavenumber resolution value in thartcfFigure 1.19), we setto 6. The
ensured lateral resolution is hence 25 m, but wikedfor a finer dispersion curves
extraction (one curve every 5 m, for a total numb&r21 dispersion curves). The
retrieved dispersion curves are represented inr€iy20 both in terms of pseudo-depth
(wavelength/2.5) versus apparent S-wave velocityl {iines phase velocity) and in

frequency versus phase velocity plot. Both plot&igure 1.20 show the effectiveness
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of the dispersion curves to describe the model dibnihe Gaussian windows maxima

and thus to reconstruct lateral variations.
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Figure 1.19- Chart from Figure 1.7 accustomed for the third fyatic model recording

array configuration. By entering the plot with thequired k resolution, we obtain an

value of 6 and a lateral resolution of 25 m.
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Figure 1.20- Dispersion curves from the synthetic model in Fgglirl7. a) Dispersion

curves represented in terms of phase velocity wefiquency: the dispersion curves
color depends on the reference point position. ligpErsion curves represented in
terms of pseudo-depth (wavelength/2.5) versus appaB-wave velocity (1.1 times

phase velocity).

However, especially when looking at Figure 1.20a@apipears clearly that the
dispersion curves closer to the model discontinugne influenced by both the
subsurface portions left and right of the fault mgkthe lateral variation to look
smoother than it actually is. This is due to thettviof the Gaussian windows bells: a

greater value fon. could attenuate such smoothing effect but thecehof thea value
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was driven by wavenumber resolution requirements aldeady stated in the “Method”

section we need to find a balance between latadchivaavenumber resolutions.

We inverted the dispersion curves using the ldyerabnstrained approach and
imposing a medium constraints between the sheae walocities of corresponding
neighboring layers and no constraints on layerkttgsses. Figure 1.21 depicts the
inversion results: we satisfactorily reconstrucbedh the interfaces depths and Whe
but the smoothing effect already noticed in th@dision curves has obviously the same
consequences on the inversion results. We coulshetuct the sharpness of the lateral
discontinuity by suitably tuning the constrainte.(by “breaking” the constraints on the
discontinuity) but this would require an a priondwledge of the position of the lateral

variation itself.

Inversion Results

Depth (m)

_1§00 310 320 330 340 350 360 370 380 390 400 410

X (m)
50 100 150 200 250 300

Shear Wave velocity (m/s)
Figure 1.21 — Laterally constrained inversion results for therthisynthetic model
(Figure 1.17).

Field example

The real data set on which we tested the procedaseacquired in Tarcento, north-
west Italy, during a seismic risk assessment cagnp@&iatti et al., 2009). The recording
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array was made up of 48 vertical 4.5 Hz geophonts W5 m spacing. The acquisition
consisted in 20 shots performed with a hammer gout® of them with the source
located 1.5 m before the first receiver and thesotines with the source located 1.5 m
past the last receiver. The acquisition paramatetsme domain are 2 s acquisition
length and 0.5 ms sampling rate. We windowededirsograms in the spatial domain
using a set of Gaussian windows. For the estimatibrihe optimala value we
computed thef-k spectra of some shots without applying any winadgwiwe
determined the required wavenumber resolution lspanting thesék plots. In Figure
1.22 the spectrum from a shot whose source igddch5 m before the first receiver is
depicted: at low frequencies (<12 Hz) the spectisiquite noisy, so that the minimum
usefulk is approximately 0.23 rad/m and the distance betweesighboring dispersive

events is greater than this value.
80
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Figure 1.22 — Zoom of the f-k spectrum of one efstiots from the real data set without
any spatial windowing. Red arrows mark the minimu(k ,,;,) we need to compute and

the wavenumber distance between two dispersivasthat we have to guarantegk(.

By entering 0.23 rad/m into the chart (Figure 1,28) resultingx is 4.75: the
consequent ensured lateral resolution is 15 m haé again we decided to get a finer

coverage of the expected lateral variations in ghlsoil (we extracted a dispersion
curve every 4.5 m).
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Figure 1.23- Chart from Figure 1.7 accustomed for the real cas®y configuration.
By entering the plot with the required k resolutiove obtain arx value of 4.75 and a

lateral resolution of 15 m.

We stacked thdé-k spectra from different shots with the same spatiadowing,
and we performed the picking of maxima on eachksth:k spectrum, obtaining a set
of 10 dispersion curves evenly-spaced along theeguline (Figure 1.24). As for the
lateral constrained inversion, according to theriarpgeological information available
for the site, we imposed weak constraints for téeets thicknesses and we chose
moderate constraints for thait. Inversion results are displayed in Figure 1.2%etber
with the P-wave tomography results for the same: 9ibth of them point out a
shallower interface at 2-4 m depth gently slopmtjte left and a deeper interface at 8-

12 m depth leaning to the right.
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Figure 1.24 — Real data set dispersion curves. gpérsion curves are represented in

terms of frequency versus phase velocity, and diter depends on the position of the

Gaussian windows maxima. b) The same dispersionesurepresented in terms of

pseudo-depth (wavelength/2.5) versus apparent Swalocity (1.1 times phase

velocity).
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Figure 1.25— Real data SW inversion results (vertical bars) &diaves tomography

results (background).

DISCUSSION

Both synthetic and real data sets presented inptiegious section show the
application of the proposed procedure in differeohditions with quite satisfactory
results: by suitably windowing the record of a &nigeceiver spread it is possible to
reconstruct a 2D pseudosection of the subsurfaem @v case of abrupt lateral
variations. However, the key point that clearly egas from the examples is the
balance that we need to find between the latesallueon of the dispersion curves and
the wavenumber resolution of the relatell spectra. Indeed, the more local the
dispersion curves (i.e. the greater their lategabtution), the more accurately we can
reconstruct lateral variations, especially in casgestrong and/or sudden lateral
discontinuities (see for example the lens endfi®fsecond synthetic model in Figure
1.12 or the “fault” of the last synthetic model kingure 1.17). However, we cannot
narrow at will the Gaussian windows for the spatiahdowing: the wavenumber
resolution of thd-k spectra gets poorer so that the minimkof the spectrum increases
and we cannot distinguish the surface wave disprersiodes anymore and therefore we
obtain an apparent dispersion curve (Socco andi§ap2004). As a consequence, we

can improve the lateral resolution of the dispersiorves provided that we guarantee a
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sufficient wavenumber resolution. To meet the ngiteso balance lateral and spectral
resolution we provide a chart (Figure 1.7) représgnthe relationship among
parameter (and therefore the Gaussian windows width) wit ¢bnsequent value of
area of influence of the extracted dispersion curaed of the ensured wavenumber
resolution. By using the chart it is possible tandia such balance, so that i) the
problem can be addressed from different points iefvs (e.g. retrieving lateral
resolution from the necessakyresolution and vice versa) and ii) it is possi@eknow
what information gets lost in case one of the tegblutions is favored. We applied the
chart in all presented cases to get the optimaiiadp@indowing, to ensure the best
possible lateral resolution without renouncing tee tminimum necessary spectral
resolution. The obtained results are good, we mehalg correctly retrieve 2D
structures: however, some smoothing of suddemadbavariations has to be accounted
for (see how the “fault” in Figure 1.21 or the lesrsds in Figure 1.16 are reconstructed)
because we cannot narrow Gaussian windows beyaredtain threshold without the
loss of some information or accuracy. Eventuallgthbin real and synthetic cases we
applied a very fine dispersion curves extractiomjcv is appropriate to thoroughly

follow 2D effects in the subsurface.

CONCLUSION

We propose a processing technique to retrieve Alxtstres from SW acquired with
a limited number of receivers: the goal is to geerof local dispersion curves out of a
single seismogram. Our technique is based on aste process: firstly, we extract a
set of local dispersion curves along the recedpeead using a spatial windowing based
on Gaussian windows with different maximum positi@econdly, we invert the
retrieved dispersion curves using a laterally o@mséd inversion (LCI) scheme
yielding a 2D pseudosection of the S-wave veloditde studied the consequences of
the spatial windowing both on the lateral resolutid the dispersion curves and on the
wavenumber resolution of the relevdult spectra: we pointed out the clash between the
two resolutions (the more one is fostered, the nthesother worsens and vice versa)
and the necessity to find a compromise to ensw@ract and accurate description of
the subsoll lateral variations. We therefore presicé chart quantitatively representing
the relationship existing among the Gaussian wirgdoudth, the lateral resolution and
the wavenumber resolution they ensure. We testetkchnique on four data sets, three

synthetic and one real: as far as the synthetia dats are concerned, the relevant

37



Paolo Bergamo Surface wave analysis in laterally varying media

models are characterized by increasingly comp letdhheterogeneities. We managed
to successfully retrieve such 2D structures at ehd of the laterally constrained
inversion, the last step of our procedure: howewvenen lateral variations were
particularly sharp, they tended to look smoothethm finalV; pseudosection. This was
due to the necessity to guarantee a minimum wavbeunesolution, which imposed
the choice of Gaussian windows slightly wider thvanat was necessary to correctly
follow such abrupt lateral variations. Once we mabvthe reliability of our technique on
synthetic data, we applied it to a real case:nt®fsion results are in good agreement
with the results of the P-wave tomography perforrmedhe same site, which suggests
that we correctly and successfully applied our pdoce.

A further development of the present work wouldtbeset up a procedure to properly
tune the constraints for the LCI to attenuate whahe main drawback of the proposed
procedure, i.e. the “smoothing” effect that is @by the insufficient lateral resolution
ensured by the Gaussian windows. In fact, LCl candgis should be “broken” or
weakened by the lateral discontinuity and strengtewhere we expect a lesser
variability by exploiting, for instance, availabe priori information or SW analysis

approaches which do not require a dispersion cextraction.
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2- LASER-DOPPLER SEISMIC EXPERIMENTS ON ASMALL SCA LE

PHYSICAL MODEL

In this chapter | present an application of thepessing technique thatis described in
Chapter 1. The technique is here addressed to peoaedataset derived from a small-
scale laboratory seismic survey performed on a ighysnodel. The physical model is
characterized by a 2D geometry, so that the ugbeotechnique introduced in Chapter
1 is necessary in order to correctly interpret thata. In the previous chapter the
method, based on a spatial windowing of seismicesawas successfully applied to
both synthetic and field data: however, such smedle laboratory experiments offer
the possibility to overcome the limitations of ttest on both field and synthetic
acquisitions, since they provide real data (simita those obtained from a field

campaign) which are however extracted from a madeise geometry and mechanical

properties are known (as in the case of numerigauations).

ABSTRACT

Laboratory experiments using laser-based ultrastetbniques are frequently
proposed to study theoretical and methodologicpleets of seismic methods, more
particularly when experimental validations of pregiag or inversion techniques are
required. Lasers are mainly used to simulate typfield seismic surveys, at the
laboratory scale. Most of the time, homogeneous @nrsolidated materials such as
metals and thermoplastics are used to build snsalesphysical models of the Earth.
Both their geometry and mechanical properties canpbrfectly controlled, which
makes it possible to address with real data, tlieiegfcy, the robustness or the
limitations of studied methods. The use of granmaterials is suggested here to enable
the physical modelling of seismic methods in mommglex and porous media,
constituted by lateral heterogeneities, propertytrests and velocity gradients. We
were able to construct a physical model with twypefa presenting distinct in-depth
velocity gradients, separated by a sloping interfad/e used this physical model to
address the efficiency of an innovative surfaceevarocessing technique developed to
retrieve two-dimensional (2D) structures from aitled number of receivers, using a
spatial windowing based on a set of Gaussian wirsdawh different shape. A step by

step inversion procedure yielded accurate and meaniresults so that the 2D
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structure of the physical model was satisfactaglgonstructed, although strong a priori
knowledge was required. Interestingly, the grawtguced velocity gradients within
each layer were accurately retrieved as well, comiig current theoretical and
experimental studies regarding guided surface a&mousodes in unconsolidated

granular media.

INTRODUCTION

Non-contacting ultrasonic techniques, such as nmechlawave generation
using high frequency laser sources and particleiamomeasurement using laser-
Doppler interferometers, recently appeared to sgrepowerful tools to address the
physics of various processes in geosciences. Iphgesics, their non-contacting
character provides flexibility that, if combined ttvihigh-density sampling abilities,
gives the opportunity to simulate typical seismécards in the laboratory. This
approach proved to be efficient in the physical etlitlg of seismic-wave propagation
at various scales, thus providing a wide rangegfliaations in civil engineering (Bodet
et al., 2005, 2009), exploration seismic (Campnitaale 2005) or seismology (van
Wik et al., 2004). Bodet et al. (2010) recentlydeebsed the ability of laser-Doppler
experiments in the systematic characterization @ngar materials involved in
geological analogue modelling. A methodology hasenbevalidated on an
unconsolidated granular laboratory medium, perfectiaracterized in terms of elastic
parameters by Jacob et al. (2008). A mechanicalcsaand a laser-Doppler viborometer
were used to record small-scale seismic lines atsurface of the granular medium.
Pressure-wave first arrival times and P-SV wavsep @lision were then inverted for one-
dimensional (1D) Pressure- and Shear-wave promagaelocity profiles with depth.
Inferred velocity structures appeared to match ipusly thoroughly estimated
properties of the probed medium, thus validating 8pproach (Bodet et al., 2010). The
present work involves similar experiments, perfainre order address their ability in
the imaging of laterally varying granular strucsurim the context both geological
analogue and seismic modelling. The experiment&éluge described above was

reproduced with a two-layer model presenting aistpmterface.
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PHYSICAL MODEL PREPARATION

Granular materials (such as natural sand, grasiliea or glass beads) offer an
evident flexibility in terms of physical models &iruction and choice of parameters.
Their mechanical properties are the subject of vactinvestigations in various
application fields (Valverde and Castellanos, 2a8éntschel and Page, 2007) and they
are widely used for both geological and physicadelimg purpose. However, these
materials remain delicate to manipulate as soorthasexperiments involve great
guantities but still require the medium homogenedaybe controlled. In this study, the
medium preparation basically reproduced the tectenpyeviously proposed by Jacob et
al. (2008) and Bodet et al. (2010) and originalgsidgned to set-up an unconsolidated
granular packed structure under gravity. This tephe has been recently thoroughly
addressed in terms of reproducibility of the medprep aration using micrometric glass
beads (Bodet et al., 2011). Similar glass bead® wkosen here to build a two-layer
physical model presenting both in-depth propergdigmts and a sloping interface, as

shown on Figure 2.1a.

. GBL2: Glass beads @100-200 pm, poured b. Normal velocity ~ Laser vibrometer
Do = 0424, g, = 1440 kg.m® ___measurement
GBL1: Glass beads ©200-300 um, sieved & vibrated Pulse generator [ |
|
Gug =0.38, p, ~ 1550 kg.m® v'v A 0 030 % 5.
GBL1 GBL1 ‘\,,
1000 ) Time (s) oot fime s
350 300 350 2 iLF Shaker
&
S 60 o S
S $ Y
165 X Offset
203> =
{z GBL2 § C GBL2
205
GBL1 GBL1
1 Paperboard plate

. ) ) (thickness: 4)
Dimensions in mm (not to scale)

Figure 2.1 — Laser-Doppler experiments: preparatafithe medium and experimental
set-up. (a) The medium consisted of two glass begdss (GBL1 and GBL?2) prepared
in a wooden box and presenting a sloping interfagg, andpgg_ are the layers bulk
porosities and densities respectively. (b) laseppler vibrometer used to record
seismograms of particle vertical velocity at thaface of the medium excited by a
mechanical source at positions(¥s). Following a step by step procedure, the laser
scanned the surface and, thanks to an oscilloscpasijcle normal velocities were

recorded at each offset along a linear sectiong)lirthe source remaining still.
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The glass beads (GB) presented two ranges of dean200-300um (GB1) and
100-200um (GB2). These GB were sieved or poured into a £800x300 mm box,
presented on Figure 2.1a. Compared to the expetsmmeviously cited, Bodet et al.
(2010) chose the box dimensions large enough tib lirave-reflections from sidewalls
and consequently avoid boundary effects. Howewes,td obvious practical limitations
in terms of material quantities and model weighg height of the box remained too
small to avoid bottom reflections. The bottom o€ thox moreover consisted of a
micrometric metallic sieve glued on a perforateat@lthat was originally built to inject
over-pressured air into the granular material aodstudy the influence of pore
overpressure on seismic-wave propagation at vevycnfining pressures (Bodet et al.,
2011). Strong bottom reflections were thus expechae to high impedance contrast
between the granular material and the metallicesiéw order to mitigate such bottom
reflections and their possible influence on theagaeveral countermeasures were
proposed by Bodet et al. (2011), among which thep$e setting up of a 4 mm thick
paper-board plate onto the sieve (depicted byhiek black line on Figure 2.1).

