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PRESENTATION

Dr Roma obtained his Master degree in Civil Strradt&Engineering at
the Technical U niversity of Turin (Politecnico @orino), where he
also received (in 2001) the title of Phylosophiaecr in

Geotechnical Engineering under the supervisionrof.R.ancellotta.
Dr Roma also spent one year (between 2000 and 2891j)siting
PhD student at the Georgia Institute of Technolafy Atlanta

(Georgia, USA) under the supervision of Prof. Rix.

Dr Roma has developped the MASW method (Multichbamalysis

of Surface Waves) during his PhD research andarfdtiowing years
with passion and zealousness, as it is testifiethbyong list of “case
histories” reported in the charter 4 of the book.

| am a Geotechnical Engineering Professor at tlehiieal University
of Pisa (Tuscany), strongly convinced of the giegiortance of the
geophysical methods for the geotechnical charaetiéon od the sites,
but I am not an export of Geophysics.

Nevertheless | have some certainties, in additotiné importance of
the geophysical methods:

| disagree with the use of commercial softwaresheuit
knowing the basic hypotheses, the limits and thergalities
of the software itself;

Instead | agree with all the divulgatory actionsnad at a
better comprehension of the tools which are used;

| am convinced that surface seismic techniquesiarenly the
most economical method for seismic classificatiocnoadino
to international codes, but, as in the case of M&SW

method, they also are the best compromise betwesinand
reliability for the dynsmic characterization of lssand rocks.

The work of Dr Roma, independently from the relessarof the
innovative aspects, which I am not expected to gudgffers, by a
simple manner, the basics for understanding thenpialities of the



MASW method. His work is also an example of divtiga of an
advanced and innovative method such as the MASW.

Pisa, November 2006
Prof. Lo Presti Diego
Technical University of Pisa

Presentation

The interest of the scientific community and prefesals toward the
MASW (Multichannel Spectral Analysis of Surface Véay method of
investigation has grown up in the last 5 years. Tdesons of this
interest are: 1) the increased consciousness ofintip@rtance to
identify the dynamic properties of soils, hence thegortance of
finding the shear wave velocity profile Vs by meawis properly

studied methods, with the aim of designing and tstae the soil-

structure dynamic interaction under dynamic loassthquake, wind,
vibrations, explosions, etc..); 2) the need of &ttigely simple

method, which be sufficiently reliable and can @eene some of the
drawbacks of altermative methods.

This book is associated to the software MASW andhiended to
transmit the fundamental theoretical concepts at lbhsis of the
MASW method to professionals, in a simple mannegether with
practical suggestions on how to perform the MAS\t te field, on
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how to determine the experimental dispersion cofwhe ground and
on how to determine the shear wave velocity profe by which the
equivalent shear wave velocity Vs30 and also tl&rse class canbe
established according to the international seistodes like Eurocode
8.

As always happens the research day by day findsthearies and it
is followed by a certain delay by the correspondmmplicative and
technological progress. Also in this case a possdpiplication of the
MASW method is proposed, which will probably be noned in the
research centers worldwide.

The wish of the author is to make simple to usg tigw geotechnical
and seismical method of investigation.

Torino (Italy), November 2006
Vitantonio Roma
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1. CHAPTER 1: SEISMIC CLASSIFICATION OF SOILS
AND LOACL EFFECTS

1.1 Introduction

This chapter is arranged as follows.

After a brief reference to the indications providedthe new italian
seismic code and by the european Eurocode 8 abeubacl seismic
classification of the sites, the importance is ulwed of the
alternative geotechnical methods of investigatiomgich should be
considered as complementary each others. FinalyytASW method
is introduced and explained.

1.2 Seismic site classification accordino to the newallian
seismic code OPCM 3274 and to the italian law DM
14/09/2005

The new italian seismic code OPCM, as well as ts italian law
DM 14/09/2005 “Testo Unico sulle Costruzioni”, whem other
specific analyses are avilable, defines the seisoaid for design on
the basis of the seismic zone and the seismic offise site where
the structure is expected to be constructed. Irthidétalian country 4
seismic zones have been identified until now. Tehesone a valuega
of the peak ground acceleration normalised to tfaity has been
assigned. The conventional valugsothe 4 different seismic zones
refer to the peak acceleration on the free surfdicite of type A, that
is rock or very stiff soiltable 2.1), where the seismic motion does not
vary significantly propagatine from the bedrockth® free surface.
When dealing with sites of type B, C, D E, S1, B $eismic motion
varies passing from the bedrock to the free suyfdepending on the
amplitutde and the frequency content of the motiod the seismic



and geotechnical and geometrical caracteristigh@fsoils above the
bedrock.

When a specific anlysis of the local seismic eHeat the site is not
available, for sites B, C, D, E the code recommehdsamplification

factor S, to evaluate the seismic spectral acdaderaas well as the
caracteristic periods T, that define the specteaponse of a simple
oscillator with 5% damping. When dealing with sitédype S1 or S2
the code recommends a specific anlysis of the Ise@imic effects at
the site.

The seismic classification of the site is convamdity performed on
the basis of the averaged equivalent propagatitotirge of the shear
waves within the first 30m of the site:

Vgg=— (1.1)

where Vsi and hi are the shear wave velocity aedtliickness of the
ith layer.

It should be observed that:

Even if it is not explicitly said, the verticallyrgpagating
shear waves must be considered

The velocity Vs30 is not a simple arithmetic averay the
shear wave velocities Vsi of the different laydrst it is the
“equivalent” velocity in terms of time within thér$t 30m of
site.

When the velocity Vs30 is not available, the cotlewss the
use of the Nspt (for granular soils) or the uséhefundrained
shear resistance Cu (for coesive soils). This aptie
discouraged bu the author, since it is not appat@riln fact
the SPT test and the Cu are only indidirectly lthke the
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wave propagation caracteristics of the ground; Hisouse of
Nspt or Cu may be difficult in several situatiomghen both
granualr and coesive layers exist; failure of tRd $est due to
the presence of blocks; value of Cu depending doraation

level and on the method of investigation.

The seismic classification of the site cannot bdgomed by
knowledge of only the velocity Vs30, in fact addrtal
information are required for sites of type S1 ar®l Bhis
remebers us that the geotechnical classificatioa site can

be done by means of different types of geotechnical
investigations, which should be considered compidarg
each others.
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Suolo Descrizione geotecnica ¥s
(m/s)
A Formazioni litoidi o suoli omogenei molto rigidaratterizzati da >800
valori di Vs30>800m/s, comprendenti eventuali silaalterazione
superficiale di spessore massimo pari a 5m
B Depositi di sabbie o ghiaie molto addensate olargiblto consisten 360+800
con spessori di diverse decine di metri, carattatizia un graduale
miglioramento delle proprieta meccaniche con ldgrdita e da valg (Nspt > 50)
di Vs30 compresi tra 360m/s e 800m/s (Cu >250 kPa)
C Depositi di sabbie o ghiaie mediamente addensatgilke di media 180+360
consistenza, con spessori variabili da diversendefimo a centinaia
metri, caratterizzati da valori di Vs30 compreai 180m/s e 360m/s (15 < Nspt < 50)
(70 < Cu < 250 kPa)
D Depositi di granulari da sciolti a poco addeneatbesivi da poco a <180
mediamente consistenti, caratterizzati da valoxsB0 < 180m/s
(Nspt < 15)
(Cu <70 kPa)
E Profili di terreno costiliti da strati superficiali alluvionali, con valg
di Vs simili a quelli dei tipi C o D e spessore qumeso tra 5m e 201
giacenti su di un substrato di materiale piu rigidn Vs > 800m/$
S1 Depositi costituiti da, o che includono, unastrspess almeno 101 <100
di argille/limi di bassa consistenza, con elevatiide di plasticita
(IP>40) e contenuto d’acqua, caratterizzati darnvalio/s30 < 100m (10 < Cu < 20 kPa)
S2 Depositi di terreni soggetti a liguefazioneaujille sensitive, o
gudsiasi altra categoria di terreno non classificalbiéi tipi preceder

Table 2.1 Seismic classification of the ground accordinghte new
italian code O.P.C.M. n. 3274/2003 and D.M. 14/092 Testo Unico

sulle costruzioni.
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1.3 Seismic classification accordino to the european
Eurocode 8

The seismic classification reported by the newatalcodes is the
same as the european Eurocode 8able 2.2 the seismic types of
ground are reported.

Ground Description of stratigraphic profile Vs
type
P (m/s)
A Rock or other rock-like geological formation, lnding at most 5 m of >800

weaker material at the surface.

B Deposits of very dense sand, gravelyeny stiff clay, at least several ten 360+800
metres in thickness, characterised by a graduedase of mechanical
. . (Nspt > 50)
properties with depth.

(Cu >250 kPa)

C Deep deposits of dense or mediumdense sand,| grastif clay with 180+360

thickness from several tens to many hundreds ofamnet
(15 < Nspt < 50)

(70 < Cu < 250

kPa)
D Deposits of loose-to-medium cohesionless soilh(wr without some soft <180
cohesive layers), or of predominantly soft-to-ficwesive soil.
(Nspt < 15)

(Cu<70kPa)

E A soil profile consisting of a surfaeduvium layer with vs values of type
or D and thickness varying between about 5 m aneh 20nderlain bystiffe
material with vs > 800 m/s.

S1 Deposits consisting, or containing a layer astld0 m thick, of soft <100
clays/silts with a high plasticity index (P1 > 48)d high water content
(10<Cu<20
kPa)

S2 Deposits of liquefiable soils, of sensitive slagr any other soil profileot
included in types A—E or S1
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Table 2.2 : Seismic classification of the ground accorditg
Eurocode 8.

1.4  Seismic classification of the ground by means of @t
MASW method

The MASW method (Multichannel Analysis of SurfaceaWgs) is a
non invasive technique (no boreholes are neededhwddlows to

determine the shear wave velocity profile of theugid, by measuring
the wave motion on the free surface of the groufide main

contribution to the superficial wave motion is givey the Rayleigh
waves, which travel at a speed, that is strictlyrelated to the
stiffness of the soil region where propagation oscln a layered half-
space Rayleigh waves are dispersive, that is waw#s different

wavelength travel with different speeds, both phasel group
velocities (Achenbach, J.D., 1999, Aki, K. and Riats, P.G., 1980 ).
This means that the apparent phase velocita of eRgylwaves
depends on the frequency.

Dispersion phenomenon is related to the fact hrglquiency waves
(short wavelengths) travel through superficial rayeinstead low
frequency waves (long wavelengths) involve deepsers durino
propagationfigure 2.13).

The MASW method can be distinguished into active 3 method
and passive MASW method (Zywicki, D.J. 1999) omanbination of
both methods can be used.

In the activa MASW method the superficial waves egated at a
point on the free surface of the ground are medsaleng a linear
array of receivers. In the passive method the vecgican be placed
along a line, a circe, a square, a triangle andatinbient noise is
measured.

Generally the active method allows to measure aar@nt dispersion
curve (or phase velocity) within the frequency marigHz - 70Hz,
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hence it gives information about the first 30m #b06f the ground,
depending on the ground stiffness. The passive adetienerally
allows to measure the experimental apparent digpeirve within

the range 0 Hz - 10Hz, hence it gives informatibow the deeper
layers of ground, generally at depths greater &m, depending on
the ground stiffness.

In the following reference will be made to only thetive MASW
method, which allowes to determine the seismicsclak the site,
because the shear wave velocita profile of only fir 30m are
required.

The MASW method consists of 3 steps:(Roma, 200DR):tlje first
step consists of calculating the experimental aggatispersion curve
on the basis of the wave motion measured in fi@pthe second step
consists of calculating the numerical apparenteatspn curve, based
on a preliminary soil profile, (3) the third andsiastep consists of
finding the optimal shear wave velocita profile \fs; varying the
thickness h, the shear and compression wave vielaits and Vp (or
equivalently the Poisson coefficient), the mass density of the
ground layers, until an optimal match between tk@eamental
apparent dispersion curve and the numerical appdigprsion curve
is obtained. In the next chapters the meaning @fibpersion curves,
both experimental and numerical, will be explainad,well as how
they can be calculated.

The soil profile and hence the shear wave velopitEfile can be
found by means of a trial and error method or ath@uatic
procedure or with a combination of both.

Generally the nummebr of ground layers, the Poissmificient, the
mass density are assigned and then the thicknesdabe shear wave
velocities of the layers are changed.

In the trial and error procedure the user assidifesrent values of the
Vs and the thicknesses, trying to get a satisfgatatch between the
experimental and the numerical dispersion curvegshé autohmatic
procedure (Roma, 2002, Roma, 2001, Joh, 1998) ¢hecls of the
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optimal solution is performed by means of a local  global
algorithm.

Generally when the relative error between the erpartal and the
numerical dispersion curves is comprised betweenabth 10% the
solution is satisfactory and the soil profile candmnsidered valid by
a design point of view.

Once the shear wave velocity profile has been fotimel equivalent
shear wave velocity Vs30 can be calculated andséiemic class of
the ground can be determined.

The reader shoul remember what has beem previsaglyabout the
importance of additional geotechnical informatiohen dealing with
soils of type S1 or S2.

1.5 Considerations about methods alternative to MASW

The MASW method is very similar to the sismic refran and
seismic reflection methods, because they both ased on the
measurement of the wave motion on the free sudhtiee ground.

With respect to the refraction method, the MASW moelt offers the
advantage of overcoming some problems, for exarmglsed by the
existance of soft layers between stiffer ones, tiff Iayers trapped
between softer ones, or when using the P wavesedaby the

existance of the water table, which covers undeemiayers with a
compression wave velocity lower than the P waveaig} into water.

The MASW method allows to determine the shear weekcita

profile when dealing with strong stiffness contrastong layers. The
existance of the water is modelled by assigningiaden coefficient
comprised between 0.4 and 0.5 depending on theatiatudegree.

