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PRESENTATION
Dr Roma obtained his Master degree in Civil Structural Engineering at
the Technical U niversity of Turin (Politecnico di Torino), where he
also received (in 2001) the title of Phylosophiae Doctor in
Geotechnical Engineering under the supervision of Prof. Lancellotta.
Dr Roma also spent one year (between 2000 and 2001) as visiting
PhD student at the Georgia Institute of Technology of Atlanta
(Georgia, USA) under the supervision of Prof. Rix.
Dr Roma has developped the MASW method (Multichannel Analysis
of Surface Waves) during his PhD research and in the following years
with passion and zealousness, as it is testified by the long list of “case
histories” reported in the charter 4 of the book.
I am a Geotechnical Engineering Professor at the Technical University
of Pisa (Tuscany), strongly convinced of the great importance of the
geophysical methods for the geotechnical characterization od the sites,
but I am not an export of Geophysics.
Nevertheless I have some certainties, in addition to the importance of
the geophysical methods:
•
•
•

I disagree with the use of commercial softwares without
knowing the basic hypotheses, the limits and the potentialities
of the software itself;
Instead I agree with all the divulgatory actions aimed at a
better comprehension of the tools which are used;
I am convinced that surface seismic techniques are not only the
most economical method for seismic classification accordino
to international codes, but, as in the case of the MASW
method, they also are the best compromise between cost and
reliability for the dynsmic characterization of osils and rocks.

The work of Dr Roma, independently from the relevance of the
innovative aspects, which I am not expected to judge, offers, by a
simple manner, the basics for understanding the potentialities of the
5

MASW method. His work is also an example of divulgation 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 professionals toward the
MASW (Multichannel Spectral Analysis of Surface Waves) method of
investigation has grown up in the last 5 years. The reasons of this
interest are: 1) the increased consciousness of the importance to
identify the dynamic properties of soils, hence the importance of
finding the shear wave velocity profile Vs by means of properly
studied methods, with the aim of designing and understing the soilstructure dynamic interaction under dynamic loads (earthquake, wind,
vibrations, explosions, etc..); 2) the need of a relattively simple
method, which be sufficiently reliable and can overcome some of the
drawbacks of altermative methods.
This book is associated to the software MASW and is intended to
transmit the fundamental theoretical concepts at the basis of the
MASW method to professionals, in a simple manner, together with
practical suggestions on how to perform the MASW test in field, on
6

how to determine the experimental dispersion curve of the ground and
on how to determine the shear wave velocity profile Vs, by which the
equivalent shear wave velocity Vs30 and also the seismic class canbe
established according to the international seismic codes like Eurocode
8.
As always happens the research day by day finds new theories and it
is followed by a certain delay by the correspondent applicative and
technological progress. Also in this case a possible application of the
MASW method is proposed, which will probably be improved in the
research centers worldwide.
The wish of the author is to make simple to use this new geotechnical
and seismical method of investigation.

Torino (Italy), November 2006
Vitantonio Roma
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Dedicated to Elena, Miriam and Lorenza
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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 provided by the new italian
seismic code and by the european Eurocode 8 about the loacl seismic
classification of the sites, the importance is underlined of the
alternative geotechnical methods of investigations, which should be
considered as complementary each others. Finally the MASW method
is introduced and explained.
1.2

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

The new italian seismic code OPCM, as well as the new italian law
DM 14/09/2005 “Testo Unico sulle Costruzioni”, when no other
specific analyses are avilable, defines the seismic load for design on
the basis of the seismic zone and the seismic class of the site where
the structure is expected to be constructed. Inside the italian country 4
seismic zones have been identified until now. To each zone a value ag
of the peak ground acceleration normalised to the gravity has been
assigned. The conventional values ag of the 4 different seismic zones
refer to the peak acceleration on the free surface of site of type A, that
is rock or very stiff soil (table 2.1), where the seismic motion does not
vary significantly propagatine from the bedrock to the free surface.
When dealing with sites of type B, C, D E, S1, S2 the seismic motion
varies passing from the bedrock to the free surface, depending on the
amplitutde and the frequency content of the motion and the seismic
9

and geotechnical and geometrical caracteristics of the soils above the
bedrock.
When a specific anlysis of the local seismic effects at the site is not
available, for sites B, C, D, E the code recommends the amplification
factor S, to evaluate the seismic spectral acceleration, as well as the
caracteristic periods T, that define the spectral response of a simple
oscillator with 5% damping. When dealing with sites of type S1 or S2
the code recommends a specific anlysis of the local seismic effects at
the site.
The seismic classification of the site is conventionally performed on
the basis of the averaged equivalent propagation velocity of the shear
waves within the first 30m of the site:

Vs 30 =

30
n
h 
∑i  V i 
 si 

(1.1)

where Vsi and hi are the shear wave velocity and the thickness of the
ith layer.
It should be observed that:
•

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

•

The velocity Vs30 is not a simple arithmetic average of the
shear wave velocities Vsi of the different layers, but it is the
“equivalent” velocity in terms of time within the first 30m of
site.

•

When the velocity Vs30 is not available, the code allows the
use of the Nspt (for granular soils) or the use of the undrained
shear resistance Cu (for coesive soils). This option is
discouraged bu the author, since it is not appropriate. In fact
the SPT test and the Cu are only indidìrectly linked to the
10

wave propagation caracteristics of the ground; also the use of
Nspt or Cu may be difficult in several situations: when both
granualr and coesive layers exist; failure of the SPT test due to
the presence of blocks; value of Cu depending on deformation
level and on the method of investigation.
•

The seismic classification of the site cannot be performed by
knowledge of only the velocity Vs30, in fact additional
information are required for sites of type S1 and S2. This
remebers us that the geotechnical classification of a site can
be done by means of different types of geotechnical
investigations, which should be considered complementary
each others.

11

Suolo

Descrizione geotecnica

Vs30
(m/s)

A

Formazioni litoidi o suoli omogenei molto rigidi caratterizzati da
valori di Vs30>800m/s, comprendenti eventuali strati di alterazione
superficiale di spessore massimo pari a 5m

>800

B

Depositi di sabbie o ghiaie molto addensate o argille molto consistenti,
con spessori di diverse decine di metri, caratterizzati da un graduale
miglioramento delle proprietà meccaniche con la profondità e da valori
di Vs30 compresi tra 360m/s e 800m/s

360÷800

C

Depositi di sabbie o ghiaie mediamente addensate o argille di media
consistenza, con spessori variabili da diverse decine fino a centinaia di
metri, caratterizzati da valori di Vs30 compresi tra 180m/s e 360m/s

(Nspt > 50)
(Cu >250 kPa)
180÷360
(15 < Nspt < 50)
(70 < Cu < 250 kPa)

D

Depositi di granulari da sciolti a poco addensati o coesivi da poco a
mediamente consistenti, caratterizzati da valori di Vs30 < 180m/s

< 180
(Nspt < 15)
(Cu < 70 kPa)

E

Profili di terreno costituiti da strati superficiali alluvionali, con valori
di Vs simili a quelli dei tipi C o D e spessore compreso tra 5m e 20m,
giacenti su di un substrato di materiale più rigido con Vs > 800m/s

S1

Depositi costituiti da, o che includono, uno strato spesso almeno 10m
di argille/limi di bassa consistenza, con elevato indice di plasticità
(IP>40) e contenuto d’acqua, caratterizzati da valori di Vs30 < 100m/s

S2

< 100
(10 < Cu < 20 kPa)

Depositi di terreni soggetti a liquefazione, di argille sensitive, o
qualsiasi altra categoria di terreno non classificabile nei tipi precedenti

Table 2.1: Seismic classification of the ground according to the new
italian code O.P.C.M. n. 3274/2003 and D.M. 14/09/2005 Testo Unico
sulle costruzioni.
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1.3

Seismic classification
Eurocode 8

accordino

to

the

european

The seismic classification reported by the new italian codes is the
same as the european Eurocode 8. In table 2.2 the seismic types of
ground are reported.
Ground

Description of stratigraphic profile

type

A

Vs30
(m/s)

Rock or other rock-like geological formation, including at most 5 m of

>800

weaker material at the surface.
B

Deposits of very dense sand, gravel, or very stiff clay, at least several tens of
metres in thickness, characterised by a gradual increase of mechanical
properties with depth.

360÷800
(Nspt > 50)
(Cu >250 kPa)

C

Deep deposits of dense or mediumdense sand, gravel or stiff clay with
thickness from several tens to many hundreds of metres.