The bottom layer of the physical model (GBL1 onuUfey2.1a) was built by
sieving GB1 through a 400-micron sieve. This layas compacted every centimetre by
means of a flattening tool and vibrations appliedie box. Its final thickness was 205
mm. The bulk porosity g 1) and density §gg 1) Of the medium were estimated by
means of laboratory measurements as equal toah@8.550 kg Tt respectively. A
sloping surface was then thoroughly dug by oneimeatte steps between the positions
x=350 mm and x=650 mm, as presented on Figure ZHa.slope was approximately
7.6°. The sloping interface was graded flat by ptamthe surface with a flattening
tool, as recommended by Buddensiek (2009). Thdaygr (GBL2 on Figure 2.1a) was
finally achieved by thoroughly pouring GB2 onto GBLLts final thickness varied from

20 to 60 mm. We did not compact this layer in oraleensure a porosity contrast with

GBL2. The bulk porosity ¢cg.2) and density fcg 1) of GBL2 were estimated by
means of laboratory measurements as equal tcad@2440 kg.ﬁi’ respectively.

The physical model presents a total thickness &f rdth and can be considered
as a sequence, in the x-direction, of three diffegeometries: a 2-layer model with an
upper layer thickness of 20 mm between the postisr0 mm and x=350 mm; a 2-
layer model with an upper layer thickness varyingnf 20 to 60 mm between the
positions x=350 mm and x=650 mm; a 2-layer modéhvan upper layer thickness of

60 mm between the positions x=650 mm and x=1000 Tima.contrast between the two
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layers is ensured via the estimated porositiestwbimpare well with previous studies
(Sherlock, 1999; Sherlock and Evans, 2001; Grawel2@08; Buddensiek, 2009). The
porosity of glass beads in GBL1 appears close¢agdahdom close packing limit, while
it tends to the random loose packing limit in GBQM\&alverde and Castellanos, 2006).
The additional complexity and interest of this pibgbmodel is that each layer presents
a gravity-induced stiffness gradient that will esdribed in the following.

EXPERIMENTAL SETUP AND DATA ACQUISITION

As previously proposed for the physical modellifgnave propagation at the
laboratory scale (van Wijk et al., 2004 ; Campmaal €t2005; Bodet et al., 2005, 2009),
laser-Doppler acquisitions were performed here iboulste a seismic survey at the
surface of the physical model. The experimentalugetadapted to granular materials by
Jacob et al. (2008) and Bodet et al. (2010), bkgidavolved a laser-Doppler
vibrometer to record seismograms of particle normebcity at the surface of the
medium which was excited by a mechanical sourgeoaition (% ,ys), as presented on
Figure 2.1b.

The source was a 3 mm diameter metallic stick a&d¢o a low-frequency (LF)
shaker and buried in the granular material witraagle of 20° from the normal to the
free surface. The force source signal was sent &gmulse generator to the LF-shaker,
exciting the stick. A detailed view of the sour@t-sp and its characteristics are given

on Figure 2.2.
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Figure 2.2 — Source set-up and characteristics. Thg force source signal was sent
from a pulse generator to a low frequency (LF) sraéxciting a metallic stick buried
in the granular material. (b) The force source sibfblue line) was a Ricker pulse with
frequency spectrum centred on 1.5 kHz. Before sadmogram acquisition, the laser
beam was set at the zero offset position to retimedstick normal velocity (red dashed

lines).

The force source signal (blue line on Figure 2.sva Ricker pulse with
frequency spectrum centred on 1.5 kHz. Before sagmogram acquisition, the laser
beam was set at the zero offset positignofx Figures 1a and 2a) to record the stick
normal velocity (red dashed lines on Figure 2.Zle zero offset position was actually
chosen where the stick enters the medium.

To record a seismogram, the source remained gidl e laser-Doppler
vibrometer scanned by constant steps (1, 2 or 3 btm@)surface of the granular
medium. Using an oscilloscope, up to 300 tracegwecorded in linear single-channel
walkway mode, parallel to the long edges of the (@ Table 2.1 for details about the
acquisition geometries). Each trace was stackddr® and the time sampling rate was
100 kHz over 5002 samples. Each seismogram wasr®d@ng. As shown on Figure
2.3a a first seismogram of particle vertical veipavas recorded at the surface of GBL1

before the preparation of the sloping interface.
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Table 2.1 — acquisition parameters of collectedmmeigrams (illustrated on Figure 2.3)

Surface wave analysis in laterally varying media

Source | Spacing| Total Sc;y ri:e— S?ur;:e— Samplin
: position | between| number Irs as PINGI Time
Line % traces of receiver | receiver rate samples
(mm) (mm) traces distance| distance| (kHz)
(mm) (mm)
1 350 3 100 3 300 100 5002
2 50 2 150 2 300 100 5002,
3 370 1 300 1 300 100 5002
4 950 2 150 2 300 100 5002
5 650 1 300 1 300 100 5002
a e Position (mm) d. Position (mm)
- 00 N
x= 350 */:/
“Line 1:A=3, N=100 10 /
205 lz_. 20
GBL1 & 5
b 350 300 350 © F;; E %
Line 2 Line 3 Line 4 / 165
" Line 5 =
404"
20 [l_x’ GBL2

205
+—Direct shot

50

+—Line 5 (x, = 650 mm)

#—Line 2 (x, = 52 mm)

Dimensions in mm (not to scale) +—Reverse shot

Figure 2.3 — Laser-Doppler experiments: data actjiois. (a) A seismogram (Line 1)
was recorded at the surface of GBL1 before the amapn of the sloping interface
(100 traces with 3 mm spacing). (b) Four seismogravare recorded on the two-layer
physical model. The lines are red when the lasansed lines along the positive x-
direction (direct shot) and green along the negativdirection (reverse shot), the stars
giving sources position. The recorded lines wer@ 8n long with a space-sampling
interval of 2 mm above the flat interface partlod model (Lines 2 and 4) and of 1 mm
above the slope (Lines 3 and 5). (c, d) Two exasgilamograms recorded along Line 2
(c) and Line 5 (d) show that, despite strong amgkis associated to the source ringing
(Sr), the recorded wavefields clearly present cehéevents such as P- and P-SV wave

trains. Along the Line 5, it is possible to guestidim-reflected arrivals (bR).
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This seismogram should allow a good characterisatiadhe bottom layer. Once
the final model was prepared, four seismograms westerded at its surface (on Figure
2.3b). Only one shot was recorded above each huafty layered (1D) part of the
model (Line 2 and Line 4 on Figure 2.3b). Howetke 2D central part was probed
using both direct and reverse shooting (Line 3 bimé& 5 on Figure 2.3b) in order to
provide an optimal data-set to be processed ub@tgchnique proposed by Bergamo et
al., (2010). The recorded lines were 300 mm lontd \&i sSpace sampling interval of 2
mm above the flat-interface parts of the model €kir2 and 4) and of 1 mm above the
sloping interface (Lines 3 and 5). As examples, sfismograms recorded along Line 2
and Line 5 are presented on Figure 2.3c and FR)Baerespectively.

The recorded wavefields clearly present cohereantsvsuch as P- and surface
wave trains (P and P-SV on Figures 3c and 3d). é\itve Line 5, it is possible to guess
bottom-reflected arrivals (bR on figure 2.3d). Tdssmograms are however corrupted
by strong amplitudes typically related to the sewinging (Sr on Figures 3c and 3d).
These experimental artefacts will be mitigated bgahvolution with the source signal,
recorded at the zero offset position (Figure 2.2lhe P-SV events identified on every
seismogram can be quantitatively interpreted udymcal seismic surface-wave
processing techniques, as proposed by Bodet €Qd0). An important improvement
of the methodology proposed here consists in apghthe technique previously
developed by Bergamo et al. (2010) to retrieve ltheral variation of shear-wave

velocities in the physical model.

SURFACE WAVE DISPERSION EXTRACTION

A - Pre-processing of data

Once traces were collected, a pre-processing stage necessary before the
dispersion curves extraction. First of all, a highss filter at 100 Hz was applied in
order to suppress ambient noise that might haveugted the acquisitions. Secondly,
raw seismograms (Figure 2.4) appeared affected/ioker source ringing as noticed in
the previous section (Figure 2.5). Moreover, duamg of the acquisitions (line 3) an
electrical shutdown occurred: as we started agaiactjuire, it was not possible to set
the laser in the exact position where it was betbee interruption, so that the traces
acquired after the shutdown appear to be slighigptaced in the final raw seismogram
(see Figure 2.6a). The strategies we adopted fsethwo problems were the traces
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deconvolution with the source signal for the riggguppression and an estimate of the
actual position of the misplaced traces by mearsass-correlation.

Raw traces

0.05 0.1 0.15 02 0.25 0.3
Offset (m)

Figure 2.4 — Line 5: raw seismogram.
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Figure 2.5 — Source signal from line 5. Source inggis clearly evident in the trace

portion in the circle.
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Raw traces

0.15
Offset (m)

b) Pre-processed traces

0.15
Offset (m)

Figure 2.6 — Line 3 raw traces (a) and after ttaggecovery (b).

To mitigate the ringing in the seismograms, ravceésawere deconvolved with
the source signal (i.e. the signal that was recbbyesetting the laser beam on the stick
just before it plunges into the glass beads besl,Fsgures 2.2 and 2.5). The result is
presented in Figure 2.7, displaying the tracesigire 2.4 after deconvolution: ringing
is attenuated and data quality has improved. Figusa shows the raw traces from Line
3 whose recording was interrupted by a power shubddt around 0.24 m offset there
is a clear discontinuity in the seismogram: suctlitydis due to the fact that the traces

recorded after the shutdown (which are beyond th24fset) are displayed at an offset
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that is slightly smaller than the actual one. Ideorto retrieve the actual posiion of
these traces we crosscorrelated the P-wave armpimdls of neighbouring traces to
estimate the time lapse occurring between them.

Deconvolved traces

0.05 0.1 0.15 0.2 0.25 0.3
Offset (m)

Figure 2.7 — Line 5 traces after deconvolution

Therefore, a comparison between the average tipselaefore the gap and the
time lapse at the discontinuity allowed estimating shift in space that was required to
move the traces of the seismogram at a propertoff$e gap was then filled with blank

traces (see Figure 2.6b for the final result).

B - Dispersion curves extraction
First of all, we extracted a dispersion curve frewery shot by applying aik
transform to the seismograms and then picking thergy maxima on the spectra

(Figure 2.8): these dispersion curves are display &ure 2.9.
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Figure 2.8 — Normalized f-k spectrum from lineeissogram.
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Figure 2.9 — Dispersion curves from the five syrlrees

All curves are characterized by the presence @etisurface-wave propagation

modes: not surprisingly, the dispersion curve frome 1 is characterized by higher

phase velocity values, as the lower layer is stiffean the upper one. As for the other

four dispersion curves (Lines 2-5), fundamental enptiase velocities are quite similar

from 600 Hz on: at lower frequencies the dispersiorves are affected by the lower

layer and show a rapid increase of the velocityparticular, the frequency at which this

increase takes place depends on the interface dcoithherefore is roughly the same

(about 500 Hz) for the two dispersion curves releva the dipping interface part of the

model and it is smaller (around 400 Hz) for thepdision curve retrieved from the
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portion of the model where the interface is dedpérmm). Moreover, to get a better
description of the lateral variation of the phytmadel, we applied to the central shots
(Lines 3 and 5) an algorithm developed by Bergamal.e(2010) based on a spatial
windowing of the traces to extract a set of dispargurves from a single shot. This
method applies to the seismogram a spatial windgwvhich is based on Gaussian
windows whose maxima span the survey line thusgaieg from time to time a
different weight to the same trace in order toiegw a set of dispersion curves each of
them referring to a different subsurface portiohe3e dispersion curves are reported on
Figure 2.10, where are related to different posgiof the Gaussian window maxima

along the receiver spread.

250 T T T T T T T T
f X=0422m
X=0442m
X =0462m
200 - X=0482m
- X=0502m
o h - X=0522m
|+ X=0542m
teer : b | - x=0562m| |
: A e - X=0582m
+ X =05699m

100

Phase velocity (m/s)
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LERE 1 111 i

(111 I S T
T e ,"’?:!!'-“m“"""":'5;”’-'?
el e T e

1 | | | | | | |
OO 200 400 600 800 1000 1200 1400 1600 1800

Frequency (Hz)

Figure 2.10 - Dispersion curves retrieved from éirgeand 5 seismograms by applying a

space-varying spatial windowing

Again, three propagation modes are identified:e@h sn Figure 2.9 the velocity
of the fundamental modes starts to differ at 600(tHe deeper the interface, the lower
the phase velocities and vice versa). This effact lze clearly seen in Figure 2.11,
where the ten dispersion curves referring to tbpish interface portion of the model
and the two curves relevant to the 1D portiongepeesented in terms of pseudo-depth

(wavelength/2.5) versus pseullpfphase velocities times 1.1).
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Figure 2.11 — Dispersion curves fundamental modgsasented in terms of pseudo-

depth (wavelength/2.5) versus pseudd@p¥iase velocity times 1.1).

DISPERSION CURVES INVERSION

The last stage of the process involved the disprrsurves inversion. As
already successfully done by Jacob et al. (2008)Badet et al. (2010) we adopted the
relationship introduced by Gassmann (1951) whereaRd S-wave velocity are
considered as power-law dependent on overburdessphe
Vos = Vps(002)" (1)
whereg is the gravity acceleration,is the depthy is the bulk densityyp sis a depth-
independent coefficient mainly depending on thet&groperties of the grains angls
is the power-law exponent. We therefore assumediriitie two-layer physical model
the S-wave velocities follow a power-law trend whis controlled by five parameters:
the two couples otis and ys for the upper and lower layer, and the interfacptide
Within each layer, the bulk density can be assuocmetstant with depth even if it may
slightly vary in the vicinity of the free surfacet pressures less than 75 Pa, as

previously noted by Jacob et al. (2008). Howeviee tontribution of such density
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variation to velocity change with depth is indeezhlingible (Gusev et al., 2006). The
whole inversion process was subdivided into thteeeassive steps:

a) estimating parametesig andys for GBL2;

b) estimating parametess andys for GBL1,;

c) estimating the interface depth.

In the following paragraphs, the three inversicgpstare extensively described.

A - Retrieving parametersagandysfor the lower layer

As described in the experimental set-up and dataisition section, a first
seismogram was acquired on top of GBL1 before digithe slope and adding the glass
beads for GBL2 (Line 1, Figure 2.3a). Therefore, alcquired data could be used for the
estimation ofas and ys for GBL1. A dispersion curve was extracted by pigkthe
energy maxima on thek spectrum derived from the seismogram (see blatkedo
curve on Figure 2.9).