The theoretical basis of the MASW method refer thasizontally
stratified half-space, hence in grounds with a gatdhiger than 20°
the MASW method needs further validation. In pm@etit has been
observed that, if the aray of receivers is alligmeth the direction of
maximum gradient, then the dispersion curve istethifThe problem

16



can be mitigated by allignining the receivers amparpendicularly to
the direction of maximum gradient.

With respect to the other geotechnical methods ueedetermine
shear wave velocita profile, such as cross-holeyndiaole, up-hole,
SCPT, the MASW methods needs less time and monsp e
MASW method offers the advantage of providing ageth
information within the whole region of ground th&ias been
investigated, without the need of repeating thé &sseveral points
(i.e. cross-hole). Another advantage is that guge easy to reach the
location to perform the test, as no big machinesraquired for the
test.

On the other hand the interpretation of the MASWt teequires an
expert user.
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2. CHAPETR 2: THEORETICAL BASIS OF MASW
METHOD

2.1 Introduction

The scope of this chapter is to provide a qualigatiescription of the
main theoretical concepts about wave propagatioouth elastic

layered media. After a brief description of theesaV types of waves,
wich may exist into a homogeneous, elastic, irdinitedium and at
the interface between two semi-infinite media, Regh waves are
explained, since the MASW method relay on Rayleigives. As it

has been said in the previous chapter, the MASWhaoaeallows to

determine the shear wave velocity profile Vs wigpth by properly
modifying the shear wave velocities and the thiclses of the layers,
until a satisfactory optimal match is obtained hLedw the the
experimental apparent dispersion curve (or appgsbhase velocity)
measured in field and the numerical apparent dsspercurve (or

apparent phase velocita). For this purpose itlélexplained what the
experimental and numerical dispersion curves agehaw they can be
determined.
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2.2 Infinite homogeneous medium

Into an infinite homogeneous medium two types ofvega can
propagate: compression waves P, also called priarakedistorsional
waves S, alse called secundae. The speed of ptopag# these
waves depends on the elastic properties of theunedi

Compression waves P travel at a spgeehoal to:

c = [ +2m
"N 2.1)

wheren¥G , (2.2)

/= En
@+m@a- 2n) (2.3)

are the Lame’s elastic constant of the medium, BBasshear stiffness,
E is the Young's modulus is the Poissin’s coefficient, is the mass
density,

and mass patrticles of the medium oscillate in tmes direction of
wave propagation.

Shear waves S travel at a spegdqual to:

m
C, = = (2.4)
r

and mass patrticles of the medium oscillate alodgection which is
perpendicular to the direction of wave propagation.
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2.3  Shape of the wave front

Until now we have seen that into an infinite homumes medium two
types of wave can propagate: compression wavesdRligtorsional
waves S. We have not yet specified the shape oivétwe front. First
of all we need to define the concepi of wave frohb. a wave
perturbation we can associate an amplitute andagephThe phase is
correlated to the periodicity of the wave motiortime and in space,
the amplitude is correlated to the energy transtehby the wave. The
wave front may refer to the phase or to the angiditand it separates
the region of the time-space which has already maipeed the effects
of the perturbation from the region of the time<pavhich is still at
rest. Several shapes of wave front exist in natheesimplest ones are
the plane shape, the spheric and the cylindrical.

The plane wave propagate with plane wave frontgravlthe wave
amplitude remain the same, without geometrical natéon. An
example consists of the sound wave which travets a corridor
completely confined by the lateral walls, the flamd the ceiling.

In spheric waves total energy propagates away tr@rorigin source
with spheric wave fronts, hence energy densityeBsas as a factor of
1/7 as a function of the distance r from the soureegal examples
of spheric waves exist in nature, such as theig form a spheric
source or the sound generated by an explosionreiskii. Cylindrical
waves propagate with cylindrical wave fronts andorgetric
attenuation of energy occurs with a factor of 1/r.

A common example is the perturbation which travets the free
surface of a lake after the fall of a stone.
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2.4  Stationary and progressive waves

Another important distinction among several typds waves is
represented by stationary or progressive wavesioStay waves are
characterised by stationary points (said nodesghvhave null phase.
The nodes appear always the same in time and spdiceut any
change. Progressive waves propagate through thdermatith
travelling nodes.

For example consider the displacement caused lgna gvave, which
propagates at a phase speed c along the diredtithre goropagation
vector p . It can be written as:

u(x,t) = f(xxp- ctyd (2.5)

where % is the position vector, t is time arfdl is a versor which
indicates the direction of the particle oscillation

Wauve fronts of the phase are expressed by theafmlpequation :
X>P- ¢t =costante 2.6)

they propagate at a phase velocita ¢ remainingepéipular to the
direction of the propagation vectdt.
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2.5 Waves at the interface of two media and Stoneley was

In the following we will deal with steady-state p&waves if not
differently specified and it will be shown what Ipgms when an
incident wave encounters a plane interface betweenhalf-spaces
with different mechanical propertieBgure 2.1). The first half-space
is beneath the interface and its propertiesl amg andr, the second

half-space is above the interface and its propedre indicated by the
index B.

X2
Ja /e
B nf, rB Ja A
I, m r J X1
Ji | J2
A A
A

Figure 2.1: Incident wave Al, reflected Al, A2 and transemittA3,

A4 in-plane waves at a plane interface between dvfi@rent half-
spaces.

Consider an incident stationary plane wave of atmbdi A which
reaches the plane interface.

If the two media have an elastic behaviour, themizbatally polarised
incident waves SH will cause only SH refracted asftected waves;
if the incident wave belongs to the vertical plgfeor SV waves),
then refracted and reflected waves will belonghe vertical plane
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too. Let us consider the in-plane motion, so thdy & and SV waves
are concerned. In general an incident P or SV weaweing from the

first half-space generates both P and SV refleatades in the same
half-space and P and SV transmitted waves in thensehalf-space
(mode conversion phenomenon). Under particular itiond waves

propagating along the interface can be generdtatl, when no one of
the two half-spaces is air, are called Stoneleyesain all cases the
principle of causality must be respected, so thattlee waves

produced by the incident wave at the interface npuspagate away
from the interface (Achenbach, 1999). For any ferthdetails

reference is made to (Roma, 2001, Achenbach, 18@8)g et al.,

1957).
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2.6  Rayleigh waves into an infinite homogeneous half-sge

When one of the two half-spaces separated by amface, say the
upper one, is air it can be assumed that thera@rgansmitted waves
and in general only reflected waves exist. It canploven that for a
homogeneous half-space, besides the body P and/é&s\aa just seen
in an unbounded region, a new kind of wave existied Rayleigh

wave from Lord Rayleigh who first investigated fhe Rayleigh

wave is the result of the interaction of P and Svesaunder the
following particular conditions:

1. the wave motion associated with the Rayleigh waegsdly
attenuates with depth

2. no stresses exists at the free interface

The speed of propagation of the Rayligh wave onfitbe surface of
the homogeneous half-space is slightly lower thengpeed (of the
shear waves S (between 0.862and 0.95%c;) and it depends on the
Poisson coefficienti (Achenbach, 1999):

0.862+ 114n
C,k=—""—"X

T s 2.7)

Into a homogeneous half-space the phase velocifgayfeigh wave
does not depend on frequency or wave number k,ehdigpersion
does not happen.
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Air Rayleigh wave

~ a
| ARWAA M S

| mr x1

X2

Figure 2.2 Rayleigh waves in a homogeneous half-space.

We can observe frorfigura 2.3 that the horizontal and the vertical
components are 9®ut of phase, so that during the propagation they
generate an ellipse. The major axe of the ellipgearallel to the free
surface down to a depth of aboutlO(@ is the wavelength), where the
horizontal displacement changes its sign and thentation of the
axes and the sense of going around of the ellipseesersed. It can
also be realized how the displacements drop dowh imicreasing
depth, so that the motion, due to Rayleigh wavesoisfined in the
upper side of the half-space, inside a length ouali.5 wavelengths

| (figura 2.4).

Undisurbad Madium

Waaknglh, iy

Direclion of Propagatian

Figure 2.3 Rayleigh disturbance on the free surface of a
homogeneous half-spadeoft, B.A., 1976).
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Figure 2.4 Variation of horizontal and vertical normalized
components of displacements induced by Rayleigh ewawith
normalized depth in a homogeneous isotropic, e€labalf-space
(Richart et al.,1970).
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2.7 Onde in un semispazio infinito stratificato

In the previous sections we have seen which tyges o
waves can propagate into an unbounded regior® i 8V,

SH waves and in a homogeneous half-space, i.eVP, S
SH and Rayleigh waves . We have also studied what
happens at an interface between two half-spacels wit
different characteristics: mode conversion, Stonele
waves. We know that when a P or S wave encounters a
interface, several kinds of waves can be generated,
depending upon the properties of the two half-spalcea
general situation part of the energy carried byiticedent
wave is reflected back and the remaining part [gasse
through the interface, sometimes another part Isave

the vicinity of the interface, that behaves likestare of
energy. Anyway when a layered half-spaced is
considered, with n infinitely horizontal, homogensp
linear elastic layers overlying an infinite halfage, it can

be imagined how complicate it becomes to accounalfo

the possible wavedigure 2.5).
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Figure 2.5: Multiple interaction among incident, reflected
and transmitted waves in a layered half-space: mode
conversion phenomenon (from Richart et al.,1970).

What happens is an interaction among all the imtide
reflected and transmitted waves inside each iytarlahat
combine together canceling or reinforcing each mthe
giving raise to destructive or constructive integfece.

In order to explain this concept, look at the fi§.1
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Figure 2.6 Constructive interference of reflected rays in
a wave-guide (Tolstoy, 1973, Ewing et al, 1957).

If we consider a plane wave reflected back andchfarside a layer,
after n reflections any pair of neighboring elenseat a wave-front
will remain in phase, that is:

Path AtoC =pathBtoD dn
in whichl is the wavelength of the wave.

Rigorously speaking the equations of motion mustvhigen for each
i-th layer using the mechanical properties of thgel. Also the
continuity of displacements and stresses at therfates must be
imposed. For each layer 4 independent constants begn adopted:
shear wave velocity VSi, thickness hi, Poissonorai and mass
densityri (figure 2.7). The radiation condition is also assumed (that is
the perturbation disappears at infinite depth)jaddition to the stress-
free condition on the free surface (if no exteloads are applied) and
the boundary-initial conditions (that need to becsfed for each
situation).
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v

Figure 2.7: Model of the layered half-space

2.7.1 Love waves

Before going on with the analysis of the Rayleiglves and the other
types of surface waves in the vertical plane, Leeses deserve to be
mentioned. Love waves are horizontally polarizedvesga that
propagate near the free surface of a layered pakfesfigure 2.8).

Undisturbed Madium

I Wawelangth, Ly, |

Direction of Propagation

Figure 2.8: Love wave on the top of a layered half-space
(Bolt, 1976).
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In fact it can be proved that this type of wave ra@nexist in an
infinite homogeneous half-space (Aki and Richarii880, Pujol,
2002), and at least one layer is necessary for #wdstence. The
reason is that Love waves are the result of thestoactive
interference among incident and multiple refleci&d waves. It is
interesting to notice that, under the hypothesisnear elasticity in an
isotropic medium, an incident SH wave generatey ogilected and
transmitted SH waves and mode conversion does ecwirofor the
equation of motion for horizontal displacement iscaupled. This
aspect could be properly used in soil characteaaasince during the
experiments, only horizontally polarized motion slibbe measured,
if a perfect horizontal source is employed. Eveitwill not be shown
herein, it is reminded that Love waves are disperdhat is the phase
velocity depends on the frequency associated tovdve.

2.7.2 Head waves

Head waves are also referred as “refraction agivakr “Lateral
waves” and the “seismic refraction” method for det@ing the
thickness and the body velocities of a layered-bpdice are based on
these types of waves. When an incident wave impactenterface
between two layers with different velocities at ttwtal internal
reflection angled (figure 2.9), a disturbance is generated, that travels
along the interface with the velocity, ¥ v; of the lower layer.

Medium | d vl

Medium Il v2>vl

Figure 2.9: Head wave generated at an interface
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On the interface the disturbance produces a neve what arises from
the interface at the same andland has got an amplitude proportional
to the amplitude of the incident wave (Brekhovobkik960).
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2.8 Rayleigh waves and modal curves in a layerd half-gge

The MASW method is based on measurement and asalbyisi
Rayleigh waves in a layered half-space.

The existence of Rayleigh waves in a layered hadfte has been
studied in the past years by means of several rdsththe the most
common methods are tipeopagator matrix method@&ennett, 1983,
Aki and Richards, 1980) and thenethod of reflection and
transmission coefficien{&ennet, 1974, Aki and Richards, 1980). The
transfer matrix method¢Thomson, 1950, Haskell, 1953) and the
dynamic stiffness matrix method (Kausel and Roesk#ft1) belong
to the first class of methods. In th@nsfer matrix methqdwithout
loss of generality, a plane time harmonic pertudpats assumed as
solution for the equations of motion in the vertigdane that are
written for each layer. Successively by imposing tlontinuity of the
velocities and the stresses at the interface betee n-th layer and
the (n-1)-th layer, enables one to write a recersigrmula that
correlates stresses and displacements in one [&er.matrix that
allows for such a correspondence is the transfdrixnaf the layer.
The quantities of the first layer and of the hgdése can be related, by
means of the continuity of displacements and steasthe interfaces.
If the amplitude of the perturbation is made expuiadly decay to
zero at infinite depth (radiation condition) an@ tstresses at the free
surface of the layered half-space are set equakto, a system of
equations is obtained. In order to have non trigalutions, the
determinant of the matrix of the coefficients ofstlsystem, the so
called global transfer matrix, must vanish. In thiay the Rayleigh
secular function (2.8) is originated. The Rayleggcular function is
an implicit relationship among the geometrical-nathbal properties
of the layered half-space and the frequehaynd the wave numbér
of the possible perturbations, that we want to fintb the system
under the above specified conditions:

34



R(Vs,h.,n,r.,k, f)=0 i=1, n+l (2.8)

The wave number k is by definition related to theevelengthl =2p/k
in analogy to the angular frequenay which is related to the period
T=2p/w.