180÷360
(15 < Nspt < 50)
(70 < Cu < 250
kPa)

D

Deposits of loose-to-medium cohesionless soil (with or without some soft
cohesive layers), or of predominantly soft-to-firm coesive soil.

< 180
(Nspt < 15)
(Cu < 70 kPa)

E

A soil profile consisting of a surface alluvium layer with vs values of type C
or D and thickness varying between about 5 m and 20 m, underlain by stiffer
material with vs > 800 m/s.

S1

Deposits consisting, or containing a layer at least 10 m thick, of soft
clays/silts with a high plasticity index (PI > 40) and high water content

< 100
(10 < Cu < 20
kPa)

S2

Deposits of liquefiable soils, of sensitive clays, or any other soil profile not
included in types A – E or S1
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Table 2.2: : Seismic classification of the ground according to
Eurocode 8.

1.4

Seismic classification of the ground by means of hte
MASW method

The MASW method (Multichannel Analysis of Surface Waves) is a
non invasive technique (no boreholes are needed) which allows to
determine the shear wave velocity profile of the ground, by measuring
the wave motion on the free surface of the ground. The main
contribution to the superficial wave motion is given by the Rayleigh
waves, which travel at a speed, that is strictly correlated to the
stiffness of the soil region where propagation occurs. In a layered halfspace Rayleigh waves are dispersive, that is waves with different
wavelength travel with different speeds, both phase and group
velocities (Achenbach, J.D., 1999, Aki, K. and Richards, P.G., 1980 ).
This means that the apparent phase velocità of Rayleigh waves
depends on the frequency.
Dispersion phenomenon is related to the fact high frequency waves
(short wavelengths) travel through superficial layers, instead low
frequency waves (long wavelengths) involve deeper layers durino
propagation (figure 2.13).
The MASW method can be distinguished into active MASW method
and passive MASW method (Zywicki, D.J. 1999) or a combination of
both methods can be used.
In the activa MASW method the superficial waves generated at a
point on the free surface of the ground are measured along a linear
array of receivers. In the passive method the receivers can be placed
along a line, a circe, a square, a triangle and the ambient noise is
measured.
Generally the active method allows to measure an apparent dispersion
curve (or phase velocity) within the frequency range 5Hz - 70Hz,
14

hence it gives information about the first 30m - 50m of the ground,
depending on the ground stiffness. The passive method generally
allows to measure the experimental apparent dispersion curve within
the range 0 Hz - 10Hz, hence it gives information about the deeper
layers of ground, generally at depths greater than 50m, depending on
the ground stiffness.
In the following reference will be made to only the active MASW
method, which allowes to determine the seismic class of the site,
because the shear wave velocità profile of only the first 30m are
required.
The MASW method consists of 3 steps:(Roma, 2002): (1) the first
step consists of calculating the experimental apparent dispersion curve
on the basis of the wave motion measured in field, (2) the second step
consists of calculating the numerical apparent dispersion curve, based
on a preliminary soil profile, (3) the third and last step consists of
finding the optimal shear wave velocità profile Vs, by varying the
thickness h, the shear and compression wave velocities Vs and Vp (or
equivalently the Poisson coefficient υ ), the mass density ρ of the
ground layers, until an optimal match between the experimental
apparent dispersion curve and the numerical apparent disprsion curve
is obtained. In the next chapters the meaning of the dispersion curves,
both experimental and numerical, will be explained, as well as how
they can be calculated.
The soil profile and hence the shear wave velocità profile can be
found by means of a trial and error method or an authomatic
procedure or with a combination of both.
Generally the nummebr of ground layers, the Poisson coefficient, the
mass density are assigned and then the thicknesses and the shear wave
velocities of the layers are changed.
In the trial and error procedure the user assignes different values of the
Vs and the thicknesses, trying to get a satisfactory match between the
experimental and the numerical dispersion curves. In the autohmatic
procedure (Roma, 2002, Roma, 2001, Joh, 1998) the search of the
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optimal solution is performed by means of a local or a global
algorithm.
Generally when the relative error between the experimental and the
numerical dispersion curves is comprised between 5% and 10% the
solution is satisfactory and the soil profile can be considered valid by
a design point of view.
Once the shear wave velocity profile has been found, the equivalent
shear wave velocity Vs30 can be calculated and the seismic class of
the ground can be determined.
The reader shoul remember what has beem previously said about the
importance of additional geotechnical information when 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 refraction and
seismic reflection methods, because they both are based on the
measurement of the wave motion on the free surface of the ground.
With respect to the refraction method, the MASW method offers the
advantage of overcoming some problems, for example caused by the
existance of soft layers between stiffer ones, or stiff layers trapped
between softer ones, or when using the P waves caused by the
existance of the water table, which covers under water layers with a
compression wave velocity lower than the P wave velocity into water.
The MASW method allows to determine the shear wave velocità
profile when dealing with strong stiffness contrast among layers. The
existance of the water is modelled by assigning a Poisson coefficient
comprised between 0.4 and 0.5 depending on the saturation degree.
The theoretical basis of the MASW method refer to a horizontally
stratified half-space, hence in grounds with a gradient higer than 20°
the MASW method needs further validation. In practice it has been
observed that, if the aray of receivers is alligned with the direction of
maximum gradient, then the dispersion curve is shifted. The problem
16