Prior to the model construction, we performed aesenf numerical FEM (finite
element method) simulations for the calibrationha p hysical model: these simulations
showed that, in case of a single layer model, tlhpeaision curve fundamental mode
represented in terms of pseudo-depth (wavelen§wv2rsus pseudds (phase velocity
times 1.1) follows with a good level of approxinmtithe S-wave vertical velocity
distribution described by equation 1 (see Figud&). This agreement does not hold
true in case of a two or more layer model (Figud@). Most probably, the relatively
great acoustic impedance contrast between thelgtests layers causes a mode jump in
the experimental dispersion curve at low frequen¢iggure 2.12d), so that the curve
represented as pseudo-depth versus pseydimes not follow the trend expected by
equation 1 for pseudo-depths greater than thefaedepth (Figure 2.12c). In order to
optimize the agreement between the dispersion suegresented in pseudg-versus
pseudo-depth and the actual trend/gfvith depth we performed a parametric analysis
to determine the optimal value for the ratio betweevelengths and pseudo-depths.
We ran a FEM analysis simulating the propagatiorbotly and surface waves through
a horizontally homogeneous medium with mechanicapprties similar to the ones of
the physical model media and whose vertical praifilé/s with depth is described by
equation 1, assuminmg = 5.25,a5 = 0.33 andp = 1580 kg/rﬁ. From the synthetic
seismogram (Figure 2.13a), by applying the surfaewe method, we extracted a

dispersion curve (Figure 2.13b).
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Figure 2.12 — a) Comparison between the power lawpiofile of the one-layer
synthetic model (gray line) and the dispersion eufiMack dots) extracted from the shot
that was numerically simulated on the synthetic @wo@lhe dispersion curve is here
represented in terms of pseudo-depth (waveleng®)siZersus pseudosV(phase
velocities times 1.1). b) Theoretical dispersiorveu(gray line) for the ¥Yprofile of the
synthetic model of (a) and extracted dispersiorveublack dots: same as in (a), but
represented in frequencies vs phase velocitieg)Comparison between the power law
Vs profile of the two-layer synthetic model (grayejnand the dispersion curve (black
dots) extracted from the shot that was numericailfigulated on the synthetic model
itself. The dispersion curve is represented in tewh pseudo-depth (wavelengths/2.5)
versus pseudoz\(phase velocities times 1.1) d) Theoretical disfar curve (gray line)
for the \4 profile of the synthetic model of (c) and exteactispersion curve (black

dots: same as in (c), but represented in frequancgephase velocities).
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Figure 2.13 — a) Synthetic seismogram from FEM fabmn; b) extracted dispersion

curve; c) relative error in the estimation @f andys as a function of the assumed ratio
between wavelengths and pseudo-depths.
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This dispersion curve was then translated to seeigoVs — pseudo-depth plane
assuming 1.1 as the ratio between psédgland the Rayleigh wave phase velocities
(Abbiss, 1981) and by successively adopting a wdiffe value for the ratio between
wavelengths and pseudo-depths, chosen within thgerd.5 — 3. For every value of
ratio between wavelengths and pseudo-depidendaswere estimated by linearizing

equation 1 and applying a least square approach:

{Iog(ys)

» } =(c"6) G Iog(vs) )

wherevs is the vector of pseudds of the extracted dispersion curve and

1 log(pgz)

e 5
1 log(pyz,,) ©)
1 log(pyz,)

with g the gravity acceleratiom, the bulk density and,...z the pseudo-depths of the
extracted dispersion curve.

As shown in Figure 2.13c, the estimationegis not influenced by the value of
the dividend translating the wavelengths into psetdepths, while the lowest
estimation error fopsis obtained for the dividend equal to 2.62. Heexaftve will use
this value to express the ratio between wavelergtkdsp seudo-depths.

Being the physical model before the addition of @BLsingle layer model, we
used the dispersion curve from Line 1 (Figure 2eproduced in terms of pseudo-depth
versus pseud¥s for the estimation of parametesg and ys controlling the S-wave
vertical velocity distribution in GBL1. We adoptex grid search approach (on the
fundamental mode only): its results are reportedrigure 2.14, where the misfit
evaluated for every possible coupleafandysis displayed on a logarithmic scale
(Figure 2.14a). The couple yielding the minimum finigalue isos= 0.345 angs= 6.5:
Figure 2.14b reports the good agreement betweerexperimental points and the
power-law S-wave velocity trend determined by theslaes ofas and ys. On Figure
2.14a, manyds, ys) couples exhibit low misfit values around the nmam. But even if
the corresponding power-laws only theoreticallyssr@at one depth below zero, they
remain very close to each other in terms of vejogtofiles. This consequently

generates equivalent misfit values according tadibgersion estimations errors.
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B - Retrieving parametersas andysfor the upper layer
The second step of the inversion process involkedestimation of the couple @f
andys controlling the power-law behaviour of the S-wasdocity in GBL2. Differently
from what had been done for GBL1, values égrand ys were determined for every
dispersion curve extracted from the seismogramsieegjon the top of the upper layer
(Figure 2.10). The lower layer, as described in éixperimental set-up section, was
arranged into the box with special cares (i.e.sglasads were sieved and compacted
every centimetre) and, at the end of the deposjiimtess, a greater compaction was
achieved by vibrating the wooden box. Thereforehscompaction is quite likely to
ensure material homogeneity and constant valueg aidys, on the contrary, the upper
layer glass beads were simply poured, so thattshgberogeneities and different S-
wave velocity behaviours (and therefagaandys values) are expected over the model.
As already shown in the previous paragraph, in chsemulti-layer granular model,
the experimental dispersion curve fundamental megeesented in terms of pseudo-
depth versus pseudgsfollows the exponential trend described by equmafiountil the
upper interface depth (Figure 2.12c). The basia @as then to use the experimental
fundamental modes points with pseudo-depths sméflan the interface depth to
estimateng andysfor the upper layesimilarly to what had already been done for the
lower layer. However, the interface depth is na&gmely known, as first layer smaller
glass beads might have leaked down among largesrl@yer glass beads (thus turning
the interface into a transition zone): moreoveteriface depth is also one of the
parameters to be retrieved through inversion.
Therefore, the following approach was adopted &ohealispersion curve:
- dispersion curve Rayleigh wave fundamental modedpresented in terms of
pseudo-depth versus pseudg(¥igure 2.15a);
- the experimental points are sorted with increagalges of pseudo-depth
- a “for” loop over then points of the experimental curve is implementedr F
every i™ iteration (with i ranging from 2 ton) only the firsti points are
considered (i.e. the points up to tHez value): parameterss; and yg; are

computed with a least squares approach (see egsaiand 3), minimizing the
misfit m; between v, = ya(pgz@:i))™and the experimental pseudlg-

valuesv., (L:1 ) At the end of every iterationg, ysiand the relevant misfi

Sexp

are represented at del{see Figs 2.15b, 2.15c and 2.15d);
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- eventually, the couple ais andys describing theVs behaviour of GBL2 is
chosen. Up to a certain depth, in fact, the misfitow and almost constant:
beyond a certain depth threshold, it suddenly as#e, because equation 1 is no
more able to model the behaviour of S-wave velowaryh depth because of the
influence of the deeper layer (see Figure 2.15hgré&fore, we chose tlhg and
ys Values at the ones relevant to the greatest depthstill provides low misfit.
Moreover, it has been noticed that, not surprigindtis depth threshold roughly
coincides with the expected interface between G&@ GBL1.
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Figure 2.15 — Retrieving parameterg and ys for GBL2 for the dispersion curve at
x=0.462 m. a) Experimental dispersion curve repngse in pseudo-Wersus pseudo-
depth (black dots) compared with the best fittiggndfile (gray line) obtained from the
chosen value ods and ys and computed for the pseudo-depths of the expetane
points considered fo#isand ysestimation. b) trend of misfit as a function oéypdo-
depth, i.e. as a function of the set of points icEmed for as and ys estimation. c)
Estimated values afs versus pseudo-depth. The black circle marks theahealue
for as. d) Estimated values ¢f versus pseudo-depth. The black circle marks theesho

value forys

Figure 2.16 represents the couplesgdndysfor GBL2 that were retrieved from all
dispersion curvesas andys values are located at the corresponding disp ersiove
position. The estimateds andys values (lying within 0.31-0.35 and 4.3-6 resp esltiy
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do not have a large variability and they are ireagrent with the results previously
achieved by Jacolket al. (2008) and Bodeket al. (2010, 2011) on similar physical
models. Theds, ys) couples should in fact be constant along the lihis layer being
assumed laterally homogeneous. Here again, thigintsvariability remain satisfying
since they lead to closé; values. Significantly, the power-law parametetsieeed for
the upper layer are generally lower than the osésnated for the lower lay etdgp 1=
0.345 andysge1= 6.5) and, in any case, they yield slower S-waslecity profiles. In
particular, asggL1 roughly coincides with the upper limit of the vedufor asgg,and
yseeL1 IS greater than any value retrieved fggg s moreover, relatively high values of
ascpLe are associated to relatively low values f@gg» and vice versa, so that all
retrieved couples ofisggoand ysgeo€nsure lowekls values with respect to the ones
determined byusgg 1 andysgeie The lower layer, in fact, was vibrated in orderget a
good compaction degree, and greater compactionamplstiffer medium and therefore

higher S-wave velocities.
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Figure 2.16 — Estimated valuesafandys for GBL2.
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C — Interface depth estimation

Finally the interface depth was estimated for @dlilable dispersion curves. A grid

search approach was chosen, made up of the fokpsteps and individually applied to

each dispersion curve:

the interface depth is moved by 1 mm steps withérringe 3-90 mm;

the S-wave velocity profile determined by parangetgrndysfor the upper and

lower layer and by the current interface depthligcretzed into 1 mm thick
layers, so that a theoretical dispersion curve lbancomputed through the
Haskell and Thomson approach (Thomson, 1950; Hagl&3 and 1964);

the misfit is evaluated by comparing the experimkdispersion curve with the
theoretical fundamental mode and first two highedes, to fully exploit the

information contained in the experimental data;

the results are plotted according to the misfit tedinterface depth yielding the

minimum misfit is chosen.

Figure 2.17a represents the experimental disperiove located at x = 0.462 m

(Figures 2.10 and 2.11) compared with the thealetiispersion curves corresponding

to the 10 best fitting interface depths while tberesponding/s profiles are depicted in

Figure 2.17b: note that the estimated interfaceldepre quite close to 0.035 m, which

is the expected value for that location.
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Figure 2.17 — a) Comparison between the experimeigpersion curve at x = 0.462 m

and the theoretical dispersion curves correspondagthe best 10 fitting JMrofiles
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fitting Vs profiles.

Figure 2.18 portrays the 1M profiles that were obtained by combining the valogs

as and ys for the two layers and of the interface depths wWere retrieved for every

inverted dispersion curves: as far as the interthgeth estimation is concerned, the

agreement with the expected values is good, asmdwemum discrepancy between

estimated and expected interface does not excemd. 1Indeed, the global result is
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satisfactory, as the lateral variation is correatrieved and the S-wave velocity

behaviour is coherent among all profiles.

Inversion result - Vs profiles
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Figure 2.18 — Inversion results. 1D Yrofiles obtained by combining the estimated

values ofag andysfor the two layers and the interface depth.pvofiles are located at
the maximum of the Gaussian window used to exthactcorresponding dispersion

curves
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CONCLUSION

Previous studies by Jacob et al., 2008 and by Betlet., 2010, 2011 have
proven the possibility to retrieve the elastic paeters of granular media through
seismic acquisitions performed on physical modaté & laser scanner measuring the
vertical vibration velocity of the grains on theedr surface of the model. These
experiments involved single layer models, basicaligde up of uncompacted grains
with a relatively uniform diameter size, depictiaggravity induced stiffness gradient.
The main task of our work was to test the feasyibf building granular physical
models with a more complex geometry (i.e. congduby materials with different
elastic behaviours and with 2D structures) and diviave their characteristics by
analyzing the propagation of the surface wave oBEtwith small-scale “laser-Doppler
surveys”. The creation of two granular media witiffedent elastic behaviours was
achieved through the deposition technique. Oncé&adeevidence of the possibility to
create granular materials with different degreestdfness, we were able to construct a
physical model with two layers whose reciprocaéifdce is characterized by a uniform
slope in the central part of the model itself. Bylldwing the purpose of our work,
several small-scale seismic acquisitions were pmdd on the free surface of the
model, in order to get a dataset exhaustively degicurface wave propagation in the
model. The last stage of the process involved draaion of surface wave dispersion
curves from the recorded seismograms and theirsiore In particular, in order to get
a more accurate description of the 2D portion efrtiodel, an algorithm by Bergamo et
al. (2010) based on a spatial windowing of thedsao get several local curves from the
same seismogram was applied. As far as the dismecsirves inversion is concerned,
we adopted the relationship introduced by Gassnia®hl) where S-wave velocity is
considered as power-law dependent on pressure.uiikeowns to be retrieved were
power-law exponents controlling thé behaviour for each layer and the interface
depth. Unknown parameters were not estimated bygesnversion process but by
means of a step by step inversion procedure, isglétom time to time a parameter or
a couple of parameters to be retrieved. Such pureedlthough biased by the a priori
knowledge of the geometry model, yielded accuraig meaningful results: the 2D
structure of the analogue model was satisfactasgonstructed, and the estimated
values of the power-law exponents roughly matchrésalts of previous works by other
authors and are coherent with the granular masedi@p osition process. A further step

of the research work would be to attempt an ineersprocess inverting for all
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parameters at the same time, in order to evalli g bssible presence of equivalence
phenomena and to test the effectiveness and rélyabif a more “blind” inversion
procedure.
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3 - EXPLOITING SCALE PROPERTIES TO RETRIEVE CONSIST ENT
INITIAL MODELS FORSURFACE WAVE INVERSION AND TO ES TIMATE

SUBSOIL SPATIAL VARIABILITY

In the present chapter | introduce another procegdool | developed to make the
surface wave method more reliable in the reconsibnof smooth lateral variations in

the subsurface. The algorithm | implemented eteplihie scale properties of surface
wave: given two dispersion curves, by comparingrthehapes” it is possible to

retrieve the ratios between analogous parametergheftwo corresponding S-wave
velocity profiles, without the need to solve a fatimverse problem. This algorithm is
exploited for two different applications: the firshe aims at building reliable initial

models for the deterministic inversion of a setdspersion curves, by spreading
available local a priori information to all locatits where experimental dispersion
curves are present. In its second application, #gorithm is used to perform a
preliminary assessment of the spatial variabiifyS-wave velocity model parameters

via the comparison of the available experimentapdrsion curves.

ABSTRACT

Deterministic inversion of surface wave data ssffdrom solution non
uniqgueness and is hence biased by the choice ahitied model. A priori geological
information (from log surveys, down-hole tests) barused to produce a reliable initial
model for the inversion of the experimental disperscurves: this local information,
however, is rarely available along all the sunieg Ithe dispersion curves are extracted
from. We therefore implemented a method to extemdiari local information to the
location of the experimental dispersion curves ieatly with the available surface
wave data. This allows a proper initial model to demerated to make the inversion
process more reliable. This method depends ongamigdm which is turn based on a
sensitivity analysis and on the application of sgatoperties of surface waves: given
two dispersion curves, by comparing their “shaghg”algorithm estimates the scaling
factors between analogous parameters of the tweesmonding S-wave velocity
profiles, without the need to solve a formal inveepsroblem We also addressed the

same algorithm to a second application, that isst@nation of the lateral variability of
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Vs model parameters based on the analysis of sufaee dispersion data, so that it is
possible to preliminary estimate the general trehs model parameters to be later
used as a-priori information in the inversion. Onee had stated these novel
methodologies, we applied them to two syntheticasiets, derived from models
characterized by the presence of 2D structureswé/e able to reconstruct such lateral
variations by extending a known locel profile to the whole subsurface of both
models: we also correctly estimated the overalidref the correspondings model
parameters. Eventually, we processed a real datagain, we managed to spread the
local information provided by two down-hole testgepthe seismic line the dispersion
curves were extracted from and we also estimatedplatial variability of the pseudo-
2D section model parameters. In both cases, thdtsese got are in good agreement
with other geophysical analyses performed on thmesaite and confirm the
app licability and reliability of our methods.