The stiffness matrix metho conceptually the same as the transfer
matrix method, but it offers the advantages givgrihe use of the
tools of the structural analysis.

By using the transfer matrix of the generic i-tgdg the equilibrium
of the force acting on the i-th layer is assured e stiffness matrix
of the layer is defined as the link between thecdsr and the
displacements at the two interfaces of the i-tretayrhen, using the
rules of the structural analysis, the stiffnessrioes of all the layers
and the half-space are combined together at thal e rfaces, to get
the dynamic equilibrium of the whole system:

F =[S]xX (2.9)

in which Fand X represent the external loads and the
displacements at the interfaces of the layers. Ewehis
method in-plane time-harmonic solution has been
assumed, so that the stiffness matrix S includeth bo
inertial and elastic contributions expressed im&epf the
geometrical and mechanical properties of the system

hi, n;, ri (i=1, n+1) and of the circular frequenayand the
wave numbek.

Since Rayleigh modes are the free vibrations of the
layered half-space, the external loads vectortiegeal to
zero:

F=0 (2.10)
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and the resulting homogeneous eigenvalue problem is
considered:

0=[S]xX (2.11)

In order to look for non trivial solutions, thetdaminant
of the stiffness matrix S must vanish:

det[S] =0 (2.12)

In this way the Rayleigh geometrical dispersioratieh
(2.8) is again reached in implicit form. From diggpen
relation (2.8) modal curves can be obtained.

Now we will focus on the roots of the Rayleigh
dispersion relation (2.8), also called period emumabf
Rayleigh. Generally the roots are searched by nigaier
techniques, fixing a value of frequengyahd looking for

the wave numbers that satisfy (2.8). The Rayleigh
dispersion relation is a multi-valued function, feo a
fixed frequency several wave numbers may exist that
solve (2.8). Each solution is an eigenvalue andcighayjly
represents a simple wave, called Rayleigh modé ctra
propagate in the system under all the conditioaslthve
been previously specified. For a fixed circulamgfrency

wo the first mode corresponds to the greatest wave
number k and it is the fundamental Rayleigh mode. The
other wave numbers define the higher Rayleigh modes
and are characterized by smaller wave numbers.aFor
better comprehension of these concepts an examgse (
A) will be introduced.

Consider the system whose characteristics are texpor
thetable 2.1below:
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Layer Thickness Vp Vs Mass density
h(m) (m/s) | (m/s) (Kg/m®)
1 5 600 350 1800
2 10 700 400 1800
Half- ¥ 800 450 1800
space

Table 2.1: Characteristics of the system for Case A

If we plot the Rayleigh dispersion relation in the
frequency- wave number domairfigure 2.10, we
observe that for very low frequencies at least we or

wave number k exists.
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Rayleigh modes (case A)
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Figure 2.10: Dispersion Relation and Rayleigh modes for
Case A.

It corresponds to the first or fundamental mode and
fig.1.10 is represented by blue dots.

For frequencies greater than about 25 Hz a secootds
found, that is the second mode (green plus) anahsior

the other higher modes. It is evident that eachhdrg
mode appears above a certain frequency catlgeoff
frequency The cut-off frequency increases as the mode
number increases too and the mode cannot propagate
below this critical frequency, since it does notrga
energy at all. It is important to underline that wave
introduced the concept of Rayleigh modes as thesrob

the dispersion relation (2.8), so instead of fixengalue
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of frequency and looking for the wave numbers that
satisfy (2.8), we can also hold a fixed wave nundoed
search all the frequencies that solve (2.8).

This idea is easy to understand if in figure 2.10 we
enter with a particular wave number, say k=1/m and
intersect the first three modal curves, to whiche¢h
different frequencies correspond. It should be adteat
the 7-th mode has got a cut-off frequency of akikQ

Hz, hence it is not visible on the graph.

For each mode we can define modal quantities,rdfat

to phase velocity, group velocity, displacement and
energy. If we imagine to keep constant a value of
frequency 4§, each mode is individuated by its wave
number and the modal phase velocity becomes:

_W0_2pr0
c,=—=
K, ¢

J

(2.13)

Another guantity needs to be introduced, that ésgtoup
velocity defined as:

(2.14)

For a fixed value of frequency the group velocsy i

U, =g (2.15)

J ﬂk]
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Looking at thefigure 2.11 the geometrical meaning of
both phase and group velocities is presented. gdiat P
on a generic j-th modal curve the phase velocityhes
tangent of the angld, instead the group velocity is the
tangent of the anglb made by the tangent to the modal
curve in P and the horizontal line.

The physical meaning of these two velocities is: phase
velocity describes how fast the surface of conspéuaise,
associated to the perturbation, is moving. The grou
velocity has got a cinematic and an energetic defirs,

SO it may represent either the speed of a grouwpavkes
travelling together or the velocity of the energyreed by
the disturbance.
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4 Generic j-th mode
Circular frequency

Wave number k

Figure 2.11: Geometric explanation of phase and group
velocities in the frequency-wave number domain.

Now that the significance of phase velocity hasnbee
clarified, it is possible to show the Rayleigh disgion
relation for the same case A in the phase velocity-
frequency domainHigure 2.12):
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Figure 2.12:Rayleigh modes for case A.
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In this representation some interesting aspects bmn
underlined. First of all for a given frequency eaxabde is
characterized by its own velocity and this is why talk
of dispersion. Actually the dispersion of wavesiways
present in a system when waves of different waghen
travel with different speeds. So if the phase \igjois a
non constant function of the frequency, then disiper
exists and, as a consequence, group and phasetieslioc
are different.

In figure 2.12 the cut-off frequencies for the higher
modes are again visible. It can also be observat] #t
the cut-off frequency, all the modes have got aspha
velocity equal to the shear wave velocity of thdé-bpace
V=450 m/s. The reason is that at the cut-off fregyen
the generic j-th mode has got its greatest wavéheing.x
according to the relationship between spatial antpboral
scales:

c=/>f (2.16)

For the second mode of the case A the maximum
wavelength is:

;=S @PIS_q75m (2.17)
f 25.7Hz

cut- off

Since Rayleigh waves travel on the surface insibdeliaof
about 12 wavelengths, the disturbance with a great
wavelength is mainly travelling through the deepageér.

On the other hand for very high frequencies the
wavelength is so small, that it is as if the disturce does
not feel the presence of the deeper layers ancelgav

43



through the surface layer with the same phase wgloc
that it would have in a homogeneous half-space thiéh
same characteristics of the first layer. In fact the
frequency increases to infinity, all the modal ghas
velocities tend to the value given by (2.18), whege
=Vs1=350m/s anch=0.24:

= 0.862+ 114: 024
1+0.24

x350m/ s = 320m/ s (2.18)

The figure 2.13 well illustrates the physical insight
behind these observations:

Air Rayleigh Wave Vertical Particle Motion
- -
_ ;_”?‘“'
Layer |
~hpa
=
Layer 2 5
[ ]
Layer 3
Y 4
1. Matenal b. Shorter c. Longer
Profile Wavelength, Ly, Wavelength, fp0

Figure 2.13: Depth sampled by Rayleigh waves with
different wavelengths (Stokoe Il and SantamariG@02

Waves with different wavelengths give informatiamtbe
medium by sampling its characteristics at differdepths.
Of course a medium-size wavelength, that involtetha
layers, informs about averaged properties. Thigufea
constitutes the basis for soil characterizatiorpiactice.

44



Information obtained on the shear wave velocityfifgo
are to be intended as avaraged values along tee/ees
array used for the MASW test in field.
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2.9 Apparent dispersion curve of Rayleigh waves in a
layered half-space

When a point source is applied on the free surtdca layered half-
space different types of waves are generated: R,Rayleigh and
head waves, if the source is vertical. If the seuna a horizontal
component, then SH and Love waves are generated too

In the proposed MASW method only Rayleighu wavescamsidered
and the effects of P and S waves are neglectedh iEE¥Rand S waves
are generated by a point sourdgyra 2.14), the contribution of

Rayleigh waves is predominant for two reasons. fiits¢ reason is

that Rayleigh waves transfer about 67% of the &nelrgy realesed by
the the source. The second reason is that P andvBswpropagate
with spheric wavefronts, instead Rayleigh wavespagate with

cylindrical wavefronts, hence geometrical atteraratis greater in P
and S waves with respect to Rayleigh waves.
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Figure 2.14: Waves generated by a vertical time harmonic load o
circular footing on the free surface of a homogersebalf-space(a)
and energy distribution among them(b) for a Poiss@tio

n=0.25.(Richart et al., 1970).

2.9.1 Experimental apparent dispersion curve

In previous sections the existence of higher madd®ayleigh waves
and modal curves in a layered half-space has begtaieed,
independently from the existence of a source afréeesurface of the

site.
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Durino the experimental MASW test in the field tweface waves are
measured in the time-space, that is the tracdweatdveral recivers.

The measured perturbation generated by a pointceocam the free
surface contains all the modes of Rayleigh wavean{® S waves
attenuate after few meters from the source), whrehnot separeted,
but they still constitute a whole train waves. Irder to measure
separated modes (dispersion phenomenon) in praatibesast 100m
are needed, depending on soil dynamic charactevisti

When the wave motion is transformed from time-spdm®ain to the

frequency-wave number domain, or equivalently ie thequency-

phase velocita domain, and the dispersion relaifodispersion curve
is represented, then it can be observed thahibtigpossible, or at least
it is not so easy, to identify the experimental e®din fact usually

only an apparent or effective experimental disperssurve can be
discerned.

In figure 2.15 an example is shown of the experimental velocity
spectrum in the frequency-wave number domain (R@0al).

It can be observed that together with the appadégersion curve
other points exist, which represent a sort of ntasbe eliminated in
the analysis.

In figure 2.16 the experimental dispersion curve has been igblate
This process of extraction of the experimental appiadispersion
curve is easier in the frequency-phase velocita alopwhere it is
easier to identify the noisédures 2.17and2.18).

48



Frequency-wave number spectrum at Bocce site (Tuscany, Italy)
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Figure 2.15: Frequency-wave numper spectrum or tne giobal yaia
relative picks of the spectrum) of vertical vel@aston the free surface
(Roma, 2001).

Frequency-wave number spectrum at Bocce site (Tuscany, Italy)
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Figure 2.16: Experimental Rayleigh apparent dispersion relafbn
Bocce site (Tuscany, Italy) after a cleaning pred@oma, 2001).
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Global field representation at Bocce site
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Figure 2.17: Representation of the global field (all relativieks of
the spectrum) in the frequency-phase velocity p(&wemna, 2001).
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Global field representation at Bocce site
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Figure 2.18: Final experimental apparent or effective dispersiorve
at Bocce site in terms of phase velocity (Roma1200

The apparent or effective dispersion curve whicbb&ined from the
in field traces is the result of the interactionamg all the mods of
Rayleigh and the array of receivers. The array afeivers may
influence the value of the apparent phase velotia apparent
dispersion curve) at certain frequencies.

Independently from the interference caused by ¢eivers array, the
apparent dispersion curve is anyway the resulhefsuperposition of
all the modes of Rayleigh (fundamental and higheodes).
Depending on the geometric (thicknesses) and dyn@vsi, Vp, mass
density) of the ground layers, any modes of Ralil@ige predominant
within any frequency ranges with respect to theeptimodes.
Generally when the stiffness gradually increaseth vdepth, the
fundamental mode of Rayleigh is predominant atledl frequencies.
Nevertheless there are any profiles, with stiffel@ytrapped between
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softer layers or with soft layers trapped betweifes layers or with
rapidly varying stiffness profile, where higher nesdof Rayleigh
become predominant at certain frequencies. It negpén that there
any frequencies of transitino, where more modesehthe same
anergy importance figura 2.20). In these cases the apparent
dispersion curve does not coincide with one pddrcmode, but it is
the result of the superposition of all the modesnid, 2001).

In order to comprehend this concept, consider daengle reported in
table 2.2.

Consider for example the system illustrated intttide 2.2:

Layer Thickness | Vp (m/s) Vs (m/s) Mass
h(m) density

(Kgim®)

1 5 750 500 1800

2 10 600 400 1800

3 10 750 500 1800
Half-space ¥ 900 600 1800

Table 2.2:Inversely dispersive site from Lai, 1998: Case 3.

For this system the Rayleigh modes and the theaftepparent
dispersion curve are plotted in the phase veldec#guency domain in
figure 2.19 The spatial array consists of 24 sensors witampding
Dx=1.5m. As it can be seen, the apparent dispergiore jumps from
the first mode to the higher modes as the frequencyeases. The
explanation can be found looking at the normaligpdctrum of the
modal displacements figure 2.20
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The transition of predominance from tH& mode to thetl mode
occurs in a range of frequencies, where the enefgpe " mode
drops down and the energy of tfferjode grows up. The reason why
such a transition exists from one mode to anotharoit completely
understood yet. It seems as if the frequencies rafsttion of
predominance from thé"imode to the" mode coincides with the
zones where the curvature of the dispersion cug\aationary in the
phase velocity-frequency representation, as jugleeced by some
authors (Gucunski and Woods, 1991).

The energy of the"imode decreases at about the same frequency at
which its group velocity becomes definitely lowdrah the group
velocity of the new predominant™j mode, without hope of
overcoming it again at higher frequencies. Thispeas if the' T mode
will never become predominant again at higher fesmgies. In the
meantime the energy of the new predomin&nmjode grows up. It
seems as if the predominant mode be characterigédebfact that it
will reach the maximum flux of energy, before Iaginits
predominance. Remember that the group velocity esgmts the
velocity at which the energy associated to the weaxels. The main
energy is carried by the mode that will carry itteg maximum speed.
Anyway in the opinion of the Author the Rayleiglsgersion relation
contains all the information, that is necessaryptedict how the
influence of the several modes varies in the fgeesentation. For the
example Lai Case3 the transition from tiféniode to the ¥ mode
happens between 40Hz and 50Hz and from fHeribde to the "8
mode between 70Hz and 80Hz.