can be mitigated by allignining the receivers array perpendicularly to
the direction of maximum gradient.
With respect to the other geotechnical methods used to determine
shear wave velocità profile, such as cross-hole, down-hole, up-hole,
SCPT, the MASW methods needs less time and money. Also the
MASW method offers the advantage of providing averaged
information within the whole region of ground that has been
investigated, without the need of repeating the test at several points
(i.e. cross-hole). Another advantage is that it is quite easy to reach the
location to perform the test, as no big machines are required for the
test.
On the other hand the interpretation of the MASW test requires an
expert user.

17
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2.
CHAPETR 2: THEORETICAL BASIS OF MASW
METHOD

2.1

Introduction

The scope of this chapter is to provide a qualitative description of the
main theoretical concepts about wave propagation through elastic
layered media. After a brief description of the several types of waves,
wich may exist into a homogeneous, elastic, infinite medium and at
the interface between two semi-infinite media, Rayleigh waves are
explained, since the MASW method relay on Rayleigh waves. As it
has been said in the previous chapter, the MASW method allows to
determine the shear wave velocity profile Vs with depth by properly
modifying the shear wave velocities and the thicknesses of the layers,
until a satisfactory optimal match is obtained between the the
experimental apparent dispersion curve (or apparent phase velocity)
measured in field and the numerical apparent dispersion curve (or
apparent phase velocità). For this purpose it will be explained what the
experimental and numerical dispersion curves are and how they can be
determined.
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2.2

Infinite homogeneous medium

Into an infinite homogeneous medium two types of waves can
propagate: compression waves P, also called primae, and distorsional
waves S, alse called secundae. The speed of propagation of these
waves depends on the elastic properties of the medium.
Compression waves P travel at a speed cp equal to:

cp =

λ + 2µ
ρ

(2.1)

where µ=G ,

λ=

(2.2)

Eν
(1 + ν )(1 − 2ν )

(2.3)

are the Lamè’s elastic constant of the medium, G is the shear stiffness,
E is the Young’s modulus, ν is the Poissin’s coefficient, ρ is the mass
density,
and mass particles of the medium oscillate in the same direction of
wave propagation.
Shear waves S travel at a speed cs equal to:

cs =

µ
ρ

(2.4)

and mass particles of the medium oscillate along a direction 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 homogenous medium two
types of wave can propagate: compression waves P and distorsional
waves S. We have not yet specified the shape of the wave front. First
of all we need to define the concepì of wave front. To a wave
perturbation we can associate an amplitute and a phase. The phase is
correlated to the periodicity of the wave motion in time and in space,
the amplitude is correlated to the energy transferred by the wave. The
wave front may refer to the phase or to the amplitude and it separates
the region of the time-space which has already experienced the effects
of the perturbation from the region of the time-space which is still at
rest. Several shapes of wave front exist in nature, the simplest ones are
the plane shape, the spheric and the cylindrical.
The plane wave propagate with plane wave fronts, where the wave
amplitude remain the same, without geometrical attenuation. An
example consists of the sound wave which travels into a corridor
completely confined by the lateral walls, the floor and the ceiling.
In spheric waves total energy propagates away from the origin source
with spheric wave fronts, hence energy density decreases as a factor of
1/r2 as a function of the distance r from the source. Several examples
of spheric waves exist in nature, such as the the light form a spheric
source or the sound generated by an explosion in the sky. Cylindrical
waves propagate with cylindrical wave fronts and geometric
attenuation of energy occurs with a factor of 1/r.
A common example is the perturbation which travels on 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 types of waves is
represented by stationary or progressive waves. Stationary waves are
characterised by stationary points (said nodes) which have null phase.
The nodes appear always the same in time and space, wthout any
change. Progressive waves propagate through the matter with
travelling nodes.
For example consider the displacement caused by a plane wave, which
propagates at a phase speed c along the direction of the propagation
⌢
vector p . It can be written as:

u( x, t ) = f ( x ⋅ pˆ − ct )dˆ

(2.5)

where x is the position vector, t is time and d̂ is a versor which
indicates the direction of the particle oscillation.
Wave fronts of the phase are expressed by the following equation :

x ⋅ pˆ − c ⋅ t = costante

(2.6)

they propagate at a phase velocità c remaining perpendicular to the
direction of the propagation vector p̂ .
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2.5

Waves at the interface of two media and Stoneley waves

In the following we will deal with steady-state plane waves if not
differently specified and it will be shown what happens when an
incident wave encounters a plane interface between two half-spaces
with different mechanical properties (figure 2.1). The first half-space
is beneath the interface and its properties are λ, µ, and ρ, the second
half-space is above the interface and its properties are indicated by the
index B.
x2

A4

ϑ4
ϑ3

λB, µB, ρB

A3

ϑ1

λ, µ, ρ

ϑi

x1

ϑ2

Ai

A1
A2

Figure 2.1: Incident wave Ai, reflected A1, A2 and transmitted A3,
A4 in-plane waves at a plane interface between two different halfspaces.
Consider an incident stationary plane wave of amplitude Ai which
reaches the plane interface.
If the two media have an elastic behaviour, then horizontally polarised
incident waves SH will cause only SH refracted and reflected waves;
if the incident wave belongs to the vertical plane (P or SV waves),
then refracted and reflected waves will belong to the vertical plane
23

too. Let us consider the in-plane motion, so that only P and SV waves
are concerned. In general an incident P or SV wave coming from the
first half-space generates both P and SV reflected waves in the same
half-space and P and SV transmitted waves in the second half-space
(mode conversion phenomenon). Under particular conditions waves
propagating along the interface can be generated, that, when no one of
the two half-spaces is air, are called Stoneley waves. In all cases the
principle of causality must be respected, so that all the waves
produced by the incident wave at the interface must propagate away
from the interface (Achenbach, 1999). For any further details
reference is made to (Roma, 2001, Achenbach, 1999, Ewing et al.,
1957).

24

2.6

Rayleigh waves into an infinite homogeneous half-space

When one of the two half-spaces separated by an interface, say the
upper one, is air it can be assumed that there are not transmitted waves
and in general only reflected waves exist. It can be proven that for a
homogeneous half-space, besides the body P and S waves as just seen
in an unbounded region, a new kind of wave exists, called Rayleigh
wave from Lord Rayleigh who first investigated it. The Rayleigh
wave is the result of the interaction of P and S waves under the
following particular conditions:
1. the wave motion associated with the Rayleigh waves rapidly
attenuates with depth
2. no stresses exists at the free interface
The speed of propagation of the Rayligh wave on the free surface of
the homogeneous half-space is slightly lower than the speed cs of the
shear waves S (between 0.862⋅ cs and 0.955⋅ cs) and it depends on the
Poisson coefficient υ (Achenbach, 1999):

cR =

0.862 + 1.14ν
⋅ cS
1 +ν

(2.7)

Into a homogeneous half-space the phase velocity of Rayleigh wave
does not depend on frequency or wave number k, hence dispersion
does not happen.

25

Air

Rayleigh wave

λ, µ, ρ

x1

x2

Figure 2.2: Rayleigh waves in a homogeneous half-space.
We can observe from figura 2.3 that the horizontal and the vertical
components are 90° out of phase, so that during the propagation they
generate an ellipse. The major axe of the ellipse is parallel to the free
surface down to a depth of about 0.2λ (λ is the wavelength), where the
horizontal displacement changes its sign and the orientation of the
axes and the sense of going around of the ellipse are reversed. It can
also be realized how the displacements drop down with increasing
depth, so that the motion, due to Rayleigh wave, is confined in the
upper side of the half-space, inside a length of about 1.5 wavelengths
λ (figura 2.4).