INTRODUCTION

Surface wave (SW) analysis is nowadays regarded meswerful tool for the
estimation of vertical 1D S-wave profile in the sulface. SW analysis involves the
extraction of an experimental dispersion curve fr@attive or passive seismic
measurements and its inversion to estimate thécakprofile of S-wave velocity\()
distribution. Nevertheless, the main drawback of &Wthod is that the inversion
suffers from solution non-uniqueness (Tarantola5280d Foti et al. 2009): in other
words, several theoretical dispersion curves reieva as manyvs profiles fit equally
well the experimental curve. Literature offers sostategies to handle this issue. If a
global search inversion algorithm is chosen, ipassible to single out which subsoil
models have a similar level of consistency with tte#éa. However, global search
methods (GSMs) have greater computational costsnwdoepared to deterministic
inversion methods (Socco et al. 2010). To redugeh scosts, some optimization
methods have been developed, such as simulatecglmgébased on the work by
Metropolis et al. 1953), genetic algorithms, or #pplication of scale properties of
surface wave (Socco and Boiero 2008). If a detash inversion algorithm is
preferred, great care must be paid in selectingribee| parameterization and the initial
model, as the non-uniqueness of the solution mddeegversion result very sensitive to

them, and they can drive the inversion towards|locmima if they have not been
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properly chosen (Sambridge, 2001; Luke et al., 20Wathelet, 2005). The effects of
this criticism can be mitigated by exploiting a@tiinformation from borehole logs
and/or other geophysical data available for thestigated site. Moreover, constrained
or joint inversion algorithms, by combining diffetekinds of geophysical data or
integrating the inversion of neighbouring dataseés, improve the consistency of the
inversion result and the reliability of its phydicaeaning (see for instance Wisén and
Christiansen 2005, for a joint inversion of surfavave and resistivity data, and
Forbriger 2003 for a joint analysis of refractiamdasurface wave data). Although the
improvement induced by joint and constrained ineerslgorithms has been shown by
several papers, the common practice in surface waalysis is that when other data are
available at the site they are simply used for st@greri comparison of the results. In
geotechnical engineering, in particular, when bolehests are available, they are
frequently combined with surface-wave seismic sysvén fact, downhole or crosshole
tests results are generally viewed as more reliatllen compared to surface-wave
analysis basel; profiles and usually, the agreement between tloeragults is used to
prove the reliability of the latter (Malovichko etl. 2005). Therefore, a priori
information is not fully exploited in a rigorousdquantitative way.

The present work faces the issue of the solutionuraqueness of surface wave data by
proposing a procedure (Boiero et al. 2009) ablguantitatively integrate a priori local
information into the inversion of surface wave disgion curves gathered in
neighbouring sites by extracting available punctlah from log surveys and adapting
them according to the observed surface wave diseefdsehaviour. This goal is
achieved by applying an approach based on a sstysiinalysis followed by the
exploitation of the scale properties of surface @sascale properties of surface wave
have been introduced by Socco and Strobbia (2GpJied to Monte Carlo inversion
by Socco and Boiero (2008) and inserted in thepeetsve of full-waveform inversion
by Maraschini et al. (2011). They are based omtmredimensionalization of the related
forward modelling, so that if seismic parameterswod different models differ only for
scale factors, the two corresponding dispersionesican be derived one from the other
by applying a proper scaling. As already proposedacco and Boiero (2008), in the
procedure presented in this paper we exploit serieaves scale properties to derive the
scale factors between seismic parameters of differedels from the comparison of
the shape of the corresponding dispersion curvesut case, however, every seismic

parameter can scale separately from the other @ueshat a sensitivity analysis is
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necessary to separate the contribution of everglesmodel parameter on the dispersion
curves scaling.

We used a similar approach, based on the samees (sensitivity analysis,
exploitation of scale properties of surface waves)face another issue related to the
application of the surface wave method, that & rdtonstruction of 2D structures in
the subsurface. The surface wave (SW) method idagt characterized by a
monodimensional approach and might therefore pumsitable when applied in 2D
environments (Semblat et al. 2005). Some recentersagpropose strategies to
reconstruct lateral variations from surface wavspdrsion analysis: they are mainly
based on a moving spatial window to extract a $atenghbouring local dispersion
curves, which are later separately inverted (se@ Et al., 2003; Bohlen et al., 2004;
Neducza 2007). Grandjean and Bitri (2006) and Saaical. (2009) exploit the data
redundancy proper of reflection seismic recordibgs stacking in the-k domain
different records referenced to the same spatation: again, the dataset to be inverted
is an ensemble of dispersion curves located albagtquisition line. In this work, we
introduce a method to estimate the lateral varigbibf model parameters of a 2D
pseudosection of S-wave velocity in the subsoietasn the analysis of surface wave
dispersion data. The method exploits the same aphnpresented above, which allows
computing the scaling factors between corresponplargmeters of tw¥s models via
the comparison of the two related dispersion curaed the application of scale
properties of surface waves (Socco and Boiero, RAU& retrieved information on the
spatial variability of model parameters can be @ffely used to single out areas with
greater or lower lateral variability, for a propehnoice of the inversion algorithm
(constrained or unconstrained). In particular, Iaterally constrained algorithm (LCI;
Auken and Christiansen, 2004) is preferred, thémeséd lateral variability can be
effectively exploited for a data-consistent tunifighe lateral constraints.

The two novel methodologies (building a consisteiiial model and estimating
the spatial variability of model parameters) and #tgorithm both are based on are
thoroughly described in the following section: wen present their application to two

synthetic datasets and, finally, to a real case.
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METHODS
In this section, we first illustrate the algorithhe two procedures presented in this
work are based on and later we will show how it banapplied for the build-up of a
consistent initial model based on a-priori locdbmation and for the estimation of the

expected lateral variability &fs model parameters.

Comparison between two dispersion curves

The key point of our work is a method to retrievee tratios between
corresponding parameters of two Mprofiles by comparing the two corresponding
dispersion curves: therefore, if one of the t@rofiles is known, the other one can be

estimated (Figure 3.1).
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Figure 3.1 — Sketch of the comparison between tispedsion curves: Morofile 1 is
known, the corresponding dispersion curve (dispersturve 1) and the dispersion
curve related to the unknown profile 2 are available. The ratios between analog
parameters of the J\profiles are obtained from the comparison of tlve dispersion

curves so that Mrofile 2 can be estimated.
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Such comparison method requires that the two 1Dsaliprofiles refer to
horizontally layered media that have the same nurobtayers. Moreover, we assume
the densities and the Poisson’s ratios of corregdimgriayers of the two subsoil profiles
to be equal, i.e. they don’t scale, as they halmited influence on the dispersion of
surface waves (Nazarian, 1984). The model parametdrose scaling factors are
estimated are therefore the layers thicknesseS-amalve velocities.

The comparison method is based on a sensitivitlysisaand on the application of the
scale properties.

A general description of scale properties of saismaveform has been presented
by Maraschini et al. 2011. Scale properties of aafwave dispersion curves were
enunciated in the work by Socco and Strobbia (2G0%W) formally demonstrated and
applied by Socco and Boiero (2008). They can basanized in the statement that “the
phase velocities and the frequencies of the digmeirve scale simply if all the layer
velocities are scaled; the frequencies of the dfpe curve scale if all the layer
thicknesses are scaled” (Socco and Strobbia, 20849ther words, given a layered
subsoil modelM(h,vs,v,p) whereh, vs, v and p represent the vectors of the layers
thicknesses, S-wave velocities, Poisson’s ratiolscemnsities respectively, and given its
corresponding dispersion curve whose points coatds in the frequency-{phase
velocity space are described by the frequenciesovécand by the phase velocities
vectory, the dispersion curve related to the scaled mbdes-h,y-vs,v, p), wherep andy
are the scaling factors for thicknesses and S-walgaeities, can be derived from model

M dispersion curve, as
| [— . | R y
v'i=ylv; f'=L 0 (1)
B

wherev and ' are the vectors of phase velocities and freqwsnoif the dispersion
curve related to mod@l’. Consequently, if dispersion curves are represimin a bi-
logarithmic axis plot, the application of the snglifactors of model parameters implies
arigid translation of the modal curves (Figure) 3Eqjuation 1 for the dispersion curves

represented in frequency-wavenumber domain becomes:

Y g —
=L ik _}/ﬁk (2)

where k and k’ representthe vectors of the wavenumbers of the points of the
dispersions curves related to molieandM’ respectively.
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Figure 3.2 — Example of scaling properties of modalves: in a bi-logarithmic axis
plot (b), the scaling of frequencies and velocitasording to the scaling of model
parameters (a) produces a rigid translation of thedal curves (from Socco and Boiero
2008).

In our case we have to extend this concept to ake &1 which different model
parameters are scaled differently and our aim igdtamate the scale factor for each
model parameter. To do this, prior to the applwatf scale properties, we perform a
sensitivity analysis, in order to estimate the ocbotion of every single model
parameter to the overall scaling of the dispersiawe.

Sensitivity analysis
The task of the sensitivity analysis is to underdtaow much the dispersion curve

points are sensitive to each parameter of the daly¥y profile, i.e. how much their
phase velocity and frequency values change if ondemparameter (either a layer
thickness or a S-wave velocity) is perturbed. Hethe list of the steps explaining how
the sensitivity analysis needs to be computed tmohsistent with the application of the
scale properties:

- afor loop is run over th&s model parameters (layers thicknesses and S-wave

velocities): at every iteration, tljfgparametep,- is chosen;
- parametemp; is successively increased and then decreasedréative quantity

a.

pr =(+a)p,;p; =(1-a)p, 3)
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Wherepj+ andp;” correspond to parametgrincreased and decreased and the
perturbation relative quantity (we have generadiyyos= 0.05);

- consequently, twd/;profiles st+ andVs;) are created, similar to the origina|
model but where the value pfis substituted byoj+ andp; respectively;

- theoretical dispersion curvels;” anddg corresponding t&/s modelsVy" and
Vs are computed by applying a Haskell and Thomsonvdod modelling
(Haskell 1953, Thomson 1950): in both cases theldnmental mode only is
computed;
if parameterp; is a layer thickness, its sensitivigy is estimated by evaluating
how the frequencies of the theoretical dispersimves scale, phase velocities
being equal (Figure 3.3), because a scaling offticknesses produces a scaling
of the frequencies only (equation 1). Sensitivgycomputed by applying the
following equations:

s eg( i |[iodo] foy =gty 1 |fredei /e

s, =(s; +s7)/2 (4)

Whereg+ ands’ are the vectors storing the scaling of the fregiemnwith
respect to an increase and to a decrease of pargmpdtare the frequencies of
the points of dispersion curvdxq+ anddg™ at the same phase velocities.oOn
the other hand, if parametgris a layer S-wave velocity, the original disp ensio
curve,dc;+ anddg are turned from phase-velocity versus frequencyaionmto
frequency-wavenumber domain because a scalingeofvélocities produces a
scaling of frequencies alone ##k domain (equation 2). The sensitivity is then
computed by evaluating how the frequencies of hieeitetical dispersion curves
scale, wavenumbers being equal (Figure 3.4). Agequations 4 are used for
the computation of the sensitivity, but nofvrepresents the frequencies of the
points of the original dispersion curves dpdandf; are the frequencies of the

points of dispersion curvels” anddg at the same wavenumbersf of
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Figure 3.3 — Example of computation of the serii¢s: sensitivity for the *i layer
thickness of ¥profile 1 from Figure 1. a) original dispersion me (black line) and
dispersion curves corresponding to the twahofiles where the®ilayer thickness has
been increased and decreased;(dand dg¢, blue line and red line); b) zoom of the
previous plot highlighting the scaling of frequeesi c) sensitivity for the *1layer
thickness.
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Figure 3.4 — Example of computation of the seriséiv. sensitivity for the llayer S-
wave velocity of Mprofile 1 from Figure 3.1. a) original dispersiamrve (black line)
and dispersion curves corresponding to the twpndfiles where the®ilayer velocity
has been increased and decreaseqf(dnd d¢, blue line and red line); b) zoom of the
previous plot highlighting the scaling of frequessic) sensitivity for the*llayer S-

wave velocity.

Figure 3.5 represents the sensitivities comp utedhiep arameters ofs model 1

represented in Figure 3.1: not surprisingly, p atanseof shallower layers have a greater
influence at high frequencies, while parametersledper layers have higher sensitivity

values at low frequencies.
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Figure 3.5 — Sensitivities for the parameters of; ivodel 1 from Figure 3.1. a)
sensitivities relevant to layers S-wave velocitieglicating how much phase velocity
and frequency values of the points of the corredpondispersion curve change with
respect to a scaling of the S-wave velocities. épsgivities relevant to layers
thicknesses, indicating how much phase velocityfesgliency values of the points of
the corresponding dispersion curve change with eesgo a scaling of the S-wave
velocities. In both plots sensitivities are herpresented as a function of the frequency
of the dispersion curve points, and black linesigatt the sum of the sensitivities for

each dispersion curve point.

It is worth noting that the sum of the thicknesasstvities and the sum of the
velocity sensitivities carried out for every freqag is one (black lines in Figure 3.5): in
fact, the scaling in frequency and phase velocitgvery point of the dispersion curve
can be explained as the result of a weighted surthefscaling of the/s model
parameters, where the weights correspond to thergder sensitivities at the same
frequency of the point itself.
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Application of scale properties

We have shown that given two subs@y modelsM and M’ with the same
number of layers whose thicknesses and S-wave Mielare homogeneously scaled, it
is possible to derive the dispersion curve relat@dM’ from the dispersion curve
corresponding taM by properly scaling the frequencies and phaseciteds of the
known dispersion curve according to the scalinthef model parameters (equations 1
and 2). However, for the purposes of our work, wedto retrieve the scale factors for
each Vs model parameter if not all layers thicknesses aod all layers S-wave
velocities are scaled the same. To do this, weidenthe scaling of the frequencies and
phase velocities of the dispersion curve as thghted sum of the effects of the scaling
of the different model parameters, where the wsigle provided by the sensitivity
analysis. In other words, sensitivities are coragutto know how much frequencies
and phase velocities of the modal curve scaleéfsingle parameter is scaled at a time:
once sensitivities are known, they are used as hiifpr the application of the
superpostion principle. To specify the previouatements, we reconsider the scale
properties (equations 1 and 2). A subsolil layeredehM (h,vs,v,p) is given, whereh,
Vs, v and p refer to the vectors of the layers thicknessesa®%e velocities, Poisson’s
ratios and densities respectively: its correspandigpersion curve is constituted by
points whose frequencies and phase velocitiestareds in vector$ andv respectively.
The sensitivities of the dispersion curve pointthwespect to the scaling of thet+l
layers S-wave velocities are computed as showhemptevious paragraph and can be
stored in matris,:

Sii -+ Sima
S, =| v e (5)

So1 -+ Snm
whose generic elemersi; represents the sensitivity of thfe point of the dispersion
curve with respect to thjéh layer S-wave velocity. Similarly, the sensitivitievith

respect to thenthicknesses are stored3p matrix:

SLl Slm
S, =| e (6)

Syy - S

n,m
whose generic elemerst; represents the sensitivity of thfe point of the dispersion

curve with respect to th’@ layer thickness.
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The dispersion curve related to moddl(B-h,I'vsv,p), whereB andI' are
diagonal matrices whose main diagonal entries lagestaling factors for thicknesses
and S-wave velocities respectively, can be derivedh the curve corresponding to
model M(h,vgv,p) by applying the superposition principle; the sagliof phase

velocities is computed as follows:

log(v') - log(v) =S, (log(diag(T") )] (7)
and therefore
v'=viexp(s, fflog(diag(r))} (8)

where Vv is the vector of the phase velocities of the piaf the dispersion curve
corresponding to mod&l’(B-h,I'-vg,v,p).
The scaling of the frequencies can be estimatadsimilar way:

log(f*) ~log(f) =S, fflog(diag(T))] -S,, flog(diag(B))] (9)
which can be rewritten as
f'=f exp(S, (log(diag(T))| S, log(diag(B))]} (10)

with f* the vector of the frequencies of the points ofdis@ersion curve corresponding
to modelM’(B-h,I"vg,v,p).