The experimental apparent dispersion curvéguare 2.18is obtained
from the picks of the f-k (frequency-wave numbssgctrum figura
2.15, which is obtained by a 2D Fourier transformataqplied to the
time-space traces. At each assigned frequency the wmumber is
searched where the spectrum has a maximum. Theaesmppshase
velocity ¢ associated to those frequency and waweber can be
calculated as:
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C w) (2.19)

apparente(

The maxima of the f-k spectrum give the dispersalation, since the
dispersion relation of Rayleigh waves is the dematar of the f-k
spectral displacements. The Rayleigh modes arez#énes of the
dispersion relation, which becomes zero for thosmiptes of
frequency and wave number which represent a Rayleigde. Hence
when the dispersion relation is zero, the spectliaplacements
become infinite in theory, but in reality materatfenuation causes
finite displacements. Any further detail can berfdun (Roma, 2001).

| massimi dello spettro individuano la curva dipgissione perché la
relazione di dispersione delle onde di Rayleigh are al
denominatore dell’espressione spettrale degli sjpositi.

If all the relative maxima of the f-k spectrum also considered, for
each assigned frequency two or more apparent gispecurves may
be found, which in general would not coincide wille theoretical
modes of Rayleigh, but they would rather be theultesf the
interaction between higher modes and receivery @ficure 2.17).

The use of two or more apparent dispersion cunaddcbe an
additional constraint for the solution of the insien process to find
the optimal shear wave velocity profile.

2.9.2 Numerical apparent dispersion curve: Roma’s method

The numerical apparent dispersion cunfggufe 2.19 can be
determined in the same manner used to obtainedxperimental
apparent dispersion curve, except the way in wthiehf-k spectrum is
calculated.

In the experimental method the traces in time-saieeavailable and
a 2D Fourier transformation is applied to obtaia fkk spectrum. In
the numerical method it would be too computationakpensive to
use synthetic traces in time-space obtained byyagmph point source
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on the free surface of the layered half-space. Beroproblem would
be to define the frequency and wave number cortfeie source.

So the new method proposed by Roma (Roma, 200Ranth, 2001)
consists of applying 1D Fourier Transform to thee@r or Transfer
function of the system (i.e. the layered half-spaaleng the space
domain, in order to obtain the same f-k spectrum.

The Green function of the layered half-space isvkmaon analytic
form(Aki, K. and Richards, P.G., 1980) in the frequy-space
domain:

y -k ry
u (r,z,W)= A (r,z,W) <) : b (2-20)
b . b .
=1 i
_ A (rzn) rz(zs,kj,w) y rl(z,kj,w)
[Ab(r’Z’W)]j CANZW) Ay U X X (2T K r,(z.k;. W)
2.21)
1, (z.k;, W) =%¥ @2k, w)+ 2 (z k,, wdz (2.22)

whereb=y or b=r indicates the vertical or the horizontal wavetimo
component, j indicates the j-th mode of Rayleigh,igMthe total
number of considered Rayleigh modgsskhe wave number of the j-
th mode at a given frequenay z is the source depthy is the phase
shift equal to+p/4 depending of the wave compondntA; is the
amplitude of the modal displacement of the j-th mjogl and | are
the modal phase and group velocitigss lthe first energetic integral
and i, r, are the displacements and stress autovectors.

By applying a 1D Fourier transformation along tipatgal coordinate
to the Green function (2.20) of the layered haHes the wave
motion is transformed from the frequency-spaceh® frequency-
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wave number domain. From the f-k spectrum the sammeedure used
in the experimental method can be followed, thatigach assigned
frequency the wave number is searched where thespdctrum
reaches the absolute maximum.

The fact that the numerical dispersion curve, tadrmpared then with
the experimental dispersion curve, can be obtadexttly from the
Green function of the layered half-space is notials in fact it was
not used before (Roma, 2001), and in this methatettare not
assumptions on the frequency and wave number doafehe point
source. The mathematical demonstration of the wglaf the method
can be found in (Roma, 2001), even if there is misakevidence of
the rightness of the method, which has been appiedeveral
numerical cases (Roma et al, 2002).

If the source would not be a point source with eespo the array of
receivers, then the dispersion curve would be 8aamtly influenced
by the frequency and wave number content of thecsoun this case
the numerical simulation of the in field MASW tegbuld require the
specification of the frequency and the wave nun{berequivalently
the time-space) content of the source.
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Figure 2.19: Rayleigh modes and theoretical apparent
curve (red circles) for Lai Case3.
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Mormalized spectral displacements for Rayleigh modes: Carlo Lai case 3
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Figure 2.20: Relative importance of Rayleigh modes and natural
frequencies.

2.9.3 Numerical effective dispersion curve: Lai-Rix metho

As an alternative and equivalent method to detezntive numerical
apparent or effective dispersion curve the methptld and Rix can
be adopted (Lai, 1998). If the wave train generdtgc point source
is considered as a whole perturbation, where dsspemphenomenon
has not yet occured due to the small distance edviey the receivers
array and hence all modes of Rayleigh travel stifjether, then a
unique wave front can be considered for the phasleeowhole wave
train. This unique wave front of the apparent phasebe searched as
the locus of point of constant phase in time:
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w-Y b (r, z, W) = costante (2.23)
where
-1 f(r,z, W)
Yb(r,z, W) = tan m (2.24)
f(r,zw)= r>< [A (r,z, W)] >S|n[rk +/ b)] (2.25)
a(r,zw) =r x [A (r,z W)] >cos[rk +/ b)] (2.26)

By differentlatlng the phase (2.23) with respedtinee, we obtain:

Y Y Y,
_ﬂbﬂﬂ dz‘ﬂ dWO 2.27)
fr dt 9z dt Tw dt
The fequency of excitation is keeped constant withe, the
propagation of the modes of Rayleigh occurs onlythe radial
direction, hence from (2.27) it can be written that

dr w
—=C r,z,w)=- 2.28
dt apparent( ) ﬂYb ( )
qr
After any analytical manipulations:
.
Capparent(r! VV) - g xf ¢ fg¢ (229)

g2_|_f2

where

fdr,z,w)=+r x [A (r,z, W)] K cos[rk +/ b)] (2.30)
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o€r.zw)=-Vrx A, (rzm)] % sinlrk, +/ )] (231)

The apparent or effective phase velocity, expressethe (2.29), by
means of (2.30) and (2.31), is represented in ferdifit form with
respect to the expression of Lai (Lai, 1998), butan be proved that
the two expressions are equivalent. The apparemiffective phase
velocity (2.29) depends on the spatial coordinateence the avaraged
apparent phase velocity along the receiver arraybeacalculated as:

Capparente(r ’ VV)

Capparent 1) = 2552 (2.32)

receivers

It can be demonstrated that under few conditiomsiaithe regularity
of the dispersion curve, the apparent and the wffeaispersion
curves obtained with Roma’s and Lai’'s methods argvalent at all.
Except for any profiles with strong stiffness caists with depth at
only at certain frequencies, the apparent and tfeeteve dispersion
curves obtained with Roma’s and Lai’'s methods p#sfecoincide, as
it is possible to numerically verify by means o tsoftware MASW.

2.9.4 Relative error between experimental and numericsgetsion
curve

In order to evaluate the reliability of the sheaaver velocity Vs
profile which has been found with the inversion qass, it is
necessary to define a criterion to estimate thecimaietween the
experimental and the numerical dispersion curvegelative error
between the experimental and the numerical dispersirves can be
defined as:

Cexperimental( J) - Cnumerical( J)‘
C

error =

(2.33)

experimental( J )
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where the summation includes all the frequencigkgre the apparent
phase velocity has been calculated.

The smaller is the relative error defined by (2,38 closer are the
experimental and the numerical apparent dispesioves, the greater
is the reliability of the final shear wave velocjiyofile.

2.9.5 Layers with strong stiffness contrast

In the method implemented by the software MASWjrduthe search
of the shear wave velocity profile, two conditiazen be opted by the
user: strong stiffness contrast between two coniseclayers are
allowed or not.

It has been defined a criterion to establish wheghstrong stiffness
contrast exists between consecutive layers. Thiseigase when the i-
th layer is softer or stiffer than the (i-1)th afnell)th layers, according
to the following conditions on the shear wave vigjoc

case of rigid i-th layer

17°Vs,  £Vy, (2.38)
L7,y £Vs,, '
case of soft i-th layer

Vsy ® L7°Vs, (2.35)
VS 2 L7, '

When a strong stiffness contrast exists betweerctwsecutive layers
and the user has decided not to allow it, the sivaae velocity Vs(i)
of the i-th layer is substituted by the median eati the shear wave
velocities of the (i-1)th and (i+1)th layers:

i-1 +V i+1
Vs, =NS(" ) > ) (2.36)
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2.9.6 Degree of uncertainty of the final Vs profile

The shear wave velocity profile obtained by the MA3nethod is
affected by a certain degree of uncertainty, whigpends on the
following aspects:

Uncertainty g, associated to the experimental measures

Propagation of the uncertainty in the model of nricaé¢
simulation

Relative error or distanceeg:ive between the experimental and
the numerical dispersion curves

The uncertainty associated to the experimental omease, is
generally defined by a range of variation of theg# experimental
velocity at each frequency j:

C - Cloxormi
_ |7 (exp)max (exp)min
oxp = (2.37)
C(exp)median
The relative error gaive between the experimental and the numerical
dispersion curves has been already defined by)2.33

The most difficult aspect to estimate is the prapeg of the
uncertainty through the numerical simulation of tmedel, which
correlates the phase velocity ¢ to the shear walecity profile Vs.
This difficulty is due to the fact that the cortedm between the
apparent phase velocity and the shear wave velgei§ile Vs is
strongly non linear and also it is not known inlgtieal form.

In order to overcome this difficulty the followingimplified
assumption has been adopted to correlate the apgaivase velocity
and the shear wave velocity profile Vs:

Ve=11>c (2.38)
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where the values of Vs is assigned at a depth ihwk correlated to
the wavelength:

Z= ;
(15, 20)

the wavelength is also related to the frequencyd to the phase
velocity c:

c=/>f (2.40)

Equations (2.33), (2.37), (2.38), (2.39), (2.40lrdethe relative error
associated to the shear wave velocity Vs at thehdepfrom the

ground level, by means of the relative error knateach frequency
as:

(2.39)

eO/s) = ee><p + erelative (241)

In fact by assuming a simplified linear relatiortveeen the disprsion
curve and the shear wave velocity profile, thetnadaerror e(Vs) at
each frequency can be calculated as the sum ofexperimental
relative error and of the distance between the mxeatal and the
numerical dispersion curves. This approximation banconsidered
reliable, since it is applied nearby each frequency

From equation (2.41) the relaitve error e(Vs) & generic depth z
can be calculated, thanks to equations (2.39) 24d).
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3. CHAPTER 3 : IN FIELD MASW TEST

3.1 Introduction

This chapter suggests a standard test for theeadfikSW, some
practical suggestions are given in common situatioAlso the
minimum equipment is described to perform the eldfithe active
MASW test.

3.2  Minimum equipment to perform active MASW test in
field

To perform the active MASW test in field you nedgk tfollowing
instrumentations:

Multichannel acquirer with at least 12 channels.

Receivers geophones (4,5 Hz) or accelerometersis It
suggested to use at least 12 receivers, prefer2blyThe
cables should cover a distance of at least 100m.

Impulsive source: hand hammer of weigth 5kg-10kghwi
rabber or steel plate of size 15cm x 15cm to plecethe
ground for beating with the hammer. If they areilatde you
can use alternative sources, like vibrodines ormass to lift
and leave on the grounfigure 3.16). In the case you use the
software made by the author, if you energize tlengd with a
controlled source you need to calculate the expariai
dispersion curve by your own and give it as an inputhe
software. The current version of the software dugsallow to
calculate the experimental dispersion curve usignionic or
controlled source.

A taped line to locate the receivers.
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3.3  Spatial array of receivers for active MASW test

The MASW test provides the monodimensional Vs epfiby
assuming an average value of Vs along the arragogivers.

The total length of the array of receivers depemu$oth the vailable
total number of receivers and the available spadeld.

Usually you can locate the receivers with a coristggran between
0.5m and 3.0m.

For a given number of available receivers a spaB.0m allows a
longer array of receivers and a better resolutibthe experimental
dispersion curve in the wave number axis k. Newbeds the Nyquest
wave number becomes low and the dispersion curvewave
numbers greater than the Nyguest wave number isehable.

Vice versa a small span for the receivers is slgatédy small space in
field, implies a great Nyquest wave number, butegiva poor
resolution of the dispersion curve along the wawalper axis k.

The Nyquest wave number is equal to

__ P
kNyquest - DX—

min

(3.1)

where Dxnin is the smallest span between two consecutive vexsei
The resolution of the experimental dispersion cualang the wave
number axis Kk is:
_
N XDx

where N is the total number of receivers of thayrr

(3.2)

It is suggested to adopt a span of 1.5m, so ifygri12 receivers you
can cover a total length of 18m. If you need ewathe Vs profile for

a longer distance you can repeat the MASW test ngpthe array of

12 receivers.
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You can locate the source at a distabeequal to the receiver span.

The MASW test offers the advantage of considerabliigate the
influence of body P and S waves in the near field.

It is a good rule to make the test 3 times withdbarce near the first
receiver and then to repeat the test 3 times wighsburce at the last
receiver.

Is has been observed that when the layers ara@acinore than 15°-
20° the experimental dispersion curves obtainedingothe source
from the first to the last receiver are differehtsually it is not
necessaru to average the field misurements of ttest8, since it is
sufficient to choose the best experimental curveibw.

It is generally suggested to perform the test al@grthogonal
directions, in order to determine the 1D Vs profilehe 2 orthogonal
directions.

When layers are inclined more than 15°-20° it iggasted to perform
alternative field test sto verify the reliability the MASW test. It is
also suggested to locate the array of receiverthéndirection of
maximum slope.