Figure 2.3: Rayleigh disturbance on the free surface of a
homogeneous half-space (Bolt, B.A., 1976).
26

Figure 2.4: Variation of horizontal and vertical normalized
components of displacements induced by Rayleigh waves with
normalized depth in a homogeneous isotropic, elastic half-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 types of
waves can propagate into an unbounded region, i.e. P, SV,
SH waves and in a homogeneous half-space, i.e. P, SV,
SH and Rayleigh waves . We have also studied what
happens at an interface between two half-spaces with
different characteristics: mode conversion, Stoneley
waves. We know that when a P or S wave encounters an
interface, several kinds of waves can be generated,
depending upon the properties of the two half-spaces. In a
general situation part of the energy carried by the incident
wave is reflected back and the remaining part passes
through the interface, sometimes another part travels in
the vicinity of the interface, that behaves like a store of
energy. Anyway when a layered half-spaced is
considered, with n infinitely horizontal, homogeneous,
linear elastic layers overlying an infinite half-space, it can
be imagined how complicate it becomes to account for all
the possible waves (figure 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 incident,
reflected and transmitted waves inside each i-th layer, that
combine together canceling or reinforcing each other,
giving raise to destructive or constructive interference.
In order to explain this concept, look at the fig.1.6
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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 and forth inside a layer,
after n reflections any pair of neighboring elements of a wave-front
will remain in phase, that is:
Path A to C = path B to D = nλ
in which λ is the wavelength of the wave.
Rigorously speaking the equations of motion must be written for each
i-th layer using the mechanical properties of the layer. Also the
continuity of displacements and stresses at the interfaces must be
imposed. For each layer 4 independent constants have been adopted:
shear wave velocity VSi, thickness hi, Poisson’s ratio νi and mass
density ρi (figure 2.7). The radiation condition is also assumed (that is
the perturbation disappears at infinite depth), in addition to the stressfree condition on the free surface (if no external loads are applied) and
the boundary-initial conditions (that need to be specified for each
situation).
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r
z

Vs i , h i , ν i , ρ i

∞
Figure 2.7: Model of the layered half-space

2.7.1 Love waves
Before going on with the analysis of the Rayleigh waves and the other
types of surface waves in the vertical plane, Love waves deserve to be
mentioned. Love waves are horizontally polarized waves that
propagate near the free surface of a layered half-space (figure 2.8).

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 cannot exist in an
infinite homogeneous half-space (Aki and Richards, 1980, Pujol,
2002), and at least one layer is necessary for their existence. The
reason is that Love waves are the result of the constructive
interference among incident and multiple reflected SH waves. It is
interesting to notice that, under the hypothesis of linear elasticity in an
isotropic medium, an incident SH wave generates only reflected and
transmitted SH waves and mode conversion does not occur, for the
equation of motion for horizontal displacement is uncoupled. This
aspect could be properly used in soil characterization, since during the
experiments, only horizontally polarized motion should be measured,
if a perfect horizontal source is employed. Even if it will not be shown
herein, it is reminded that Love waves are dispersive, that is the phase
velocity depends on the frequency associated to the wave.

2.7.2 Head waves
Head waves are also referred as “refraction arrivals” or “Lateral
waves” and the “seismic refraction” method for determining the
thickness and the body velocities of a layered half-space are based on
these types of waves. When an incident wave impacts an interface
between two layers with different velocities at the total internal
reflection angle δ (figure 2.9), a disturbance is generated, that travels
along the interface with the velocity v2 > v1 of the lower layer.

h

δ

Medium I

Medium II

δ

v1

v2 > v1

Figure 2.9: Head wave generated at an interface
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On the interface the disturbance produces a new wave, that arises from
the interface at the same angle δ and has got an amplitude proportional
to the amplitude of the incident wave (Brekhovoskikh, 1960).
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2.8