As the scaling of frequencies and phase velocisesubstantially evaluated by
solving a system of linear equations (equationsBX0), it is then possible to solve the
inverse problem as well, i.e. estimating the scpfactors of model parameters being
known the scaling of frequencies and phase vedscitn other words, it is possible to
estimateB andI', and therefore the parameters of mddé&B-h,I'-vs,v,p) being given
modelM (h,vgv,p) and the two corresponding dispersion curvesneaefby vectory, f
and v, f. As both dispersion curves are known, it is plogsito evaluate how
frequencies and phase velocities of dispersionecafvmodelM need to be scaled to
match the shape of dispersion curve of madél However, this match cannot be
interpreted uniquely, as there are infinite comtiares of scaling able to make the curve
of modelM to assume the shape of the curve of mifeltherefore it is necessary to
assume that either only layers thicknesses or laglgrs S-wave velocities can vary, so
that either the scaling of frequencies alone infthelane or the scaling of frequencies

alone in thef-k plane is evaluated. In both cases, the measusthgwector can be

referred to as](%, I.e. the vector of the ratios between frequerayas of the curve of

model M’ and the frequency values of the curve of moklel being either phase

velocities or wavenumbers constant.
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If the thicknesses are assumed to be constantrapdenave velocities can vary,

eqguation 9 can be rewritten as:

log(diag(r)) =S, * tflog(f") ~log(f)] (11)
and therefore
diag(r) = exp{s, ™ Cfiog(f") ~log(f )]} (12)

whereI is the diagonal matrix whose main diagonal entaes the ratios between

corresponding S-wave velocities of modiéland modeM’ and S, ° is the generalized
inverse of sensitivity matri®, (see equation 55, ¢ is defined as
s, =(s's, [ s, (13)

Note that the linear system of equations in 12dmesand valid solution an§, ™°
can be defined as in equation 13 if the numbetehents of vectof% is greater than

the number of unknowns, which is equal to the nurob&yers in the models.

Similarly, if S-wave velocities are assumed to fgaat in both models, the ratios
between corresponding thicknesses of madeland modelM (the elements of the
main diagonal of matriB) can be obtained by rewriting equation 9 as

log(diag(B)) = -S;? flog(f") - log(f)] (14)
and therefore
diagh) =exg[- S (log ") ~log )]} (15)

whereS, ¢ is the generalized inverse of sensitivity ma8ix(see equation 6) and it is

defined asS, ™ = (SZ Sh)_lSh (16)
Two examples of the application aforementioned oetare presented in Figures 3.6
and 3.7: in Figure 3.6 S-wave thicknesses are asdwonstant, while in Figure 3.7

velocities are the same in both models.
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Figure 3.6 — Example of the application of the nodtrexploiting the comparison
between two dispersion curves to retrieve the sdtietween corresponding parameters
of both models. In this case, thicknesses are anhsind only S-wave velocities can

vary. a) The two dispersion curves, represented frk plot, and the evaluation of the

scaling of frequencies for the dispersion curvaviidse corresponding model is known)
to match dispersion curve 2; b) the estimated sgatif frequencies; c) sensitivities of
dispersion curve 1 computed with respect to the®ewelocities of model 1; d) subsaoil

models: model 1 is given, model 2 is estimatedcanapared with its true\profile.
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Figure 3.7 — Example of the application of the nodtrexploiting the comparison
between two dispersion curve to retrieve the raltiesveen corresponding parameters
of both models. In this case, S-wave velocitiesnaovary and only thicknesses can
change their value. a) The two dispersion cunrepresented in a f-v plot, and the
evaluation of the scaling of frequencies for thespdrsion curve 1 (whose
corresponding model is known) to match dispersimve 2; b) the estimated scaling of
frequencies; c) sensitivities of dispersion curvecdmputed with respect to the
thicknesses of model 1; d) subsoil models: modsldiven, model 2 is estimated and

compared with its true \profile.

In both cases the unknown model is correctly ed#thastarting from the
knowledge of the other model and having the twpelision curves.
The main limitation of the presented approach & thcan be reliably applied if the
scaling factors of model parameters, stored in nih#& diagonal of matriceB andT’,
are not too far fromlta, wherea is the parameter perturbation relative quantity
introduced in the sensitivity computation (see jmes section): if this condition does
not hold true, the approximation introduced by dinzing the problem (see equations 7
and 9) may not be valid anymore. From several nioaktrests, we have concluded that

the presented method can be reliably applied ifah@wving inequalities:
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hold true for all the elements of the main diagaid andI.

Figure 3.8 displays a flow-chart of the presentedhmd, by which it is possible
to estimate the scaling factors between the pammedf twoVs models via the
comparison of the corresponding dispersion curves.

Input data: model M{h,w, v p)
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Figure 3.8 — Flowchart of the method by which itpigssible to estimate the scaling
factors between the parameters of twanodels 1 and M’) via the comparison of the

corresponding dispersion curves (indicated as di dai).
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Production of consistentinitial model

The goal of our procedure is to use the a-pridarmation that may be available
at a position in the neighbouring of the seisrme lio build up a consistent initial model
also for dispersion curves which are not closeheod-priori information location. This
is achieved by updating thé model provided by the a-priori information avalkalat
one place to the location of the dispersion curva way which is consistent with the
dispersion curve itself. The scaling factors fae thodel parameter update are retrieved
by means of the comparison method presented iprevéous paragraph.

The first step is to compute the theoretical disper curve relative to th¥
model that represents the a-priori information, aliguderived from a down-hole or
cross-hole test results. The curve is then usedhi®isensitivity analysis that supplies
the weights for the application of the scale prtpgr Eventually, the available
experimental dispersion curves are compared onen®y to the theoretical curve
through the application of scale properties ofatefwaves: this provides the update of
the a-priori model at each experimental dispersiarve position (Figure 3.9). The
obtained models are based on the parameterizatimained from the a-priori
information and are modified according to the lo@#ormation contained in the
dispersion curve: they are hence consistent with bBepriori information and raw data.
They can be hence used as consistent initial nfodé@lversion.
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Figure 3.9 — Scheme of the procedure to estimatersistent initial model for the
inversion of a set of experimental dispersion carnixperimental dispersion curves are
compared with the theoretical curve correspondihg Y profile retrieved from log
survey or a down-hole test. The result of each eimpn is a 1D YV profile
corresponding to the a priori information properigustomized according to the
considered experimental dispersion curve.
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Estimation of expected lateral variability

The input data that is required for the estimatibthe expected lateral variability
of Vs model parameters is a set of dispersion curvesiatlpalocated at different
positions along the seismic line they were extdhdrem. The preliminary step is
attributing an estimate of the subswdilprofile to all available experimental dispersion
curves by appling, for instance, the procedurelierproduction of a consistent initial
model presented in the previous paragraph. If paai model is available this can be
replaced, only for the purpose of estimating ther& variability of the parameters, by
the result of the inversion of one of the experitabicurves. The aim of attributing a
rough estimate of the subsoil model to the experaialispersion curves is to provide
each curve &; profile to perform a sensitivity analysis. Theelal variability of each
model parameter can then be estimated by compahagexperimental dispersion
curves two by two, thus retrieving the ratios betweorresponding parameters, either
S-wave velocities or thicknesses according to bHusen simplification assumption. For
the necessity to choose such simplification assiompsee the “Comparisdoetween
two dispersion curves“ paragraph. Therefore, if g®¢ of dispersion curves to be
inverted is made up of curves, every model parameter dfsamodel has-1 estimates
of its ratio with respect to the corresponding paeter of the other models. For thfe
model parameter the reciprocal ratios between mpdeameters derived from the

comparison of every couple of dispersion curvemftren x n matrixR,:

rll r1,2 r],n
_| 2t
Ry = ] (16)
n-1n-1
rnl rn,2 rnn

where the generic elementis derived from the comparison between if?mndjth
dispersion curve. By subtracting to all the ratiss mean of the ratios belonging to the
same row (i.e. each ratio turns into the relatigeiation from the average value of the

parameter) we obtaiR’

12

r n-1,n-1 (17)
r ni r n2 r
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whose generic element is; = r;; - T, with T the mean of the ratios from tite
row of R..

Then, by averaging over the columndRf, the expected spatial variability for the
k" parameter is obtained:

w33 83 - 31%) 815 oo

where ESV, is the expected spatial variability for tk& model parameter, i.e. a
vector whose elements represent an estimate ofréne of thek" parameter value
along the survey line. A simplified sketch of theegented method is displayed in
Figure 3.10.
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Figure 3.10 — Sketch of the method for the estimatf the expected lateral variability
of \, model parameters

The estimated lateral variability can then be usdde different 1D model through
spatial regularisation in the inversion, for inst@anusing a laterally constrained
inversion scheme (Socco et al., 2009). The basia id to customize the strength of

lateral constraints on the expected lateral vdiiglof the model parameters: where the
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variability is higher, constraints can be loosengHile they can be strengthened where

the model parameters are expected to assume svaiises.

SYNTHETIC DATA
The procedures for the production of a consisteitiai model and for the

estimation of the lateral variability of, model parameters was firstly tested on two
synthetic datasets.

The first synthetic dataset presented in this weak originally produced by Boiero and
Socco (2010). The model was generated throughite fite ment method available code
(COMSOL Muliphysics®, stress-strain module) usargaxial symmetric scheme and
a Ricker signal (dominant frequency 10 Hz) to sateilthe seismic source. The model
(Figure 3.11) is linear elastic isotropic and pnesethree layers, topographic

unevenness and a dipping layer: its seismic praseare reported in Table 3.1.

t
ﬂ ; 12} 2 34
& | n
100 100 200 .
___________________________ 110
L 400 | —
X

Figure 3.11 — Geometry of the first synthetic modBldimensions are in meters. The
vertical thick dashed line visible on the left sisarks the position of the simulated

down-hole test used to build the initial model.

Table 3.1 — Seismic properties of the layers ofitisesynthetic model.

Layer Vi [m/s] Vs[m/s] plkg/m’]
1 240 120 1800
2 340 170 2100
3 500 270 2400
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The generated dataset represents a typical mditis@ismic survey with
geophones every 5 m and shot points every 20 mfoAdhe dispersion curves
extraction, the procedure is extensively describedhe aforementioned paper by
Boiero and Socco (2010). A set of 12 dispersiorvesir(Figure 3.12) was retrieved
from the stackedk spectrum computed for each position of a movingdew of 24
channels with an overlap between neighbouring positof the window of 75%. The

dataset to be inverted is hence a series of digmecsirves evenly-spaced along the

seismic line.
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Figure 3.12 — Dispersion curves extracted from firat synthetic model. Each

dispersion curve is identified by the X value @ trresponding reference point.

We applied our proposed methods to this datasedt, fve produced an initial
model based on a priori information by supposihgt ta log survey had been performed
by the position of the leftmost dispersion curvehe synthetic model (Figure 3.11, see
thick black dashed line). The verticd profile that is supposed to be known in that
position was extended to the whole survey line, dalapting it according to the
comparison of the dispersion curves. Velocitiesensssumed to be constant, and only
thicknesses were left free to vary. The obtainadairmodel is displayed in Figure
3.13: both interfaces depth were reconstructed wigood degree of accuracy, as the

relative estimation errors never exceed 12 % (leigui4).
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Figure 3.13 — Consistent initial model produced dpyreading the exact Vs profile
indicated in Figure 3.11 to the whole survey lifidin black lines indicate the actual
position of the model interfaces and its boundaries
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Figure 3.14 — Relative estimation errors for théenfaces depths of the first synthetic

model.

We also computed the expected spatial variability the V, model layers
thicknesses (Figure 3.15), assuming constant S-weleeity values. In Figure 3.15b
the expected spatial variability shows a good ages¢ with the actual trend of the
corresponding parameters.
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Figure 3.15 — Expected spatial variability of thecknesses of the first synthetic model.
a) ratios among corresponding the thicknesses cteeddar every couple of dispersion
curves (matricesR, of equation 16) and b) represents the derived aggdespatial
variability (vectorseSV, of equation 18) compared with the true trend ef Walues of

the two thicknesses.

The second synthetic dataset was originally prodiuced used by Socco et al.
(2011). It was generated by means of a finite-d#ifee code for numerical simulations
FD2.0,
FORTRAN 90/95 standard and based on the works bgp@bn (1994) and Nyhoff

(1997). FD2.0 is able to produce, starting fronbasibsoil layered model described by
the seismic properties of its materials, a seisdataset characterized by spatial

implemented by the Geophysics Laboratory Pofitecnico di Torino in

sampling consistent with the mesh size and byed firumber of shots. The geometry of

the synthetic model is represented in Figure 3ridbthe seismic properties of the layers
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are reported in Table 3.2: again, the model is attarized by significant lateral
variations, as a basin is present on the left sfddae model while on the right side the
second layer progressively emerges reducing tlokriess of the shallower layer up to
10 m.

Figure 3.16 — Geometry of the synthetic model: dithensions are in meters. The
vertical dashed line visible on the left side mattkes position of the simulated down-

hole test used to produce the initial model. Sige bottom boundaries are modelled as

absorbing boundaries.

Table 3.2 — Seismic properties of the layers oftmnd synthetic model.

Layer Vi [m/s] Vs[m/s] plkg/m’]
1 800 500 1800
2 1300 800 1800
3 1800 1100 2000
4 2600 1600 2400

As for the shot simulations a Ricker source cenatetlD Hz was used: a multifold
seismic survey was simulated, with shots every Hhcspacing between neighbouring

receivers of 5 m. A dispersion curves extractiachigque, similar to that described in
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Boiero and Socco (2010) for the previous synthetmdel, was applied: a moving

window 200 m wide was progressively shifted by 100steps along the simulated

seismograms and a set of 14 dispersion curves wescted (Figure 3.17). Again, the

V;, profile located at the thick black dashed lineFigure 3.16 was supposed to be

known and spread to the survey line and custonmszredrding to the available surface

wave data, assuming constant velocities and estigathe trend of the layers

thicknesses along the line.
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Figure 3.17 — Dispersion curves extracted from #seond synthetic model. Each

dispersion curve is identified by the X value e tivrresponding reference point.

The obtained model is represented in Figure 3.18 toe relevant relative

estimation errors for the interfaces depths arerted in Figure 3.19.
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Figure 3.18 — Consistent initial model produced spreading the exact \profile
indicated in Figure 3.16 to the whole survey lifi@din black lines indicate the actual
position of the model interfaces.
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Figure 3.19 — Relative estimation errors for thdenfaces depths of the second
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synthetic model.

On the whole, results are satisfying, as the nigjoof the errors are equal or
lower than 20 %: however, estimation errors areatgme than those found for the
previous synthetic dataset, probably because ofldwer quality of the dispersion
curves. The most remarkable errors are produaeth®verticalV, profiles located at
or near the basin on the left side of the modahdehe window used for the dispersion

curves extraction 200 m wide, the dispersion cucamot perfectly follow the trend of
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lateral variations as they are not representatitbevertical profile beneath the centre

of the receiver spread.
We then estimated the expected lateral variabifity the layers thicknesses

(Figure 3.20).
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Figure 3.20 — Expected spatial variability of tHecknesses of the second synthetic
model. a) ratios among corresponding the thicknessemputed for every couple of
dispersion curves (matricd3, of equation 16) and b) represents the derived erpe

spatial variability (vector€SV, of equation 18).