3.4  Temporal configuration of the active MASW test in feld

It is suggested to measure the field motion geadraty a hammer
shot by using a temporal interval of ab&@#t230° s and a total time
of acquisition equal to about 4s (approximately 0#mporal
samples). You can start the acquisition by handbyomeans of an
automatic trigger immediately after the hammer shidie above
suggested temporal parameters of acquisition giveNyauest
frequency of:

= i = 250Hz (3.3)
2Dt

Nyquest —

whereDt is the time sampling.
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The resolution in time of the experimental dispanscurve is equal
to:

Df = =0,244Hz (3.4)
M XDt

where M=2048 is the number of time samples.

The following figures show the array of receivetsg measured
traces, the f-k spectrum, the experimental disparsurve before and
after selection of the significant points to be duder the sequent
inversion process.
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Figure 3.1:tipycal array of receivers for the active MASWttes
field.
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Figure 3.4:f-k spectrum of measured velocities.
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3.5 Format of input files

In the current version of the software you can offenfiles of the
field traces in the formats txt, xIs and SEG2slalso possible to input
the experimental dispersion curve calculated by lypother methods
and import it from an xlIs or putting the data dilgan the proper
table €igure 3.5).

3.6  Selection of the experimental dispersion curve

One of the most difficult aspect of the interpnetatof the MASW
test is the selection of the experimental dispersiarve to use to
determine the Vs profile.

Given the f-k spectrumfiure 3.2) you need to define a frequency
range where to compute the experimental dispergiore.

Generally if you are not interested in the dynantiaracteristics of a
rigid surficial pavementation, then you can useegdency range of
2Hz - 80Hz. Anyway by observing the position of thain peaks of
the f-k spectrum (red zones) you can visually detee the significant
part and frequency range of the f-k spectrum.

In the case of théigure 3.4 the red zone of the main peaks of the
spectrum is comprised between about 10Hz and db@idk. It is
suggested to slightly extend the frequency range, dxample
considering a frequency range of 2Hz-70Hz, so thati can
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estrapolate the measured data at low frequenciés;hwcontain
information about deeper layers of the ground.

After calculation of the experimental dispersiomveuin the defined
frequency range, you need to select a limited lyrificant points of
the experimental dispersion curve. It is suggestedlimit the
maximum number of points to 25-3fglre 3.5).

This choice since by taking over 30 points compomal time
increases considerably, without improving the firgaults.

It is recommended to select the points of the erpartal dispersion
curve in order to have more points at low frequesevhere the slope
of the dispersion curve is greater than at highgudemcies. An

exception is represented by inversely dispersvivess wher

dispersion curve grows up at high frequencies.

At each experimental point, i.e. at each frequenoy can associate
an uncertainty range of the average phase veloiig. information is
used by the software to give an estimate of themainty of the final
Vs profile.

It may happen that the trend of the experimentapelision curve
calculated from the f-k spectrum be discontinous iaregular. It may
depend on several causes, like quality of the miedsdata, ambient
noise, other types of waves, irregular stiffnessija. In the case of
figure 3.5 the experimental dispersion curve is not availabléhe
frequency range 45Hz - 60 Hz. In similar cases gan consider the
experimental dispersion curve only where it is klde.

Generally you try to define the experimental disper curve into the
most extended frequency range, trying to estrapdla trend of the
dispersion curve towards the low frequencies, wdrsgrerimental data
do not allow a clear identification of the dispersicurve at low
frequencies (between 5 Hz and 20 Hz). This aspacttbe faced by
extrapolation of data, by assigning a proper uagay to the data, or
by using a different type of source, i.e. a greateight left from a
certain height or a controlled source.
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For most of the sites the experimental dispersionve has an
apparent phase velocity which grows up moving towatow
frequencies in the frequency range 0 Hz - 30 Hz Trend can be
easily induced by the few dispersed data or by ttked of the
dispersion curve at greater frequencies.

Soon a new version of the software will be avadatdr analysis of
ambient noise to get experimental information ay\Vew frequencies
0 Hz - 15 Hz (passive MASW method).

If you observe the experimental dispersion curv@afimented sites
at very high frequencies 50 Hz - 1000 Hz, then gan observe a
growing trend of the dispersion curve with frequenevertheless
this is not the interest of the software MASW, whis intended to
work at frequencies lower than 100Hz.
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Figure 3.6: MASW test into a field with grass. You need to cem
the grass to fix the geophones to the ground.
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Figure 3.7: hand hammer with steel plate.
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Figure 3.8: active MASW test in urban ambient, with road tiaff
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Figure 3.9: hand hammer with steel plate.
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Figure 3.10: MASW test with accelerometers.
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Figure 3.11:hand hammer with steel plate.
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Figure 3.12:hand hammer with steel plate.
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Figure 3.13:spatial array for the MASW test.
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Figure 3.14:spatial array for the MASW test.
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Figure 3.15:spatial array for the MASW test.
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Figure 3.16:source made by great weight left from 3m height.
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Figure 3.17:spatial array for the MASW test.
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Figure 3.19:spatial array for the MASW test.
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Figure 3.20:active MASW test along a contour line of a slope.
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4. CHAPTER 4 : NUMERICAL EXAMPLES AND CASE HISTORIES

4.1 Introduction

This charter presents some numerical examples as®llustories, which can help you to find
the shear wave velocities profile Vs and hencesttismic class of the site by means of the
MASW method. The numerical examples comprehendanibgt common types of Vs profiles,
hence they may represnt a valid guide to inferMbeprofile by looking at the experimental
dispersion curve measured in field.

4.2  Practical suggestions and observations

Some suggestions and observations follow on howdeatify the shear wave velocities
profile Vs and the stiffness profile Gs of the gndu

1) At first calculate the numerical dispersion a@imsing the Vs profile suggested by the
software for default, to verify the match with tveperimental dispersion curve.

2) if you run the automatic search:

when dealing with normally dispersive sites useyathie first or fundamental mode of
Rayleigh, when dealing with inversely dispersiviesiuse at least 10 modes, use few layers,
say 6 layers to reduce time of computation; us8d @erations, generally 15 iterations assure
a good result. At the end of the automatic searghtd improve the obtained result, by
modifing by hand the Vs profile, for example addingw layers, adding other modes of
Rayleigh if at high frequencies the apparent nucaércurve coincides with the higher
available mode used in the automatic search.

3) When dealing with sites which have a stiffnesHile irregular with depth, i.e. with strong

stiffness contrasts, the number of layers may amfae the relative error between the
experimental and the numerical dispersion curvescé the final Vs profile. By increasing

the number of layers (for example 9 layers) comjputal time durino the automatic search
increases. Generally with more than 6 layers tlee aan describe very well the Vs profile in
the first 30 m of the site.

4) Usually a relative error between the experimleatal the numerical dispersion curves
which is less than 10% means that a satisfactodyvaatid result has been obtained by a
practical point of view. If the relative error i®oroprised between 10% and 20%, it is
suggested to modify the shear wave velocity Vsnyf layers to try to reduce the error. The
relative error is an objective indicator of the omatbetween the experimental and the
numericaldispersion curve, in spite of that, ingerece of more several profiles with the same
error, the user can decide the optimal Vs profjeabvisive comparison of the different

matches or on the basis of a priori informationilaiée for the site.

5) Due to the mathematical ill-posedeness of thrergion process, the final Vs profile found
by the automatic search may depend on the initiakg. Generally it is suggested to run the
automatic search starting from 2 or 3 differentiathiguesses (for example form the Vs profile
given by default by the software or from a profilgh a constant value of Vs for all the layers
and equal to a value of the experimental phaseciglalong which is equal to an
intermediate value within the frequency range)ingyto fix the shear wave velocity Vs of
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both the superficial layer and the half-space. Wihealing with 2-3 final Vs profiles the user
can choice the one that gives the best match batwee experimental and the numerical
dispersion curve. This choice may be influencedlpyriori information available on the site
(i.e. geotechnical nature of the soils, positiorthef water table, presence of known geologic
formations, existence of a rigid pavement, presexice rigid bedrock at a known depth). In
absence of theese kind of information the relagitrer represents a usefull tool for judgement
to choice the most probable Vs profile.

6) When dealing with uncommon profiles it may octhat the search of the modes of
Rayleigh fail, due to the presence of complex miothe dispersion relation (2.8) or to the
existance of leaky modes. This may happen for elamwhen the half-space is definitely
softer (with a lower shear wave velocityVs) thaa tipper layers. In this case it is suggested
to increase the maximum depth of the geotechnicalaindown to a rigid layer with a high
value of shear wave velocity Vs. An example is gibg a site with a superficial pavement. In
theese cases a message appears agyume 4.1 ; clik OK and modify the Vs profile, by
adding layers at greater depth with a Vs equal reatgr than the Vs of the superficial
pavement.

Figure 4.1: modes of Rayleigh not found when dealing with ey\w®ft half-space
(Vs=100m/s)
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7) From visual inspection of the experimental dism curve it is possibile to gain at least 2
useful data for the inversion process. The sheaewalocity Vs of the superficial layer and
the shear wave velocity Vs of the half-space. Ahhirequencies (> 50Hz) the experimental
dispersion curve tends to the Rayleigh phase ugl@tia homogeneous half-space with the
same Vs velocita of the superficial layer, i.eabmut 0.9 Vs of the superficial layer.

At low frequencies (< 5Hz-10Hz) the experimentadpdirsion curve tends to the Rayleigh

phase velocity of the half-space at the base ofrtbdel. If the experimental dispersion curve
is only available at frequencies of 15Hz-20Hz sippssibile anyway to infer the shear wave
velocity Vs of the half-space. If the half-spacéhat base of the model is a stiff layer, then the
experimental phase velocity grows up at low freques) otherwise if the half-space is soft,

then the experimental phase velocity decreasesvatréquencies.
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Some examples of typical sites follow. For theasesshe nuemrical dispersion curve has
been calculated. Knowledge of the shape of theedsspn curve for typical known sites can
help find the Vs profile when dealing with the expeental dispersion curve of unknown
sites.

4.3  Example 1: stiff layer on the free surface of tite s
This example shows the shape of the apparent dispeturve of a site with a vey stiff layer
on the free surface. The thickness of the stiffisiat layer is equal to 2m and the shear wave

velocity to Vs=800m/s. This example may represémtscase of a strongly overconsolidated
clay layer or a compacted sandy layer (for axareplth dams or embankment of roadways).

Figure 4.2: stiff superficial layer
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Figure 4.3: Vs profile
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Figure 4.4: numerical apparent dispersion curve and modesaglfeiRyh

The apparent dispersion curve coincides with timeldumental mode of Rayleigh until 50Hz,
then it is comprised between the 2th mode and tlarbde, then between 55Hz and 75Hz
coincides with the 3rd mode, then at higher fregiesh moves toward higher modes of
Rayleigh.

4.4  Example 2: stiff intermediate layer

This example shows the shape of the apparent dispeturve of a site with a vey stiff layer
at an intermediate depth. The behavior of the dspe curve is similar to the case of the stiff
superficial layer. When the apparent dispersiowveuioes not coincide with the fundamental
mode of Rayleigh at all the frequencies, but it eotowards the higher modes of Rayilegh at
higher frequencies, it means that the shear wawveciae profile does not increase
monotonically with depth. In general it is not trthee contrary, that is a Vs profile which
increases monotonically with depth may generatepparent dispersion curve which moves
towards higher modes of Rayleigh at certain fregie=n The example 3 testify this case.
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Figure 4.5: intermediate stiff layer.
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4.5 Example 3: stiff half-space at the base

Generally the existence of a stiff half-space atlihse of the model guarantees that there are
not anomalies in searching the modes of Rayleighnothe behavior of the apparent
dispersion curve.

The following Vs profile presents a monotonicallyoging Vs with depth; nevertheless the
site is inversely dispersive, since the apparespatsion curve jumps from the fundamental
mode to the 2nd mode of Rayleigh at about 10Hz-17Hz

Figure 4.6: very stiff half-space.
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4.6 Example 5: intermediate soft layer

This case is similar to that of the example 2h# Vs of the soft layer is very low compared
with the other layers, then the apparent dispersione may appear really irregular over the
entire frequency range (segure 4.7). In theese circumstances it may become realficdit

to infer the Vs profile by simply looking at the sgfe of the apparent dispersion curve.
Nevertheless this type of shape indicates the engst of one or more soft layers in the Vs
profile.

In figure 4.8 it is shown the more reliable case of a soft medliate layer, but the stiffness
contrast with the other layers is moderate. In dkesites the apparent dispersion curve
assumes a quite regular and continous behavior theerfrequency range: the apparent
dispersion curve moves from the fundamental modegioer modes of Rayleigh as frequency
increases. It is quite easy to recognise theesstgpsites, with a soft intermediate layer.

Figure 4.7: very soft intermediate layer.
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Figure 4.8: moderately soft intermediate layer.

4.7  Example 6: soft half-space

This is the most critical case, since the abseheesiff half-space represents a condition of
existence of the modes of Rayleigh into a layeralftspace over all the frequencies. In fact
when layer stiffer than the half-space exist, tbecalled leaky modes arise, which are
coupling modes between the upper stiff layers &edspft half-space. Theese leaky modes
attenuate rapidly with distance from the source thieg determine the transmission of energy
from the upper stiff layers to the soft half-spéetow. Leaky modes represent the complex
roots of the dispersion relation: the imaginaryt gkatermines the hysteric attenuation durino
propagation, the real part determines the phasewgl which is greater than the Vs velocity
of the half-space. In addition to the leaky modgspmetric and anti-symmetric Lamb modes
arise, which are typical of isolated plates witbgposite free surfaces. Several situations can
be discerned:

One case occurs when there is only one very stpgedicial layer over a soft half-
space (Vs_half-space < 70% Vs_layer). In this ¢aeee are problems to find leaky
and Rayleigh modes (séigure 4.9). It is suggested to increase the number of layers
to reach depth where the half-space has a shear wauocity Vs of the superficial
layer.