As it is shown in Figure 3.20b, the gradual emeggih the second layer in the
right hand side part of the model is better reqmesed than the basin (see Figure 3.16

for the model geometry): in fact, being the windased for the dispersion curves

9¢



Paolo Bergamo r&@ace wave analysis in laterally varying media

extraction 200 m wide, the dispersion curves carfalhy follow the trend of sharp

lateral variations (such as the extremities of tiasin) as they are not perfectly
representative of the vertical profile beneathdémetre of the receiver spread. Finally, it
must be noticed that the trend of the third layl@ckness is estimated with lesser
accuracy when compared to the upper layers thiclasgsas the sensitivity of the

dispersion curves with respect to this parametgp®orer.

REAL CASE

The dataset was acquired in an alpine valley in M§ly for a seismic risk
assessment campaign (Socco et al., 2009). The gyeolbothe site is characterized by
shallow fluvial sediments whose thickness may Jaejween 10 and 50 m interposed
by lacustrine sediments: the bedrock is expectdthtve a depth greater than 100 m in
the central part of the valley. Two high resolutigilection surveys were carried out
across the valley: both lines are about 800 m lmdywere acquired using 240 active
channels with 10 Hz vertical geophones, 2 m geoplspracing, 6 m shot spacing, 1 ms
sampling rate and 2 s recording time. Surface vdata are significantly present in the
recorded seismograms, and were used to estimatg thstribution in the overburden.
We applied our technique to one of the two lines wWhich two S-wave down hole tests

are available in its proximity (see Figure 3.21).
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Figure 3.21 — a) Map of the site and locationlad seismic refraction line (from which
experimental dispersion curves were extracted) afidthe down-hole tests; b)
dispersion curves reference points and their dinisinto two subsets; ¢) DH 1 test S-

wave velocity profile; d) DH 2 test S-wave velopitgfile.

As for the dispersion curves extraction, a movingdew 24 channel wide with a
50% overlap between its neighbouring positions whssen, so that a set of 36
dispersion curves was obtained (Figure 3.22). Adingrto the topography of the site
the curves can be easily divided into two subssdgarated by a steep slope: for each
dispersion curves subset \4 vertical profile estimated from a down-hole test is
available, and so the profile from DH 1 test wasdus build an initial model for subset
1 and the profile from DH 2 was spread along suBsetyer thicknesses were assumed
to be constant in both cases, but thicker layersofsd and third layer of DH 1 profile
and third and fourth layer of DH 2 profile) werdisinto two sub-layers to allow for a

greater complexity of the distribution.
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Figure 3.22 — Experimental dispersion curves frowrré Pellice site. Curves are
represented with a colour scale according to thspdrsion curves reference point. In
a) the dispersion curves from the first subset @gare 3.21b) are reported, while in

b) the second subset group is represented.
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The corresponding two initial models are reported-igure 3.23: both models

highlight a velocity inversion linked to the preserof soft lacustrine deposits affecting
almost all verticaV; profile at around 500 m of elevation.

Elevation (m)

490

480

4?00

X (m)

0 500 1000 1600
Shear wave velocity (m/s)

Figure 3.23 — Initial model for the real datasethelmodel was obtained by extending
the \{ profiles retrieved from two down-hole tests (DHuid DH 2 in Figure 3.21) to
the experimental dispersion curves from subsetdl?arespectively (Figure 3.22).

Moreover, two regions characterized by higher walwé S-wave velocity,
especially at large depths, are detected at ardundb00 m and X = 800 m: as for the
initial model for subset 1, an increase in S-waedeity of the intermediate layers
with greater X values is worth noticing. The rbllsy of both initial models is backed
by their consistency (Figure 3.24) with the P-wawaography performed on the same
site and by their similarity to the results of aeyiously run laterally constrained

inversion of the same experimental dispersion ai(@ecco et al. 2009).
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Figure 3.24 — a) Initial model for the real datasstiperimposed to the P-wave velocity
tomography results; b) laterally constrained inviers results of same experimental
dispersion curves datasets from Boiero et al. (308@perimposed to the P-wave

velocity tomography results.

We later computed the expected lateral variabdityall layers S-wave velocities

for both the dispersion curves subsets (see FgI&b — 3.28).
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Figure 3.25 — Ratios among corresponding velci{matricesR, of equation 16)

computed for every couple of dispersion curves fsabyset 1 (see Figure 3.21).
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Figure 3.26 — Expected spatial variability (vect®S\, of equation 18) for the
velocities of the layers relevant to the initial debretrieved for the dispersion curves
from subset 1 (Figure 3.21).
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As for the expected lateral variability for thesfisubset of curves (Figure 3.25
and 3.26), despite the anomalous behaviour of\therofile at X = 85 m, a gradual
increase towards greater X values of the S-waleciies of the second, third and
fourth layer can be observed, while the shalloveest the two deepest layers velocities
tend to remain almost constant. Switching to thenesed lateral variability for subset
2 (Figures 3.27 and 3.28), the two upper layersstamibially keep their S-wave
velocities constant, but the four deeper layers e V, values increase up to
approximately X = 625 m, then their S-wave velestare decreased until 750 m,
where they increase again (probably, this lattereimse is overestimated, reaching
values of 250 % and more). The aforementionedifeatare in good agreement with
the dispersion curves inversion results alreadgreed by Socco et al. (2009) and with

the results of the P-wave tomography performechersame site (Figure 3.24).
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Figure 3.27 — Ratios among corresponding velocifiesatrices R, of equation 16)

computed for every couple of dispersion curves fsolyset 2 (see Figure 3.21).
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Figure 3.28 — Expected spatial variability (ved&S)\, of equation 18) for the
velocities of the layers relevant to the initial debretrieved for the dispersion curves

from subset 2 (see Figure 3.21).

DISCUSSION

We applied the two processing techniques preseimedhis chapter (the
construction of an initial model exploiting locabaiori information and the estimation
of the spatial variability ofs model parameters) to two synthetic and one rdabeés.

As far as the synthetic datasets are concerned?2@hstructures of both models
were satisfyingly reconstructed both by “spreadikigpwn Vs profiles (Figures 3.13 —
3.14 and 3.18 — 3.19) and by evaluating the Iatengability of Vs models parameters
(Figures 3.15 and 3.20). However, in both proceslar®wer accuracy in the estimation
of deeper layers parameters can be observed, a®rdisn curves have a poorer
sensitivity to parameters belonging to deeper kmylean to shallow layers. Besides, the
reliability of the results has proven to be quiepdndent on the quality of the input set
of dispersion curves, as the results we got froelfitkt synthetic dataset, characterized
by higher quality, are better than those obtaimechfthe second one. However, these
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two problems can be also met in the actual m®iearprocess, where deeper model
parameters may be unresolved and poor data quadityindeed affect the inversion
results.

We also applied the same processing techniques setaof experimental
dispersion curves from a real acquisition line. Teal dataset geology is particularly
challenging, being characterized by lateral hetemegies and a velocity inversion: two
V; profiles from down-hole tests are available inxmoty of the seismic line, and we
managed to extend these profiles to the whole gumve (Figures 3.23 and 3.24). We
also reconstructed the spatial trend of Yhenodel parameters (Figures 3.25 — 3.28).
Though preliminary and rough they may be, the tesulve got are meaningful and
reliable, as their agreement with the P-wave toamlgy results and with th¥,
distribution from a previously performed laterabbgpnstrained inversion is remarkable
(Figure 3.24).

Eventually, the applications to both synthetic dietd data point out the main
limitation of the two methodologies, i.e. the fabat it is only possible to consider the

variation of one kind of parameter (i.e. eithgreies S-wave velocities or thicknesses).

CONCLUSION

We have set up two procedures to enhance the ifityiabf the surface wave
method in investigating smooth 2D structures in shbsurface. The aim of the first
technique is to build an initial model for the detmistic inversion of surface wave
data by systematically integrating a-priori lovalinformation available in proximity of
the locations of the available experimental disjpersurves. The robustness of the
inversion process can be hence improved by prayidineliable initial model for the
inversion using local a priori information that asgtended to the survey line and
updated according to surface wave data in the fofmispersion curves. The second
technique provides an estimation of the spatiabbdity of V; model parameters based
on the analysis of surface wave dispersion datadrticular, of a set of neighbouring
dispersion curves). This preliminary assessmethefateral variability of th¥; model
can direct the choice of the method for the inversif surface wave dispersion data: if
a laterally constrained inversion algorithm is pregd, such estimate can be exploited
for the tuning of lateral constraints. The strengththe constraints can therefore be

based on data analysis and not on a priori or segos considerations.
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Both procedures are based on an algorithm ablectiteve the scale factors
between the parameters of two N2 models via the comparison of the two
corresponding dispersion curves: the procedurasedon a sensitivity analysis and the
following exploitation of the scale properties offaice waves.

After formalizing the two approaches, we appliednhto two synthetic and one
real datasets, all of them sharing the presencatefal heterogeneities. As for the
synthetic data, we correctly reconstructed Wheistribution of both models, providing
proper initial models and reliable estimates of spetial trend oW, model parameters.
Regarding the application to the field data, we agaa to extend the local a priori
knowledge ol distribution provided by two down-hole tests titlak seismic line; we
also reconstructed the overall trend of ¥henodel parameters along the survey line.
The validity of the results we got is confirmed lbieir agreement with other
geophysical surveys performed on the same sit@trat analyses of the same data.

The application to real and synthetic data has@asoted out the weaknesses of
the proposed methodologies: the main drawback eftvp procedures is that they
require to assume that either layers thickness&sveave velocities are constant, so that
the trend of either velocities or thicknesses caediimated. Overcoming this limitation
could be a starting point for future develop meAtsother perspective of future work is
making the developed approaches more robust, agudiity of their results has proven
to be heavily dependent on the quality of the ingispersion curves: a possible strategy

would be to exploit dispersion curves higher madea$ie whole procedure.
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4 - APPLICATION OF METHODS BASED ON SURFACE WAVES POWER
AND PHASE SPECTRAFOR THE DETECTION OF DISCONTINUIT IES ON

SYNTHETIC AND REAL DATA

In the previous chapters (1-3) | have illustratemre techniques to provide the surface
wave method the tools to handle smooth lateralatians in the subsurface: | have also
presented some applications of these methods, \klaich been tested on synthetic and
field data and, in one case, on a dataset deriveth fsmall-scale seismic experiments
carried out on a physical model. The present chajsténstead devoted to address the
problem of sharp, sudden lateral heterogeneitieshm subsurface when applying the
surface wave method. In case of abrupt lateralatamns, | have adopted the strategy to
identify the position of the discontinuity, to pees separately the seismic traces located
on the two sides of the heterogeneity. This chaphberefore presents several
methodologies to determine the location and the esiment depth of sharp
heterogeneities in the subsurface.

ABSTRACT

Surface Wave technigues are characterized by a gjroach which might prove
unsatisfactory when relevant 2D effects are presettie investigated subsoil. In case
of sharp and sudden heterogeneities in the sulteuafatrategy to tackle this limitation
is to estimate the location of the discontinuiesl to separately process seismic traces
belonging to quasi-1D subsoil portions. In the preswork we have addressed our
attention to methods aimed at locating discontiesiialready available in literature and
sharing the exploitation of anomalies in surfacevevg@ropagation and attenuation
detected by means of the computation of phase awkipspectra. The considered
methods are the phase analysis of surface wave @) @fe autospectrum computation
and the attenuation analysis of Rayleigh waves (MAR These methods were
developed for different purposes and differentespabblems, but we applied them to
the same datasets (a synthetic data from a FEMlation and a real dataset from a
seismic reflection line) sharing the presencerofbrupt lateral variation (in the real
case, a seismic fault) perpendicularly crossingatwisition line. We also developed a
method derived from the AARW for the detection b&gp discontinuities in the subsoll

from large and redundant datasets and we testamu diur real case dataset. All three
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methods proved to be effective for the detectiorthef discontinuity, by portraying

phenomena linked to the presence of the heterdgerseich as the interaction between
forward and reflected wave trains, and energy aumagon and subsequent decay at
the fault location. Moreover, additional informatiovere retrieved, such as the

embedment depth and the sharpness of the retrgseahtinuity.

INTRODUCTION

In surface wave analysis, usually, the experimetisgl ersion curve of surface waves
(i.e. phase velocities vs frequencies) undergodawarsion process yielding as a result
an estimate of the shear wave velocity profileha subsoil. However, surface wave
techniques are mainly used to retrieve 1D subsodeis: in 2D environments the 1D
approach neglects the presence of lateral vangtamd, since the surface wave path
crosses different materials, the retrieved dispargiurve results in a simplified or
misleading description of the site (Boiero, 200B). literature, some strategies to
overcome this limitation are present. A first stggt is based on a spatial windowing of
the seismic traces (Bohlen et al. 2004; Boiero Sadco, 2011), so that the dispersion
curve becomes a local property of the subsoil léndze receivers whose traces are
weighted more. This solution can be effectively @gal in case of smooth lateral
variations: if the spatial window is successivelifted along the seismic profile, a set
of dispersion curves can be extracted and the gtadbange in subsoil seismic
parameters can be reconstructed with a lateralhstcained inversion of the dispersion
curves yielding a pseudo-2D section of the sheaveweelocity in the subsurface
(Bergamo et al.,2010; Socco et al. 2009). In cdstharp and sudden 2D effects in the
subsurface, another strategy should be preferrednsists in estimating the location of
discontinuities seismic parameters and processipgrately seismic traces belonging to
quasi-1D subsurface portions. The latter strategstudied in the present work; among
the available methods able to point out laterdetogeneities, we focus on three of
them:

- multi-offset phase analysis of surface waves (MPPresented by Strobbia
and Foti (2006) and modified by Vignoli and Cass{@010);

- computation of the austospectrum of the seisrames, as suggested by Zerwer

et al. (2005) for the detection of cracks in cobetgeams;
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- attenuation analysis of Rayleigh waves (AARW)deeloped by Nasseri-
Moghaddam et al. (2005) for the estimation of tbeation and embedment depth of
underground cavities. We also set up a procedurarfceffective and quick application
of the AARW to large multifold datasets such asgtbismic reflection line which is our
real case dataset.

The above-mentioned techniques, which will be brieflescribed in the
following section, were applied to both syntheticl aeal datasets. As for the synthetic
dataset, the model presents a sharp lateral variatiused by the sudden rise of the stiff
halfspace (Figure 5.1); in the real dataset, thense line crosses a fault, so that an
abrupt discontinuity is expected. The surface walrase analysis was already tested on
real and synthetic datasets similar to the onepresent in this study (Vignoli et al,
2011): on the contrary, the autospectrum methodthedAARW were developed for
smaller scale problems and for differently shagédral variations, respectively. The
aim of the study is to test the applicability oéttwo latter techniques in fault detection

cases and to compare the results of the three d&tho

X (m)

¥ Sources positions

100 150 200 250 300
Shear wave velocity (m/s)

Figure 5.1- Synthetic model geometry: thevdlues for the three layers are (from top
to bottom): 120 m/s, 170 m/s and 270 m/s. Onlyctrdral portion of the model is
displayed: the synthetic model extends from X=&4310 m and down to Y=-200 m

without any other vertical or lateral variation.
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METHODS
In the present section we briefly describe the éhmeethods adopted in this

work.

Multi-offset phase analysis of surface wave (MOPA).

This technique requires a multichannel seismic satqn and it is based on the
analysis of the phase of surface waves versustpffeguency by frequency. The phase
spectrum is computed for every seismic trace sbtti@trend of surface wave phase
versus offset can be reconstructed for every fregqueBy unwrapping the phase, the
phase versus offset plot slope estimates the pledseity for the considered frequency
at a certain offset. As shown by Vignoli and Casis{@a011), MOPA can be used for
the evaluation of the local phase velocity of acef wave frequency by frequency
and/or for the estimation of the position of shiaeral variations, as a sudden change
of the slope of the phase versus offset revealsaimtinuity in the phase velocity for
the considered frequency. MOPA technique is ableexploit the data redundancy
typical of a multifold seismic dataset for a robestraction of the modal phase and a
rigorous evaluation of the uncertainties and it hlisady proved its reliability when
applied to datasets similar to those processethi®work (Strobbia and Foti 2006 and
Vignoli and Cassiani 2011): therefore we limitagrselves to a rough application of
MOPA, evaluating frequency by frequency the Igehbse velocity of surface wave

simply derived from the slope of the unwrapped ghassus offset graph.

Autospectrum method.
This method is based on the computation of thespetdral density of every

seismic trace(t):

={RdZ(o)]}* +{Im[Z(w)]}* (1)

whereG,, is the autospectral density a#() is the Fourier transform d(t) (from

GXX

Zerwer et al. 2005). The autospectrum plot hensplalys the energy content of a
seismogram as a function of frequency and offsetstdspectrum calculations were
exploited by Zerwer et al. (2005) for the detectadrcracks in concrete members, as
they observed that cracks cause strong Rayleighe waflections that are easily

highlighted in the autospectrum plots: moreoveytbecceeded in estimating the depth

of the cracks by pointing out the frequency markihg border between the frequencies

11¢



Paolo Bergamo Surface wave analysis in laterally varying media

that undergo backward reflection phenomena andréggiencies that don't. Therefore,
we applied the autospectrum method to our datasetsh the aim of identifying
anomalies in Rayleigh waves behavior due to latbetkerogeneities and to the

propagation of the wave train through different enals.

Attenuation analysis of Rayleigh waves (AARW).

The procedure was developed by Nasseri-Moghaddar @005) to determine
the location and the embedment depth of undergraawities using surface waves.
Oddities in Rayleigh waves propagation are detebtedneans of the energy-distance
(ED), logarithmic decrement (LD) and amplified dwighmic decrement (ALD)
parameters: prior to the computation of such pdmmse traces amplitudes are
multiplied by a gain function to correct for thdeet of geometrical spreading, so that
anomalies only in surface wave propagation arectisle The energy-distance plot is

based on the computation of the signal eneEgyfér every receiver location as:

Ez :z:IU f,z (2)

is the amplitude of the spectrum at frequemmdpr receiver number.

2

where |U t 2

Nasseri-Moghaddam et al. observed that the EDiploharacterized by fluctuations in
the proximity of the void, allowing an estimatiof tve location of the cavity. The

logarithmic decrement (LD) is defined as

LD= LnHji (3)
j,z4

whereU;, andU;,,; are the Fourier spectrum amplitudes for frequeficp mputed at
two consecutive receivers andz+1. As stated by Nasseri-Moghaddam et al., LD
highlights the either constructive or destructivieraction between the reflected and the
propagating front: in particular, typical amp lift@n-attenuation patterns can be spotted
in the LD plot before and after the void locatiand the frequency range at which such
patterns are visible can help estimating the cagibedment depth. To single out the
frequencies most affected by the presence of theé, Wdasseri-Moghaddam et al.
suggest the computation of the Amplified Logaritbmiecrement (ALD):

g
Zmax_l U +a
ALD. = L —2— 4
j Z{ r{u_ﬂmH (4)

z=1 i
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wherej refers tof;, the frequency for which the ALD is computes),. is the
maximum number of receivers);, and U;,,; are the Fourier spectrum amplitudes at
frequencyf; for two consecutive receiversandz+1, a is an experimental constant to
reduce the effect of noise afids an even exponent to magnify the peaks and #eep
ALD values positive (in Nasseri-M oghaddam et gh.&pera is assumed to be 0.5% the
maximum value of the spectrum magnitude ansl 4: for the present work, we retained
the same values). The ALD value can be normalitmas obtaining the Nomalized
Amplified Logarithmic Decrement (NALD):

NALD; = AL, (5)

max(ALD)

wherej refers to the frequencf for which ALD; and NALD; are computed.
Nasseri-Moghaddam et al. show that values of NAlUBse& to 1 are assumed by
frequencies whose wavelengths are comparable it lembedment depth of the cavity.
We applied the AARW procedure as developed by Niasbseghaddam et al. to our
synthetic and real datasets to test its effects®rier an aim (detecting abrupt lateral
heterogeneities) slightly different from the onewiais primarily developed for (i. e.
estimating the location of underground cavitiesprisbver, we set up a procedure for a
quick but effective analysis of the energy versissamce trend of a multifold seismic
line, like the one constituting our real datasdthe procedure we propose requires a
multifold 2D seismic acquisition and it is basedtbree steps:

- energy-distance plot is computed for all availabh®ts, excluding the
traces at small offsets whose geometrical attemomatiollows the body waves

attenuation trend. In this case, traces are nopemsated by any gain function.

- a moving window is shifted along each ED plot aoddach position of
the window the exponent controlling the energgagieas a function of the offset (i.e.
the slope ofthe ED plot reported in bi-logarithratale) is evaluated. In fact we assume
that the intrinsic attenuation can be neglectedthsb the energy trend as a function of
offset is explained by the geometrical spreadingel

EEz+1 - (Oﬁsetzﬂ ]_y (6)
offset,

z

whereE,andE,,; represent the signal energy at receizeaindz+1 (see equation
2), offset andoffse,; are the distance from the source for receizensd z+1 andy is
the decay exponeny = 2 for body waves ang = 1 for surface waves geometrical

spreading). Therefore, if the obtaingdalue is 1, energy decays according to surface
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wave geometrical attenuation rule;jemalue lower than 1 denotes energy accumulation
andy > 1 denotes an energy decay due to a reflectiogechby a discontinuity in the
subsoil. Decay exponents retrieved from the pasitffset portion of ED plots are
distinguished from the exponents obtained from tiegjaffset portion of ED plots.
Finally, all exponents derived from the same paosinf the moving window and from
all available shots are averaged, so that for epasition along the seismic line two
exponents controlling the energy decay as a fundidhe offset are available: one for
the positive offset traces and one for the negatifset traces. By following the trend of
y along the seismic line we expect to identify aneds sharp subsoil heterogeneities
(e.g. faults) which should be characterized by eslafy far from 1, denoting energy
concentrations and sudden decays: moreover, byaefygorocessing decay exponents
from negative and positive offset traces we expectobserve different behaviors
according to the direction the wave front approadie discontinuity. This procedure
was applied only to the real dataset, as the sjiotata are not multifold, and its

results are displayed in the “Real case” section.

SYNTHETIC DATA
We obtained the synthetic dataset by using theefieiement method (FEM) code for
numerical simulations COMSOL Mulkiphysics ®. Two rror-like axial-sy mmetric,
linear, elastic isotropic models were produceditatate two shots whose sources are
located at both ends of the synthetic recordingyarv¥We show the model in Figure 5.1:
an upper 2 m thick layer tops a second layer whinskness abruptly decreases from 8
to 2 m at the centre of the model. The model snpfied representation of a fault-like
pattern and to assess the applicability of the oggho this kind of lateral variations we
simulated a very dense acquisition. As already imeatl, we simulated two shots, with
the source position in (280,0) and (430,0) respelti the used source signal was a
Ricker source centred at 12.5 Hz. For both shoessimulated the vertical vibration
velocity at 301 synthetic receivers located ontigesurface of the model between the
two source positions with 0.5 m spacing (Figurg.5.2
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300 320 340 ) 380 400 420
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Figure 5.2 — a) Synthetic seismogram of the sh(2&®,0) and b) synthetic seismogram
of the shot in (430,0).

The time step for the numerical simulation was In®5 and the total simulation time
was 3 s. Both seismograms are characterized bgrégsence of Rayleigh waves and P-
guided waves phenomena, as shown in Figure 5.3Figure 5.3a and 5.3b the
normalizedf-k spectra of the traces belonging to the two 1D ipmst of the synthetic
model are displayed: in both cases, P-guided wapetsion modes can be spotted, as
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dispersive events with phase velocities greatem @8 m/s (that is the cut-off velocity
for Rayleigh waves, being the greatest S-wave uglaaf the synthetic model) are
present. In Figure 5.3c and 5.3d the energy mapiitieed in 3a and 3b are reported in
f-v domain and superimposed to the modulus of therrdetent of the Haskell-
Thomson forward modelling for the two respectivedd@tions ofthe synthetic model
(Maraschini et al. 2010) : the picked dispersivergs (white dots) lie in the regions of

the determinant surface whose modulus is close,tthis validating the synthetic

dataset.
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Figure 5.3 — a) Normalized f-k spectrum of the &gmavith X < 355 m of the shot In
(280,0): white dots represent the picked energyimaxb) normalized f-k spectrum of
the traces with X > 355 m of the shot in (430,0hiterdots represent the picked energy
maxima,; c) surface of the modulus of the deterntioathe Haskell-Thomson forward
modelling for the 1D portion of the model at X <53&: white dots represent the
experimental dispersion curve and correspond toehergy maxima picked in a); d)
surface of the modulus of the determinant of thekél: Thomson forward modelling
for the 1D portion of the model at X > 355 m: whdtets represent the experimental
dispersion curve and correspond to the energy mavpicked in b). In all plots, the
white continuous line is the constant velocity #e270 m/s, marking the upper bound
for Rayleigh wave dispersive events.
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We applied the above-mentioned methods for thectleteof lateral variations
in surface wave propagation to both simulated shiotsFigure 5.4 the theoretical
dispersion curves related to the S-wave velocity (vofiles of the two 1D portions of
the synthetic model are reported, in order to ifierthe range of frequencies that are
most affected by the lateral heterogeneity (i.e fiequencies whose phase velocity
changes when switching from one 1D portion to aedtland therefore to assess the

reliability of the experimental results subsequentgscribed.
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Figure 5.4 — Theoretical dispersion curves relevémtthe two 1D portions of the
synthetic model in Figure 5.1: a) dispersion curuedrequency-phase velocity domain
and b) in frequency-wavelength domain.

Figure 5.5 reports the phase velocity-offset-freqyedistribution plot retrieved
by applying the MOPA technique to both synthetismegrams: the position of the
lateral heterogeneity clearly corresponds to tisedtitinuity in phase velocity that can
be observed at around X=355 m in the 5-20 Hz frequerange. This result is
coherent, both in terms of phase velocities angufeacy range affected by the lateral
variation, with the theoretical dispersion curvasFigure 5.4. In fact, the rise of the
high S-wave velocity halfspace induces higher plakeities in the lower frequencies.
Moreover, the presence of ripples in the plot mredgefore the discontinuity (X<355 m),
mainly in the seismogram whose source is locatéordehe step (Figure 5a), reveals
an interaction between the propagating and theagtstl wave train. The same effect is
visible in the autospectrum plots (Figure 5.6):iagandulations due to the constructive

or destructive interaction between propagatinglaak reflected wavefront are present
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on the left hand side of Figure 5.6a plot andi lsser extent, on the right hand side of
Figure 5.6b.
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Figure 5.5 — Synthetic data: phase velocity disttibn in offset-frequency domain for
the shot in (280,0) (a) and for the shot in (43Q!®) The vertical dashed white line
marks the border between the two 1D portions oftmghetic model geometry (Figure
5.1).

Moreover, in Figure 5.6a, which refers to the seigiam whose shot is before
the step, a clear energy decay occurs for freqasrigiver than 15 Hz at around X=355
m: similarly to what was observed by Zerwer et28l05, the rise of the stiff halfspace

blocks the propagating wave energy.
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Figure 5.6 — Synthetic data: autospectrum plottlee shot in (280,0) (a) and for the
shot in (430,0) (b). In both plots, the verticalstiad white line marks the position of the

lateral variation in the synthetic model geomeffig(re 5.1).

The range of the frequencies affected by the latesterogeneity is therefore
narrower than the one observed in Figure 5.5 amea®d from Figure 5.4, probably
because a dramatic energy decay does not occthddrequencies whose wavelengths
are only partially affected by the lateral heterugey (Figure 5.4b). As for the opposite
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shot (Figure 5.6b) no substantial energy decay bsamwmbserved because the energy
released by the seismic source cannot significagplsead beyond the top of the stiff
halfspace, and in fact energy is concentratedghtenifrequencies with respect to Figure
5.6a: the transition between the two 1D partdefrhodel is marked by a slight energy
decrease as past the fault the energy is not bdustemore by the shallow and stiff
halfspace. Observations in good agreement withali@spectrum results can be
retrieved from the energy-distance plot in Figuré. At small offsets, signal energy
decays very quickly following body waves geometrispreading law: besides, the
peaks that are present in the energy-distance okbdth shots are linked to P-guided
wave events. The energy-distance plot of the shoi{2B0,0) shows an energy
concentration at the location of the lateral vaorat (marked with “A” in Figure 5.7),
similarly as observed by Masseri-M oghaddam et280%): the energy concentration is
due to the fact that, as it is shown in Figure 5t of the energy of the direct wave
train is back reflected by the “step” of the halisp and cannot spread beyond the
lateral variation. The energy decline noticed ia &mergy-distance plot for the shot in
(430,0) and labelled with “B” in Figure 5.7, instieas due to change of depth of the
upper boundary of the stiff halfspace: as the waaim passes beyond the “step”, its
energy is no more bounded by the shallow top ofditspace and so an energy decay

is noticed on the upper surface of the model, wtezesy nthetic geophones are placed.
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Figure 5.7 — Energy-distance plot for both simathshots. The vertical dashed line
marks the location of the lateral variation of thgnthetic model geometry (Figure 5.1).
“A” indicates the energy concentration due to thackward reflection of the direct
wave train against the halfspace vertical interfasehile “B” points out the energy

decay at the border between the two 1D portiorth ®synthetic model.

The interaction between forward and back reflectede train is enhanced in
the logarithmic decrement plot (Figure 5.8) whdne bbgarithm of the ratio between
U;, and U,,, which are the Fourier spectrum amplitudes at freque; for two
consecutive receiversandz+1 (Equation 3), is displayed as a function of frequen
and offset: positive values of logarithmic decretmgimow attenuation (ad; >Uj 1),
negative values correspond to amplificatiof €U ;+1).

The patterns appearing in Figure 5.8a and, at seresxtent, in Figure 5.8b
between the source position and the lateral hetemty are attenuation/magnification
curves denoting the interaction between the wawa fpropagating from the source and
the waves backward reflected by the halfspacecarboundary: these patterns are
pretty similar to the ones observed by Nasseri-Mddam et al. (2005) and exhibit the
same shape, as they asymptotically bend againststép” location. The other curves
that are present on the LD plots, turning from iealtto horizontal as the frequency
decreases, are caused by the propagation of Begwaves through the two upper
layers of the model.

Finally, by applying Equation 4 and 5 we obtaindt ttrend of NALD
(Normalized Amplified Logarithmic Decrement) versfrequency for both synthetic
seismograms. As already proved by Nasseri-Moghadetaal. (2005), high NALD
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values characterize the frequencies whose propagéiparticularly affected by the
lateral heterogeneity. As shown in Figure 5.9 NAl&lues close to 1 are retrieved in
the frequency range 12-20 Hz: these frequenciesesmond to wavelengths of
approximately 10 m (that is the deepest positiothef halfspace upper surface) and

therefore their propagation touches entirely theréd heterogeneity.
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Figure 5.8 — Synthetic data: logarithm of the rabetween the spectral amplitude
values assumed by the same frequency at neighlgoteteiver locations for a) the
seismogram whose shot is located at (280,0) anfdrbthe opposite shot. The vertical
dashed black line marks the position of the lateratiation in the synthetic model
geometry (Figure 5.1).
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Figure 5.9 — Synthetic data: NALD versus frequenfoe both simulated shots.