Another case similar to the previous one consistsraoderately stiff superficial layer
over the half-space (Vs_half-space > 70% Vs_laybkr)this situation there not
problems to finde the modes of propagatiiguies 4.10, 4.11, 4.1)2
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Figure 4.9: very stiff superficial layer over the half-spa&alure to find the modes of
propagation (see the Vs profile into the tablehef figure, not the graph).
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Figure 4.10: moderate stiff superficial layer over the half-spa
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Figure 4.11:moderate stiff superficial layer over the half-spa
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Figure 4.12:moderate stiff superficial layer over the half-spa

Another case consists of more than one layer ovasfiahalf-space. Even in these
conditions may exist problems in finding the modégpropagation or the apparent
dispersion curve may show an irregular, oscillatregd {igures 4.13, 4.15, 4.16
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Figure 4.13:stiff layers over a too soft half-space (see thgXbfile into the table of the
figure, not the graph).
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Figure 4.14:stiff layer over a moderately soft half-space.
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Figure 4.15: stiff layers over a soft half-space: oscillatingpégrsion curve.
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Figure 4.16:stiff layers over a soft half-space: oscillatingpgrsion curve.
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Figura 4.17: stiff layers over a soft half-space: example gufe 15 by O’ Neill “Full wave
form reflectivity for inversion of surface wave gersion in shallow site investigations”.

4.8 Example 7: rigid superficial pavement

This example presents the apparent dispersion afneesite with a stiff superficial layer,
which has Vs=800m/s and thickness h=0.3m and cagcesents a pavement. The stiffness
of the site gradually increaeses with depth wittalispace at the base which is stiffer than the
superficial pavement. The presence of a stiff bpHee guarantees the existence of the
Rayleigh modes of propagation over all the frequesnc

Generally in sites like that shownfigure 4.18the apparent dispersion curve moves from the
fundamental mode of Rayleigh towards the 2nd modkiwthe frequency range 10Hz —

30Hz; at frequencies higher than 30Hz the appadésgersion curve coincides with the

fundamental mode, then at very hgigh frequencies dapparent dispersion curve jumps

towards higehr modes of Rayleigh. When dealing wwi#vemented sites the experimental
data could show the fundamental symmetric and sgmimetric Lamb modes. The anti-

symmetric Lamb mode already exists and is visilildow frequencies; it can be easely

recognised, since it coincides with a phase velagitich grows with frequency.

It may happen that the experimental dispersionecle not visibile at low frequencies, less
than 5Hz — 10Hz and hence the jump form the fundaahéo the 2nd mode is not visibile. In

this case the experimental dispersion curve seermsincide with only the fundamental mode
and this would be a mistake. The knowledge thaktigethe superficial pavement helps infer
the correct shape of the dispersion curve and hieelpefind the correct Vs profile.
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Figure 4.18: site with thin superficial stiff pavement (h=0.3an)d stiff halfspace.

4.9 Example 8: homogeneous layered halfspace

This case is not common, as it requires a consdfihess of the soil down to 30m;
nevertheless it is reported for completeness.Tipar@pt dispersion curve is constant with
frequency, since this site is not dispersive anty ¢imne fundamental mode existigire

4.19. It should be observed that a layered half-spaitle layers with the same velocities
behaves like a homogeneous halfspace.
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Figure 4.19: site with constant Vs profile (homogeneous haHes).

4.10 Example 9: influence of water table

The presence of water can be considered by adoatidgisson’s coefficient equal to about
0.5. In the software the value of 0.48 is adoptesaiter is present. The user can modify the
Poisson’s coefficient by turning off the option tiradicates existence of the water.

Generally the water influences the apparent dispersurve, nevertheless the influence of
water is very low compared to the influence ofshear wave velocities Vs of the layers.

Consider the homogeneous sitefigure 4.20, obtained adding the water to some layers of
the site infigure 4.19 The apparent dispersion curve changes slightigesghe water causes
a greater phase velocity. It may happen that theeniafluence much more the apparent
dispersion curve with respect to the shown example.
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Figure 4.20: same homogeneous site as in figure 4.19, but m@mvater exists in some
layers.

4.11 Example 10: influence of the number of modes ofl&gh

The number of modes of Rayleigh may influence thy@agent dispersion curve, especially at
high frequencies when dealing with inversely disper sites, when the contribution of the
excluded higher modes is significant ($igeires 4.21 and 4.2p

This situation is evident when the apparent dispersurve reaches the highest available
mode of Rayleigh and there are not other higheraaadhere the apparent dispersion curve
can move. When dealing with sites with strong séiffs contrasts, at frequencies lower than
80Hz it is a good rule to use between 5 and 10 sedth the automatic search and at least
20 modes with the trial and error search. If tremeevery soft or very stiff intermediate layers
at very high frequencies more than 20 modes of deglylcould be necessari. When dealing
with moderate stiffness contrasts or when thersd$ gradually and monotonically increases
with depth, the the fundamental and the 2nd modl€tagleigh are sufficient. At the end of
the automatic search of the optimal Vs profilesisuggested to runa gain the manual search,
after increasing the number of available modesayfi€&gh.
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Figure 4.21:apparent dispersion curve at high frequencies aritl 5 modes of Rayleigh.
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Figure 4.22: oscillatine apparent dispersion curve at high degies with 50 modes of
Rayleigh.

4.12 Example 11: influence of the receivers array

The spatial configuration of the receivers, i.ee #pan between two consecutive receivers
when the spani s constant, may influence the sludpthe dispersion curve at certain
frequencies. For this reason in the numerical satnon it is suggested to use an array which
is the same used in the field test. In figures 4.23 and 4.24 are shown the apparent
dispersion curves using the same Vs profile ands#ime number of receivers (24), but using
two different spans.

In figure 4.23the spani s equal to 1.5m,figure 4.24 the spani s equal to 5.0m. The reader
can observe a diveristy of the two dispersion csiatearound 20Hz.
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Figure 4.23:apparent dispersion curve with 24 receivers aspba of 1.5m
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Figure 4.24:apparent dispersion curve with 24 receivers aspba of 5.0m.
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4.13 Example 12: behavior at high frequencies

When dealing with some sites with strong stiffnesstrasts and layers of thickness less than
5m, it may happen that the apparent dispersionecapypear strongly irregular or oscillating at
high frequencies, generally higher than 70Hz-80kmi(e 4.22). It is suggested to limit the
analyses below 80Hz, since the information giventhy apparent dispersion curve at
frequencies higher than 80Hz concern the upper dnefthe ground. The proposed method
and software are expected to determine the seidass of the site, not the Vs velocita of the
pavement or the first 1m-2m of the ground.

Some case histories follow, where the Vs profild #re seismic class have been determined
by means of the MASW method.

4.14 Example 13: site near FIAT factory in Tuirn

The investigated site is located in a zone of funihere there are layers of gravel and sand,
with a level of cementation which grows up with tlepAny layers of sandy silts may exist.
The water table is at a depth of about 15m fronugddevel.

The active MASW test has been executed both ogia pavement with thickness of 20-30
cm and on the ground near the pavement.

The parameter of the test are:

receivers span = 1.5m

time sampling = 2ms

total length of the receivers array = 36m

source: hand hammer of 5kg.

We analyse first the MASW test on the ground freenfpavement.

In Figure 4.25the measured wave motion is plotted. In figkrgure 4.26the fk spectrum
and the experimental dispersion curve in the fraqueange 2Hz-70Hz are plotted.

In Figure 4.27the significant points of the experimental disp@rscurve have been selected
for the successive steps. The source has furnigeefiil information within the frequency
range 20Hz - 70Hz. This situation implies a greatarertainty on the shear wave velocita Vs
of the deeper layers of the profile.

In Figure 4.28 a trial initial geotechnical profile has been gesd. The Vs velocities have
been assigned by default by the software, considedilayers. The receivers spani s equal to
1.5m and 5 modes of Rayleigh have been adopted.tridieand error (or manual) search
associated to the initial Vs profile has generatedimerical apparent dispersion curve, which

118



is quite distant from the experimental dispersiarve, in fact the relative error between the 2
curves is equal to about 43%.

In the next manual attempt the Vs profile has beedified, by increasing the Vs of the deep
layers to increase the phase velocity at low freqgies Figure 4.29. Also the thicknesses of
the layers can be changed, i.e. the thickness efuftper layers is reduced, instead the
thickness of the deeper layers is increased. TRR¥&7m/s of the superficial layer is fixed,
before running the automatic search with a maxino@im iterations. At the end of 5 iterations
the Vs profile inFigure 4.29is obtained. Even if the relative error is quitev] equal to 7%,
the Vs profile is anomalous, because of a very isti€rmediate layer with thickness of 2m at
a depth of about 6m from the ground level. Thisatibn seem to be strange and not justified
by complementary geotechnical information. So aeotinanual search is performed, after
some modifications, until the final Vs profile wiém error of 6% is obtaine&igure 4.30.

The site with the found Vs profile has an equivalsimear wave velocity of Vs30=626m/s
within the first 30m, hence the site belongs tog@ismic class BRigure 4.31).

Even if probably other similar Vs profiles existhieh give a good match between the

experimental and the numerical dispersion curves variation of the Vs of theese different

profiles does not cause a significant change ofM$@0, hence the seismic class remain the
same. The obtained Vs profile is valid for designgouses.

From this first case history the reader can undadsthat determination of the Vs profile of
the site can not be exclusively meden by the auionsarch, but it is the result of an
iterative process, where automatic and manual Bearalternate under the judgement of the
user. During this process the experience of the aise the a priori available information on
the site play a main rule.

As second case we consider the MASW test on therpemted ground.

It can be observed that the presence of the rigidgavement does not influence the shape of
the disperison curve at frequencies below 60Hz-70iiact up to 60Hz-70Hz the numerical
dispersion curve obtained considerino a rigid pas@nwith Vs=800m/s and thickness of
20cm is quite the same that is obtained with theesaite without the rigid pavement (see
Figures 4.30, 4.32
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Figure 4.25:traces of the wave motion measured with 24 vdrgjeaphones.
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Figure 4.26:f-k spectrum and experimental dispersion curve.
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Figure 4.27: selection of a limited but significant number dafimts from the experimental
dispersion curve.
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Figure 4.28:first attempts to find the Vs profile by manuahgeh.
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Figure 4.29: Vs profile obtained by means of the automatic deaA strange intermediate
stiff layer appears at a depth of about 6m fromgiteeind level.
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Figure 4.30: Optimal Vs profile, obtained by changing manuahlg Vs profile given by the
previous automatic search.
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Figure 4.31:seismic class B for the analysed site.
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Figure 4.32:numerical dispersion curve within the frequenayg@20Hz-70Hz, when a rigid
superficial pavement exists.
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Figure 4.33:Vs profile with thin (20cm) rigid superficial pawvent.

Consider the MASW test performed on the rigid pagem

The experimental dispersion curve of the pavemegtedind differs from that of the not
pavemented ground only at frequencies higher tt@#z50Hz Figures 4.26 e 4.34 At
frequencies higher than 50Hz-70Hz the experimedisgpersion curve increases its phase
velocity due to the presence of the rigid pavenoenthe surface. In this case the Vs profile of
the ground below the superficial pavement can beddy limiting the inversion process to
frequencies below 50Hz-70Hz.
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Figure 4.34: f-k spectrum and experimental dispersion curvehwdt superficial stiff
pavement.
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4.15 Example 14: Wind Power Plant at Gello (Pontedeisg,P uscany)
This site has been well investigated during a seofk geotechnical investigations for the
project of wind power plant made of 4 wind towe@® In high.

The site is located in the industrial zone of GéRisa, Tuscany). The area belongs to the
seismic class number 2, according to the new italaismic code OPCM of 2003 (or
equivalently the Eurocodes) and the site is flat.

On the basis of the geological information and rgults of the geotechnical investigations
the soils of the area are recent alluvial soilthefArno river.

The geotechnical units that have been found dovendepth of 30m form ground level are:

1. Geotechnical unit 1: thickness of about 1m formghmund level, vegetal soil

2. Geotechnical unit 2: down to about 20m from gdndy-clayey silts

3. Geotechnical unit 3: from about 20m down to 35ty sands and sandy silts

The 2 boreholes S1 and S2 indicate slight differaetfaces among the 3 geotechnical units.

The 2 piezometers in S1 and S2 indicate the existef water under pression at about 10m
form g.l.

Table 4.1: Geotechnical model

Geotechnical un description z g ff’ c
(m) | (kN/m3)| () | (kPa)
1 Vegetal soil 0-1 18 - -
2 sandy-clayey silts 1-20 17-19| 22-26 0-20
(18) | (24)| (10)
3 silty sands and sandy silts20-3Q 17-20 | 23-27 0-10

(18) | (29| (9

3 silty sands and sandy silts30-4Q 17-20 | 23-271 0-10
18) | (25)| (5

where:

values comprised into parentheses indicate avesrages
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o= natural volumetric weight of the soll
f’ = shear resistence angle
¢’ = effective cohesion

Figure 4.35:spatial array for the MASW test at Gello.
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Figure 4.36: ground stratigraphy at Gello.
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Figure 4.37: penetration resistence at tip durino a SCPTUaeSkello.
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Figure 4.38:lateral resistence to penetration durino a SCREBdt Gello.
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Figure 4.39:water overpressure durino a SCPTU test at Gello.
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Durino the MASW test in field the source was lodatear the last receivefigure 4.40),
hence you need to switch the source location lzkidg the proper boxHigure 4.41).

The f-k spectrum and the experimental dispersiomecin the frequency range 2Hz-70Hz are
shown inFigure 4.41 During the selection of the significant points tbe experimental
dispersion curve, points at frequencies higher tB@Hz can be excluded, since zero or
negative values of the phase velocity do not hawyepaysical sensd={gure 4.42).

The discontinuita of the experimental dispersiorvelbetween 25Hz and 40Hz means that a
strong stiffness contrast exists in the upper plitte Vs profile of the ground.

By running the Vs model which is assigned by defdabe thoretical dispersion curve
(apparent or effective) shows asHigure 4.44

After any trial and error attempts the Vs modelFigure 4.45 has been obtained. The
equivalent verticval shear wave velocity of the $& Vs30=228 m/s, hence the site belongs to
the seismic class C.