REAL CASE

Real dataset was acquired in New Zealand by ETHcHuthe aim of the recording
campaign (Carpentier et al., 2010) was the charaat®n of the Alpine fault in the
South Island (Figure 5.10). Five seismic reflectioes between 400 and 1200 m long
were acquired across the fault: 30 Hz vertical emgs were used, but nevertheless the
presence of surface waves in the seismogramsngisant. The five seismic datasets
have already been interpreted by the geophysiegognd ETH Zurich (Carpentier et al.,
2010), and a seismic reflection section and a Pewwamography results are available
for every seismic line, allowing a localization thie main fault and of the minor side
faults and an estimation of their maximum depthO(®0® approximately). Being the
presence of ground roll in the seismograms siganific surface wave data too were
analyzed and interpreted, with aim of estimating 8awave velocity behavior and the
Poisson’s ratio of the shallower layers (Garofdl@aleand Konstantaki 2011). Without
going into details, both the P-wave tomography isestand the surface wave analysis
results have pointed out that the fault marks tloeddr between two different
stratigraphies: in particular, NW of the of thalfehigher S-wave velocity values were
observed. Besides this, it is also worth mentionimg fact that the dispersion curves
that were extracted from the seismic reflectioedirare characterized by the presence of
energetic higher modes, generally for frequengresater than 20-30 Hz: this has had
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consequences on the application of the methodsidmed in the present work, the
MOPA technique in particular. We decided to tesg¢ral variation detection techniques
on two shots from the same seismic line whose ssuace located on both sides of the
main fault (Figure 5.11 and Figure 5.12). Sourcestions are approximately 70 m far
from the fault, and we considered the first 240fraftset (spacing between receivers is
2 m). A topographic unevenness is also preserhefault is located at the lower end

of a 10 m slope stretching for 70 m approximately .

New Zealand North

BHEe

— = = Alpine Fault
Y%  Site of investigation

Figure 5.10 — Map of the Alpine Fault in New Zealaand location of the site of
investigation.
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Figure 5.11 — Real case shots. S1 and S2 inditetgdsition of the source for shot 1

and shot 2, array 1 and array 2 denote the locatidrthe array for shot 1 and shot 2.
The seismic line stretches from south-east (SEpitth-west (NW).
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Figure 5.12 — Seismograms of the real case selattets: shot 1 (a) and shot 2 (b).
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Figure 5.13 presents the phase velocity distobuim frequency-offset domain
derived from the application of MOPA on both comsetl seismograms. In both images
a discontinuity in the phase velocity distributisrvisible at about X = 300 m, marking
the border between a higher velocities region (308 m, NW of the fault) and a lower
velocities zone ( X < 300 m, SE of the fault). Ttesult is coherent with the results of
the surface wave analysis performed in the sangdrthe seismic line (Garofalo et al.
2011, Konstantaki 2011): in particular, the velesitretrieved by applying MOPA
technique are consistent with the phase velocbieshe fundamental mode of the
dispersion curves extracted from the same strdttecsseismic line. In Figure 5.13 the
phase velocities retrieved in the 4-20 Hz freqyerange only are displayed, as for
higher frequencies we obtained substantially highelocity values, higher modes

becoming energetically prevailing.

Phase velocity-frequency-offset distribution

Fraquency (Hz)
Phase velocity (m/s)

Frequency (Hz)
Phase velocity (m/s)

Figure 5.13 — Real data: phase velocity distribatin offset-frequency domain for
shot 1 (a) and for shot 2 (b).

The presence of an abrupt discontinuity at arourd300 m is even more clear
in Figure 5.14, that shows the autospectrum platsbth shots: seimic energy clearly
undergoes a dramatic decay at X = 300 m, as lmest entirely back reflected by the
fault. Unlike what has been observed for the sytitldgata and by Zerwer et al. 2005,
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the energy decay affects all the considered fregueange, suggesting that the fault
stretches deeper than the investigation depth ofaca wave (which is very
approximately one half of the array length, that2® m in this case).

Autespectrum
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Energy

Frequency (Hz)

Autospectrum

Frequency (HZ)
Energy
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Figure 5.14 — Real data: autospectrum plots fosladt 1 and b) shot 2.

We also generated the energy-distance graph amglotted it on a logarithmic
scale (Figure 5.15) for graphical clarity reasohgain, sharp energy decays are visible
at X = 300 m (labelled with A and B in Figure 5.18)d in both shots these decays are
significantly preceded by a concentration of enef@yand D) due to the reflection of
surface wave against the fault (similarly as obseérby Nasseri-Moghaddam et al.
2005). We show the logarithmic decrement plots inigufe 5.16:
amplification/attenuation patterns similar to thees observed for the synthetic dataset
and by Nasseri-M oghaddam et al. (2005) are viditmeX < 300 m for shot 1 (Figure
5.16a) and, for X > 300 m for shot 2 (Figure 5.16#)wever, they are less evident than
the ones observed in the synthetic dataset LD gfeitgre 5.8) and they are present
only in a limited frequency range (5-40 Hz). Imlitie 5.17 we present the NALD
values computed in the 2-80 Hz frequency rangebimth shots. The frequencies
between 15 and 45 Hz appear to be the ones whopagation is most perturbed by
the presence of the fault: however, the NALD plotsthe two shots are not completely
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consistent with each other and a more robust etgimiafrequencies most affected by
the fault could be derived from the computationhef NALD plot for a greater number
of shots.
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Figure 5.15 — Real data, energy-distance plot footsl and shot 2. A and B label the
sudden energy decay at and past the fault whilecCa mark the energy accumulation

right before it.

Finally, since the energy-distance plot had proiebe a simple but effective
tool to estimate the position of discontinuities t&rieving energy accumulations and
decays, we decided to exploit it and the data rédocy proper of a seismic reflection
line dataset for a more robust and automatic tieteof sharp subsoil discontinuities,
as explained in the “Method” section. In Figure &We show the results of the
application of the proposed procedure to the wisalsmic line: in Figure 5.18a we
show the trend of the energy decay exponent, coedapfor negative and positive offset
traces and compared with the estimate of the lowatf the faults from seismic
reflection interpretation (Figure 5.18b). Disconities are characterized by an energy
accumulation followed by a sudden energy decayhéptositive offset decay exponent
graph (black line) and, at the same location, ksharp energy decay followed by an

energy accumulation in the negative offset dec@oe&nt graph (gray line). Four faults

13¢



Paolo Bergamo Surface wave analysis in laterally varying media

were detected (their approximate position is matyea dashed line) and their location
is consistent with the seismic reflection resuttisthe same line: moreover, it should be
noted that the main fault produces the most rerbdgkperturbations in the decay

exponent plot.

Logarithmic Decrement

Frequency (Hz)

Frequency (Hz)

NALD
1 T T T T T T
0.8l —shot 2 |
: |
Cost i .
- ] :
= :
0.3 i
0.2} . '
0.1+ R, S
0 i i i i i i
0 10 20 30 40 50 60 70 80

Frequency (Hz)

Figure 5.17 — Real data, NALD graph for shot 1 ahdt 2.
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Figure 5.18 — a) Real data, positive and negativilsed decay exponents plot.
Continuous red and black lines join the averagethefdecay exponents available for
each positions and the error bars denote the cquesling standard deviations.
dashed

accumulation” and “energy decay” labels refer toetenergy trend anomalies linked to

Vertical lines

indicate the estimated pmssti of the faults; “energy
the presence of the main fault; b) seismic refiecgection of the same seismic line:

black continuous lines mark the location of thdt&u

DISCUSSION

As far as the synthetic dataset results are coederiney are satisfying and in good
agreement with the ones presented in the papdrénthaduced the methods applied in
the present work (Nasseri-M oghaddam et al. 200By&reet al. 2005 and Vignoli et al.

2011): we could thoroughly analyze the phenomaenieedl to the effects produced by a
sharp lateral variation on the surface wave prdpagaAll methods yielded consistent
information on the location and embedment deptthefdiscontinuity (Figures 5-9) :

besides, we could also appreciate the differentddd surface wave propagation and
attenuation depending on the direction the direevevfront approaches the step
(Figures 6-8). As we moved to the real dataset, M QRe autospetrum method and the
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energy distance analysis (Figures 13-15) proveddoequally effective as in the
synthetic case: on the contrary the logarithmicrel®ent method for the detection of
the interferences between direct and back reflestade trains turned out to be less
robust and more sensitive to noise, as well ad\theD computation (Figures 16 and

17). Finally, we got promising results from the pgdure we developed to apply the
energy-distance analysis to large datasets invglamltifold 2D acquisition (Figure

5.18): a strategy to overcome the relative weakméshe logarithmic decrement plot

and of the NALD would be to adapt them to such skietkato exploit their redundancy.

CONCLUSIONS

We applied to real and synthetic data three metHodthe detection of sharp lateral
variations exploiting anomalies in surface wavegagation and attenuation. The
considered methods are the phase analysis of susfage (M OPA), the autospectrum
computation and the attenuation analysis of Rdyleigves (AARW). These methods
were developed for different purposes and differsriile problems, but we applied
them to the same datasets (a synthetic data freEM simulation and a real dataset
from a seismic reflection line) to compare thesules and test their effectiveness in a
particular condition: the two sets of data, in fattare the presence of an abrupt lateral
variation (in the real case, a seismic fault) pediailarly crossing the acquisition line.
All three methods proved to be effective for théedgon of the location of the
discontinuity, by portraying phenomena linked te thresence of the heterogeneity,
such as the interaction between forward and reftecivave trains, and energy
concentration and subsequent decay at the faulitiboc Moreover, additional
information were retrieved, such as the embedrdeptth and the sharpness of the
retrieved discontinuity. The results we got, disreiing the scale and the geometry of
the applications, are consistent with the resutesented in the papers that originally
introduced the methods. Finally, we developed tttenaation analysis of Rayleigh
waves method by proposing a procedure allowindfextively and quickly apply the
AARW to large and redundant datasets (such as meisfiection datasets) for the
detection of sharp lateral discontinuities. Evemudh we could apply this novel
procedure to the real case dataset only, resuitsatisfying and encourage further

developments.
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CONCLUSIONS

In the present work | have presented a series ofquiures and processing tools to
enhance the reliability of the surface wave (SWBthnd when investigating 2D
structures in the subsoil.

| propose some methods to face both smooth lavarations and sharp changes in
materials properties in the subsoil. As suggesteditérature, | adopted two different
strategies, one to handle gentle changes in supsaihetry and one devoted to abrupt
discontinuities. In the first case, the aim is daling the lateral variability of subsoil
seismic parameters. | therefore developed a proeedble to retrieve 2D structures
from SW acquired with a limited number of receivdoy extracting a set of
neighbouring local dispersion curves out of a @rsgismogram. The technique consists
of the extraction of local dispersion curves gldhe survey line using a spatial
windowing based on Gaussian windows with diffengr@ximum position; every curve
therefore refers to a slightly different subsurfaaation, so that gradual changes in
subsoil seismic parameters can be reconstructedughr the dispersion curves
inversion. | thoroughly studied the consequenoéshe spatial windowing both on the
lateral resolution of the dispersion curves and tre wavenumber resolution of the
relevantf-k spectra (which is linked to the possibility totdiguish two different events
in the f-k domain and to the maximum investigation depthpointed out the clash
between the two resolutions (the more one is fedtethe more the other worsens and
vice versa) and the necessity to find a comprortesensure a correct and accurate
description of the subsoll lateral variations. érdfore provided a chart quantitatively
representing the relationship existing among thesSian windows width, the lateral
resolution and the wavenumber resolution they enduarthe context of characterizing
smooth 2D structures in the subsurface via theasenvave method, | also developed a
second procedure to quantitatively estimate thexdawvariability of model parameters
by comparing the shape of local dispersion curwethout the need to perform their
inversion. The method is based on a sensivity aimlgnd on the applications of the
scale properties of surface wave. The procedure lmandevoted to different
applications: | exploited it to extend a priori gtual information to subsoil portions for
which an experimental dispersion curve is availapld for an estimation of the lateral
variability of S-wave velocity model parameters forset of neighbouring dispersion

curves. Thanks to the first application | managegtoduce a consistent initial model
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based on a priori information accustomed accortirigcal SW data; the evaluation of
the expected spatial variability of model paranweteras used to provide a data-
consistent setting of the lateral constraints fodagerally constrained inversion.
Switching from gradual and smooth to abrupt anddendateral variations, | focused
my attention on the estimation of the location afidhe embedment depth of such
heterogeneities, in order to process separatelyrédoes belonging to quasi 1D subsoil
portions and therefore to overcome the drawbacksexhby sudden changes in subsoil
materials properties on SW method. | used threboakst (multi-offset phase analysis of
surface wave or MOPA, autospetrum method and asteru analysis of Rayleigh
waves or AARW) all of them exploiting the detectioh anomalies in surface wave
propagation by means of the analysis of phase awdep spectra of the recorded
seismograms. Although developed for different pagsoand different scales, | adapted
them to the detection of discontinuities in the saibby means of near-surface
characterization surveys.

The aforementioned algorithms were first testedsymthetic datasets and then applied
to real data. In one case, the algorithm was talsted on seismograms derived from a
small scale seismic survey performed on an analomao|.

| applied the procedure to reconstruct smooth dhteariations by means of a spatial
windowing to three synthetic datasets extractechfmodels with an increasing degree
of complexity in 2D structures and on a real cdsgas able to reliably retrieve the
2D behaviour of the S-wave velocity in the substefaHowever, particularly when
commenting on synthetic data results, | felt theessity to adopt a laterally
constrained inversion (LCI) algorithm and tune Hteral constraints according to the
expected lateral variability of the model parangtexdapting the constraints to the
physical reality of the materials properties in slidsoil. | finally managed to provide a
tool to estimate the overall trend of the modelapeeters by exploiting the scale
properties of surface waves. The same procedwsealga applied to a dataset obtained
from a small scale seismic experiment performedmwmnalogue model. The two main
tasks of the experiment were a) to produce a ssnale physical model constituted by
granular materials and characterized by lateraérbgeneities and b) to obtain a
characterization of the model itself by means ofaxie wave analysis, also applying the
aforementioned technique to handle its 2D structBo¢h goals were achieved, and the
techniqgue based on Gaussian windows proved to fieetigé in producing a good

pseudosection of the S-wave velocity behaviouhefrhodel.
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In a similar fashion, | first tested the algorithisleveloped to quantitatively estimate the
lateral variability of model parameters by compagrime shape of local dispersion
curves on two synthetic datasets from numericauftions; later, | applied the same
procedure to a real case, again a seismic reflestimvey. In all cases | exploited the
algorithm to customize punctual a priori informaticaccording to the available
experimental dispersion curves and to estimate datial variability of model
parameters. As far as the synthetic data resudisc@ncerned, in both cases | got a
satisfactory description of the global trend of mlogarameters. | then applied the
method to the real case, managing to spread thermipformation provided by two
down-hole test to the whole set of dispersion csi@eracted from a seismic reflection
line. The reliability of this result is confirmed/ lits agreement with other geophysical
survey and data processing results available fersdme site. However, despite the
good results retrieved from real and synthetic datdher work is needed to make the
whole procedure more robust and less sensitivata guality .

As for the detection of sharp heterogeneities, pliad the selected methods (MOPA,
AARW and autospectrum method) to a synthetic datasktained from a FEM
simulation on a model with an abrupt lateral vasiat and on real data from a seismic
reflection survey acquired over a fault in New Zeall | got meaningful and consistent
results from the three methods, similar to the owéserved in their original
applications. | was able to investigate the anasah Rayleigh wave propagation due
to the presence of an abrupt discontinuity in thiessil, to estimate its location and
embedment depth. Being the real dataset a multgseidmic acquisition, | partly
adapted one of the methods (AARW) to such datasetsploit their data redundancy.
A further development of the work will be to fulustomize the whole procedure to
multifold datasets to enhance the robustness oéggslts.

On the whole, this thesis provides several proongssiols for the improvement of the
reliability of the surface wave method, particylasluitable for its applications to near
surface subsoil characterization by means of adiwgeys. In particular, these tools
aim at mitigating the effects of the 1D approacbpgr of SW method, so that it can be
effectively applied to laterally varying media. Atéire development of the work would

extend these tools to 3D seismic data.
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