Figure 4.40:traces with source on the right.
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Figure 4.41:traces with the source on the left.
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Figure 4.42:f-k spectrum and experimental dispersion curve.
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Figure 4.43:selection of significant points of the experiméwuliapersion curve.
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Figure 4.44:final Vs profile.
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Figure 4.45: seismic soil classification based on theVs30.
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4.16 Example 15: Underground park in Mollieres (Cesdimaino, Piemonte)

The site is located in Mollieres (Piemonte) andphgect concerns an underground park. The
site belongs to the seismic class 3 and the frdaciis plane and inclined with a slope of
about 15°. The stratigraphy consists of:

Geotechnical unit 1: thickness of about 50cm, regabloose soil
Geotechnical unit 2: thickness of about 1m, vegsadl

Geotechnical soil 3:thickness between 5m and 1@moyenic deposits of gravel and
cobbles into sandy, silty and clayey matrix

Geotechnical unit 4: rock base of calcescisti graiff
There is not water table at the site.

It is quite easy to calcolate the f-k spectrum #rel experimental dispersion curve from the
traces measured in field durino the MASW test.his tase the available frequency range is
between 10Hz-15Hz and 70Hz. At high frequenciestiwben 50Hz and 70Hz the
experimental dispersion curve slightly oscillatesthe inversion processa n average value
has been adopted,

By running the trial and error search starting fridme Vs model assigned by default the
theoretical dispersion curve is showrFigure 4.5Q In order to increase the phase velocita of
the dispersion curve at low frequencies, the sheae velocita of the deep rock layer must
be increased.

After any trial and error attempts the final Vs fdeoshown inFigure 4.52has been obtained.
The equivalent verticval shear wave velocity of #gie is Vs30=759 m/s, hence the site
belongs to the seismic classHdgure 4.53.
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Figure 4.46:in field MASW test along a contour line of a slighinclined slope in Mollieres.
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Figure 4.47:traces with source on the left side.
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Figure 4.48:f-k spectrum and experimental dispersion curve.
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Figure 4.49: selection of significant points of the experiméwuliapersion curve.
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Figure 4.50:results obtained with the default Vs model.
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Figure 4.51:typical result after few trial and error attempts.
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Figure 4.52:final optimal Vs profile.
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Figure 4.53: seismic soil classification based on theVs30.
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4.17 Example 16: industrial plant in Settimo (high speadway between Milan and
Turin)

The site is located aside the high speed railwayden Torino and Milano, near an industrial
plant near Settimo Torinese. The ground stratigrapimsists of alternate dense layers of
sands and gravels. The water table is at aboutntterihe ground level.

O

O

Figure 4.54: MASW test near an industrial plant using 14 acceresters.
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Figure 4.55: SPT results in the boreholes S1 e S2
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In this example the analysis of the measured tracesiitted and the experimental dispersion
curve is directly providedfiQure 4.56). Data acquisition has been performed using 14
accelerometers with a receiver interspace equaint@and a time sampling of 2ms.

Figure 4.56:experimental dispersion curve at Settimo Torinese.
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By default the software gives a first Vs profilesbd on the available experimental dispersion
curve. Poisson coefficient and mass density ofldiers are set equal to 0.2 and 1800Kg/m
respectively. Before running the trial and errcarsh of the Vs profile the mass density and
the Poisson coefficient are modified to 1900 kgamd to 0.48 (only for layers under water).

The experimental apparent dispersion curve monoadigi decreases with frequency
(normally dispersive profile) and no strong sti§secontrasts are expected in the Vs profile,
hebce only the fundamental mode of Rayleigh waseséd for the inversion process.

After the first attempt the numerical apparent drspn curve is quite distant from the
experimental dispersion curve (the relative erso43%) especially at low frequencidgre
4.57). To increase the apparent phase velocity at l@guencies we need to increase the
shear wave velocita Vs of the deep layers of tioélpr

Figure 4.57:results obtained with the Vs profile assigned biadk.
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After few attempts with the trial and error metbg,increasing the number of surficial layers,
an optimal Vs profile is reached, with a relativeoe of 6% between the experimental
dispersion curve and the numerical dispersion c(figares 4.58, 4.59 The final Vs profile
aloows to determine the seismic class of the sitd,is B with Vs30=627m/d~{gure 4.60.

Figure 4.58:results of the final optimal Vs profile.
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Figure 4.59:optimal match between experimental and numericgdetsion curves

Figure 4.60:site of class B with Vs30=627m/s.
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4.18 Example 17: Telecom headquarters in Torino

The site is located in Torino (Italy) in Cso Indhaita street at the corner with Cavalli street,
near the building of the Telecom headquarters. Stretigraphy consists of dense layers of
sand and gravel with a degree of cementation wipiabually increases with depth. The water
table is at about 20m under the ground level.
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Figure 4.61: MASW test in urban environment, with high traffioise.
Parameters of acquisition during test:

span of geophones = 2.5m

time sampling = 2ms

lentgh of array = 32.5m

source: 5kg hammer.

By visual inspection of the measured tradegi(e 4.62) it can be observed that the signal to
noise ratio is low from receiver number 7 to numhér For this reason only the first 6
receivers have been used for the analysisfigare 4.63 both the f-k spectrum and the
experimental apparent dispersion curve are shdigare 4.64 shows the selection of the
significant points of the experimental dispersiomnve to be used for the inversion process.
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Figure 4.62: measure traces near the building of Telecom heatieys in Torino.
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Figure 4.63: f-k spectrum and experimental dispersion curve tiearbuilding of Telecom
headquarters in Torino.
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Figure 4.64:selection of significant points of the experiméwuliapersion curve.

By fixing the shear wave velocity of the half-spacea value of Vs=950m/s, by reducing the
number of layers to 6, the automatic search witly ¢éime fundamental mode of Rayleigh
waves gives a Vs profile, to which cooresponds memical dispersion curve with a relative
error of 10% figure 4.65. The correspondent Vs30=424m/s, hence the slmnge to the
seismic class B.
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Figure 4.65:results of the automatic search.
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Figure 4.66: seismic classification of the site.

4.19 Example 18: Leaning Tower of Pisa

The MASW test in Miracles square near the leanawgetr of Pisa has been performed in May
2001, durino a geotechnical investigation of thehiecal University of Turin (Politecnico).
Information on the traces and the experimental ¢ast be found in (Roma V. 2001, PhD
Thesis).

Parameters of acquisition during test:

span of geophones = 2.5m

time sampling = 2ms

lentgh of array = 32.5m

source: electromechanic shaker with harmonic etaita

With respect to the hammer, the electromechanikeshaith controlled harmonic excitation
offers the advantage of exciting the ground atUesgies lower than 10HZidure 4.67).
Nevertheless the hammer is much less expensiver@sfiect to the electromechanic shaker.
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The stratigraphy consists of alternate layers aotlsasilty sands and clays under the surficial
layer of compacted fill of thickness of 3m. The appvater table is at about 3m under the
ground level. To consider the water the Poissoffficaat has been set equal to 0.48.

By properly modifying the thicknesses and the sheare velocities of the layers, the final
optimal Vs profile has been obtained, with a rekterror between the numerical and the
experimental dispersion curves equal to 3¢u(a 4.68).

The equivalent shear wave velocity within the f3®m of ground is Vs30= 206m/s, hence
the seismic class of the site is C.

Figure 4.67:experimental dispersion curve at the leaning taviétisa.
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Figure 4.68:final optimal Vs profile at the leaning tower aR (trial and error search).
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Figure 4.69: seismic class of the ground at under the learomeet of Pisa (trial and error
search).
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Figure 4.70:final optimal Vs profile at the leaning tower a6R (automatic search).
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Figura 4.71: seismic class of the ground at under the leanawvget of Pisa (automatic
search).
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4.20 Example 19: Villadossola (Verbania)

The MASW tests have been performed in 3 differégisdocated in the industrial area of
Villadossola (Piemonte) and its stratigraphy cassef alternate layers of gravel, sand and
cobbles. The water table is at about 14m undegithend level figures 4.72, 4.73

Parameters of acquisition durino MASW test:
number of receivers = 12

span of geophones = 1.5m

time sampling = 2ms

total time of acquisition = 4s.

source: 5kg hammer.

In the following figures the experimental dispersimrves obtained at the 3 sites are shown.

For the sites 1 and 3 at frequencies higher th&iz Qe experimental dispersion curve tends
toward growing velocities, that indicates thati#f sturficial layer exists.
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Figure 4.72: MASW test at site 1 in Villadossola.
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Figure 4.73:stratigraphy in Villadossola.
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Figure 4.74:measured traces in field..
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Figure 4.75: experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.76: experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.77:experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.78:experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.79:experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.80: experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.81:experimental dispersion curve at site 1 in Villssiaa.
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Figure 4.82:: Final Vs prfile at site 1.
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Figure 4.83: comparison between experimental (red circles) mnterical (solid line with
blue circles) dispersion curves at site 1.
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The equivalent shear wave velocity within the fB8m is Vs30 = 465 m/s, hence the seismic
class is B.

Figure 4.84:seismic classification of the site 1.
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Figure 4.85:site 2 in Villadossola
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Figure 4.86: Experimental dispersion curve (red points) andaet points (green circles) for
site 2.
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Figure 4.87:: final Vs profile at site 2.
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Figure 4.88: comparison between experimental (red circles) mnaerical (solid line with
blue circles) dispersion curves at site 2.

The equivalent shear wave velocity within the fB8m is Vs30 = 398 m/s, hence the seismic
class is B.
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Figure 4.89: Experimental dispersion curve (red points) andctel points (green circles) for
site 3.
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Figure 4.90:: final Vs profile at site 3.
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Figure 4.91: comparison between experimental (red circles) mnaerical (solid line with
blue circles) dispersion curves at site 3.
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The equivalent shear wave velocity within the fB8m is Vs30 = 442 m/s, hence the seismic
class is B.

Figure 4.92:seismic classification of the site 3.
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4.21 Example 20: Volvera (Torino)

The site is located near Volvera (Torino, Italydahis comprised between the two streams

Rio Torto and Rio Chisola.

On the basis of the geological information and thkoratori and in situ geotechnical

investigations two main geotechnical units can iseained:
Geotechnical unit 1 made of sandy silts and clayiy;
Geotechnical unit 2 made of sandy gravel and giasahd.
The geotechnical parameters of the two units grerted intable 4.2
Table 4.2: parameters of the geotechnical units.

Geotechnical unit g c’ F E' Cu
(KN/m’) | (kPa) ®) (MPa) | (kPa)
Vegetal surficial ground 17 0 26 4-5 -
Sandy silts 19 0 32 10-25 35
Clayey silts 18 0 28 10-15 50
Sandy gravels and gravelly sands 20 0 3 > b50

Parameters of acquisition durino MASW test:
number of receivers = 24

span of geophones = 2.0m

time sampling = 2ms

total time of acquisition = 4s.

source: 5kg hammer.

191




Figure 4.93:Voliera site.
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Figure 4.94: measured traces at Volvera.
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Figure 4.95:f-k spectrum and experimental dispersion curWéaera.
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Figure 4.96: Selection of significant points of the experimém&spersion curve to be used
for the inversion process.
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Figure 4.97:final optimal Vs profile.
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Figure 4.98:seismic classification of the site at Volvera.

The equivalent shear wave velocity within the f88m is Vs30 = 339 m/s, hence the seismic
classis C.

197



5. CHAPTER 5 : TUTORIAL FOR THE SOFTWARE MASW

5.1 MAIN WINDOW

Figure 5.1: start or main window
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In Figure 5.1is shown the start window of the software; itigded into 2 parts.

On the left you can:

move to other previous windows:

or

at start you can see only the main window. In til®wing you can see both the previous and the naxtiows

this button allows to visualize the window of theasured traces and the acquisition parametersahtkito test:
number of receivers, span between 2 receivers,sangling, total time of acquisition, position bétsource.

this button allows to visualize the window of thi& §pectrum, where you can calcolate the experiaheigpersion
curve of Rayleigh waves.

this button allows to visualize the window of thgerimental dispersion curve, where you need tecse limited
number of significant points to be used for theersion process to calcolate the Vs profile

this button allows to visualize the window whereigetermine the Vs profile of the site

this button allows to visualize the final window &k you determine the type of site based on thprdfe and the
Vs30, according to the Eurocode 8 and the nevaitadeismic code OPCM 3274

call this tutorial for istructions
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see the available bibliography

On the right of the main window you can:

Choose whether to analyse the measured traces tioegexperimental dispersion curve

or to input directly the experimental dispersiomveudetermined by you elseway

If you choose the option

Then the window Analysis of experimental data wpbear as ikigure 5.2
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5.2  WINDOW OF ANALYSIS OF EXPERIMENTAL DATA

Figure 5.2: window Analysis of experimental data
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Measured traces must be gathered in format fésxls, SEG2.

By clicking the button the windanvFigure 5.3 appears It allows to open the file of the measured traodseld.

The traces measured in field with source placethenleft side of the array of receivers, i.e. ntgee receiver number 1, look as in
Figure 5.4. If the source is placet near the last receivemtthe traces appear aghigure 5.5 In this case you need to riverse the traces
by clicking on the icon below:
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Figure 5.3: window to open the measured traces
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Figure 5.4 window Analysis of experimental data schermatase near the first receiver)
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Figure 5.5: window Analysis of experimental data schermatar@®uear the last receiver)
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After visualitazion of the measured traces of tlfiehd motion the software requires some informatdout the spatial array of the in field
MASW test.

Specify the span between 2 consecutive receivers. duggested to use a constant span
among receivers and also between the first recainérthe point source, since the numerical
simulation of the MASW test is based on a Foumangform, which assumes a constant span
among receivers and the point source. The choitkeo§pan among receivers influences the
range of the available wave numbers k and henceetiien of the f-k spectrum which is
available. The choice of the span also dependé®motal number of available receivers, on
the total distance of the ground to be investigabedthe available space in field. Usually it is
suggested to use a span among receivers betwaarafich3.0m, preferibly 1.5m.

Also the time sampling of the field motion influezscthe portino of the f-k spectrum which is
available. It is recommended to use a time samp@lineal to K03 s.

It may happen that the field motion measured atracgiver be disturbed by noise or other
causes or simply it was not turned on during taklfiest. In theese cases you can discard that
unreliable receiver and use the receivers whichqute that perticular receiver. Nevertheless
the presence of unreliable motion at a couple cdivers does not significantly influence the
results of the analysis.

Durino the field test it is suggested to use al @tquisition time of about 4 s. In the analysis
the software uses a temporal range between 0 mg@m ms, to improve the frequency
resolution of the f-k spectrum.
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In the lower right part of the windows there ardttmis to change window, to go backward
(PREVIOUS) or forward (NEXT) or to call the on lihelp (HELP).

After inserting the required information on thefigl MASW test, push the Next button to go ahedae Tiew window DETERMINATION
OF THE EXPERIMENTAL DISPERSION CURVE apeears asorggd inFigura 5.6.
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5.3 WINDOW DETERMINATION OF THE EXPERIMENTAL DISPERSION CURVE

Figure 5.6: window schermata DETERMINATION OF THE EXPERIMENTAL DISPERSN CURVE by means of the f-k spectrum
and experimental dispersion curve in the domaigueacy-phase velocity.
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On the left side of the window are plotted thetoon lines of the f-k spectrum of the ground duitrayelling of Rayleigh waves
(Figure 5.7).
Figure 5.7: contour lines of the f-k spectrum of the ground

The red regions of the f-k spectrum indicate thests of the spectrum, the blue
regions represent the hills of the spectrum. Thester of the f-k spectrum
determine the dispersion relation or dispersiowvewf the ground for travelling
Rayleigh waves.
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Above the f-k spectrum graph there some buttomsanage the graph itself.

The next step consists of defining the frequenageavhere to calcolate the experimental dispersiowe.

Generally for usual grounds the frequency rangmtefest is comprised between 2 Hz and 70 Hz, whrehthe default values. You can
also assign a different frequency range (anywaypc@m®d between 0 Hz and the Nyquest frequency aattoatly calculated by the
software on the basis of the time sampling) by inglat the crests of the f-k spectrum, where thanreaergy is located. In the case shown

in Figura 5.7 there is a continous crest between 15 Hz and 63\Ripway the frequency range between 2 Hz and 7ihklmdes the range
15 Hz - 65 Hz.

After definition of the frequency range click oretbutton CALCULATE and after some seconds the empetal dispersion curve will
appear as ifrigura 5.8.
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Figure 5.8: experimental dispersion curve bifore selectiosighificant points.
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Go ahead pushing the button NEXT

The window inFigura 5.10 will appear, where you are
required to select a limited but significant numbépoints
from the experimental dispersion curve to be usedhe
successive inverions process to determine the shaae
velocita profile Vs and finally the seismic typesite.



5.4  WINDOW SELECTION OF THE EXPERIMENTAL DISPERSION CUR VE

FigurkE 5.9: experimental dispersion curve bifore selectiosighificant points.
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In the graph of the experimental dispersion curif@rd® selection of significant points figure 5.9the mein crest of the f-k spectrum are
plotted at each frequency. You can notice that:

In the frequency rabge between 20 Hz and 45 Hzrémel of the experimental dispersion curve is wefined, with a low spread
of the points at intermediate frequencies, witlpees to high frequencies.

At low frequencies (<10 Hz) the trend of the expmmtal dispersion curve is quite spreaded, duedreater uncertainty of the
data.

At high frequencies ( > 50 Hz) there are some digoaities, probably due to the presence of anrat®n of thin soft and rigid
layers in the upper part of the ground.

Click the button  above the graph of the experimental dispersionectm select the significant points of the expeniakdispersion
curve into the graph. You must assign a mean valgesell as a lowe and a upper limit of the phadecty at each frequency. All the
information of the selected points are reportedhantable on the left side of the window, where gan eliminate any point if you want.

If you click the button  the software will automatically make a choicelad significant points, which you can confirm or be.
The window will be like inFigure 5.10Q
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Figure 5.10: experimental dispersion curve after selectionrpitéd points.
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There are the buttons to save, copy, print, move, zoom, select the gahthe experimental dispersion curve.

After selection of the points of the experimentabpersion curve go to the successive window DETEHRMIION OF THE Vs PROFILE
(Figure 5.11)

Click the button NEXT below on the right.
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5.5 WINDOW DETERMINATION OF THE Vs PROFILE

Figure 5.11: window determination of the Vs profile
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In this window you determine the shear wave velesiand the thicknesses of the layers of the ground

You are required to introduce some information esning:

number of lauers (between 1 and 8, excluded tHeshakte at the bottom of the gorund); usually 5-
7 layers are sufficient to model several typesrofigd. If you want to reach a very good resolution
of Vs profile, then you can use more then 7 layapsto 8 layers plus the half-space
the span among receibers used for the in field MABSY
the total number of receivers
the total number of Rayleigh modes you want ot Usa. normally dispersive grounds the
fundamental mode (mode number 1) is sufficiententiise for inversely dispersive grounds you
need to use 3-5 modes. When dealing with inverdigiyersive sites with strong stiffness contrasts,
i.e. in presence of a pavimentation, you may needse up to 10-20 modes of Rayleigh. The
software allows to use up to 50 modes of Rayleigh.
After definition of the number of layers you areueed to define a trial ground profile, by assigng the thickness h, the mass density,
the existence or not of the water table into eager, the Posson’s coefficient ( equal to 0.48ldyers under water table), shear wave
velocities Vs with lower and upper limits of varat (only for automatic search), existance of alhyam layer. You can also fix the Vs
velocity of any layer durino automatic search.
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Figure 5.12: input table of the geotechnical-seismic modehef site

The software assign by default thicknesses, veéésci¥'s and the other parameters for the trial staxdel. You can modify the choices of
the software.

Usually the most important parameter to searcthésshear wave velocity Vs, since the thicknessestla@ other parameters can be
inferred or determined by other geotechnical methédso the shear wave velocity Vs is the paramisigr mostly influences the seismic
behavior ot the site and hence the Rayleigh digpeurve. For theese reasons the author has chosdiow the search of the shear wave
velocita Vs rather than the search of the thickee$s

You can procede to the search of the Vs profilalyal and error way or by the automatic seargtglicking the buttons below:

click this button for trial and error search

or
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click this button fora n automatic search.
in the case of automatic search you need to define:

the maximum number of allowed iterations (comprisetiveen 1 and 50)
the relative error (expressed in percentaige), éetwthe experimental and the numerical dispersiome¢ below which the
optimal Vs profile has been reached
whether or not the strong contrasts of stiffnedsvéen layers are allowed durino search. The defmiof strong contrasts of
stiffness is reported in the book at paragraptb2.9.
In the automatic search the software also stopsehech if the realitve error at the current iterats greater than the error at the previous
iteration.

In the trial and error search you can modify byd#re thichknesses h, the velocities Vs, the diessitnd the Poisson’s coefficients based
on your experience or based on your a priori inftran about the ground.

You can compare the match between the experimanthlthe numerical dispersion curves by means ofdlative error or simply by
view.

When a satisfactory match is reached between tperiemental and the numerical dispersion curvesalliswith a relative error less than
10%-15%), then you can say that the Vs profilellesen found and you can procede to determine teeseground classification.
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The greater is the number of iterations the graattre chance to find an optimal Vs profile, wharresponds to a numerical dispersion
curve closed to the experimental dispersion cumeh a low relative error. Commonly 15 iteratioms aufficient to the pur pose.

It is underlined that the ill-posedness of the raathtical problem, at the same conditions (thickeesdensities, water table position,
Poisson’s coefficients) the final Vs profile foubd the automatic search may depend on the stértaigrofile. If you start the automatic
search form different trial Vs profiles (at lea$t ien you can compare the different results drabse the best match. By the experience
of the author, when dealing with normally dispegssites, in most cases the different Vs profilesquite similar and determine the same
seismic class of ground. Sites with strong stiffnegntrasts among layers represent an exceptios.alivays suggested to improve by
hand the match between the experimental and then@amcal dispersion curves obtained after the autiensaarch, by slightly modifing
the thickness and/or the velocity of any layer.
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During the automatic search a window appears twrimfyou about the steps of the search.

You can stop the automatic search at any timeJiblkirg the button STOP SEARCH:

The automatic search stops when on of the followimgitions is reached:
1. the relative error between the experimental andhthmerical dispersion curves is less than the timldssetted by you
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2. the maximum allowed number of iterations assignegldu has been reached

3. the relative error at the current iteration is ¢geshan the error reached at the previous itarafitis criterion derives from the fact
that the search algorithm is expected to converdled best solution at each iteration.

By running the trial and error or the automaticrsbahe software calculates the modes of Raleighthe apparent numerical dispersion
curve associated to the given Vs profile; then lbéhnumerical and the experimental dispersioneamne plotted together as well as the
modes of Rayleigh and the relative error is displgelow the figure.

It is underlined that the relative error betweea ttumerical and the experimental curves is caledlatith reference to the numerical
apparent dispersion curve calculated using the mdegtihoposed by Roma (paragraph 2.9.2), and widtreéate to the numerical effective
dispersion curve proposed by Lai and Rix (paragapiB).

by clicking into the boxes below

you can plot independently the experimental dispergurve, the numerical apparent and effectivepaehision curves, the modes of
Rayleigh.
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Figure 5.13: experimental, numerical apparent, numerical effealispersion curve, modes of Rayleigh
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Initial and final Vs profiles are plotted on thght side of the window and reporte in the tablevabo
Figure 5.14: shear wave velocities profile Vs.

224



Together with the Vs profile also the uncertairgtypiotted by means of a green shadowed zone atbends profile.
Both the table and the figures cab be copied dteaaising the proper buttons in the window.

After determination of the Vs profile you can gotte final window FINAL RESULTS, by clicking the tian NEXT in the rigth low
corner of the window.
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5.6  WINDOW FINAL RESULTS

The window FINAL RESULTS appears askigure 5.15,it proposes the table of the final profile of @und found at the previous
window.

Figure 5.15: window FINAL RESULTS
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In this window some informations are required dliba geotechnical nature of the site, in ordeslassify the site by a seismical point of
view.

The needed information are:

the geotechnical nature of the ground
the ground stability, i.e. whether the ground isceptible to liquefaction or the ground containg kayer of sensitive clay
presence of low consistent clay or silt with higasticita index and water content
- Plasticita index IP
The above reported information are the same redjliyethe Eurocode 7 and 8 and by the new italissnmge code OPCM 3274 (2003) in
order to define the seismic class of the site, ling to the table reported Figure 5.15

On the basis of the shear wave velocities profgethé software calculates the equivalent shear waleeity Vs30 in the first 30m of the
site. By adding the geotechnical information abosported the software determines the seismic a#l¢he ground according to the
Eurocodes 7 and 8 and to the new italian seisngalagon OPCM 3274 del 2003.

The seismic class of the site allows to deterntigeskismic actions on the structures prescribeatidgeismic codes..
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Figure 5.16: window FINAL RESULTS
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Based on the Vs profile the software calculatesetpivalent shear wave velocita Vs30 in the fi@m3of the ground and hence the
seismic class of the ground.

By clicking the button SAVE the software generatdst file as report where the significant stepshefanalysis are reported.

By clicking the button NEXT the software asks afaomation about exiting.

At every step of the analysis, i.e. at each wingow can save the job by cliking the button MASWthe left up corner of the window.

It is suggested to frequently save the job.

You can also come back to the previous windowsdiyguthe buttons located on the left side of thedaw.
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6. FINAL CONSIDERATIONS

Even if | have tried to give a simple tool with then of divulgate the use of the MASW
method, there are some intrinsic difficulties ie thse of the MASW method.

The most critical aspects of the proposed MASW wbthre the choice of the experimental
dispersion curve, to be used in the successives,stepd the determination of the final
stiffness profile (or equivalently the final shesave velocities profile Vs), which generates
an optimal match between the numerical and therexpatal dispersion curves

About the choice of the experimental dispersionveur have given useful and practical
suggestions, also showing how the experimentaledsspn curve has been determined in
several case histories.

The determination of the final stiffness or Vs jesf is the result of an optimal compromise
among a priori information about the site, triatlarror search and automatic search. Even if
when dealing with normally dispersive sites, witlfrsess profiles regular with depth, the
automatic search finds a quite valid solutionsiliways suggested to modify by hand the Vs
profile. By means of this exercise the reader eruker will gain knowledge, experience and
sensibility that you will be able to use when deglwith inversely dispersive sites, where not
always the automatic search gives a valid solution.

On the basis of the observations made in the Qh&rtehich reports the numerical examples
and the case histories, the readers have underdtabthe MASW method requires anyway
experience for execution, interpretation and fidatermination of the seismic class of the
ground.

| also know that the proposed method and softwefiex to the current state of knowledge and
that scientific research always procedes. Hence ot excluded, on the contrary it is

auspicated, that the method proposed in this batkoes overcomed by the introduction of

new techniques or improvements. The proposed sdtwiescribed in charter 5, allows to
separate the experimental part and the inversioness of the MASW method. In this way
the user can introduce the experimental dispersiove calculated by a different manner, for
example obtained by the passive MASW method basednabient noise, or by the active

MASW method based on a controlled harmonic soulicés hower underlined that the

numerical dispersion curve is calculated by assgraiinear array of receivers, hence it is
preferable to adopt the same linear configuratiothe receivers in the field test.

Inevitably any errors may be still present in téware, evevn if numerous tests have been
peforned. Only with the help of the users will hesgibile to consider all the possibile cases
and hence eliminate all the errors. | will appréeeidne users who will indicate any problems
or errors or anomalies whcih they will find usirg tsoftware.

It is suggested to save the job at each step bpforedine, so that it will be easy to find and
repair any errors in the software.
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