Rayleigh waves and modal curves in a layerd half-space

The MASW method is based on measurement and analysis of
Rayleigh waves in a layered half-space.
The existence of Rayleigh waves in a layered half-space has been
studied in the past years by means of several methods. The the most
common methods are the propagator matrix methods (Kennett, 1983,
Aki and Richards, 1980) and the method of reflection and
transmission coefficients (Kennet, 1974, Aki and Richards, 1980). The
transfer matrix methods (Thomson, 1950, Haskell, 1953) and the
dynamic stiffness matrix method (Kausel and Roesset, 1981) belong
to the first class of methods. In the transfer matrix method, without
loss of generality, a plane time harmonic perturbation is assumed as
solution for the equations of motion in the vertical plane that are
written for each layer. Successively by imposing the continuity of the
velocities and the stresses at the interface between the n-th layer and
the (n-1)-th layer, enables one to write a recursive formula that
correlates stresses and displacements in one layer. The matrix that
allows for such a correspondence is the transfer matrix of the layer.
The quantities of the first layer and of the half-space can be related, by
means of the continuity of displacements and stresses at the interfaces.
If the amplitude of the perturbation is made exponentially decay to
zero at infinite depth (radiation condition) and the stresses at the free
surface of the layered half-space are set equal to zero, a system of
equations is obtained. In order to have non trivial solutions, the
determinant of the matrix of the coefficients of this system, the so
called global transfer matrix, must vanish. In this way the Rayleigh
secular function (2.8) is originated. The Rayleigh secular function is
an implicit relationship among the geometrical-mechanical properties
of the layered half-space and the frequency f and the wave number k
of the possible perturbations, that we want to find into the system
under the above specified conditions:
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R(Vsi , hi ,ν i , ρ i , k , f ) = 0

i = 1÷ n +1

(2.8)

The wave number k is by definition related to the wavelength λ=2π/k
in analogy to the angular frequency ω, which is related to the period
T=2π/ω.
The stiffness matrix method is conceptually the same as the transfer
matrix method, but it offers the advantages given by the use of the
tools of the structural analysis.
By using the transfer matrix of the generic i-th layer, the equilibrium
of the force acting on the i-th layer is assured and the stiffness matrix
of the layer is defined as the link between the forces and the
displacements at the two interfaces of the i-th layer. Then, using the
rules of the structural analysis, the stiffness matrices of all the layers
and the half-space are combined together at the nodal interfaces, to get
the dynamic equilibrium of the whole system:
F = [S ] ⋅ X

(2.9)

in which F and X represent the external loads and the
displacements at the interfaces of the layers. Even in this
method in-plane time-harmonic solution has been
assumed, so that the stiffness matrix S includes both
inertial and elastic contributions expressed in terms of the
geometrical and mechanical properties of the system VSi,
hi, νi, ρi (i=1÷n+1) and of the circular frequency ω and the
wave number k.
Since Rayleigh modes are the free vibrations of the
layered half-space, the external loads vector is set equal to
zero:
F =0

(2.10)
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and the resulting homogeneous eigenvalue problem is
considered:
0 = [S ] ⋅ X

(2.11)

In order to look for non trivial solutions, the determinant
of the stiffness matrix S must vanish:
det[ S ] = 0

(2.12)

In this way the Rayleigh geometrical dispersion relation
(2.8) is again reached in implicit form. From dispersion
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 equation of
Rayleigh. Generally the roots are searched by numerical
techniques, fixing a value of frequency f0 and looking for
the wave numbers that satisfy (2.8). The Rayleigh
dispersion relation is a multi-valued function, so for a
fixed frequency several wave numbers may exist that
solve (2.8). Each solution is an eigenvalue and physically
represents a simple wave, called Rayleigh mode, that can
propagate in the system under all the conditions that have
been previously specified. For a fixed circular frequency
ω0 the first mode corresponds to the greatest wave
number k1 and it is the fundamental Rayleigh mode. The
other wave numbers define the higher Rayleigh modes
and are characterized by smaller wave numbers. For a
better comprehension of these concepts an example (case
A) will be introduced.
Consider the system whose characteristics are reported in
the table 2.1 below:
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Layer

Thickness
h(m)

Vp
(m/s)

Vs
(m/s)

Mass density
(Kg/m3)

1

5

600

350

1800

2

10

700

400

1800

Halfspace

∞

800

450

1800

Table 2.1: Characteristics of the system for Case A
If we plot the Rayleigh dispersion relation in the
frequency- wave number domain (figure 2.10), we
observe that for very low frequencies at least one root or
wave number k exists.
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Figure 2.10: Dispersion Relation and Rayleigh modes for
Case A.
It corresponds to the first or fundamental mode and in
fig.1.10 is represented by blue dots.
For frequencies greater than about 25 Hz a second root is
found, that is the second mode (green plus) and so on for
the other higher modes. It is evident that each higher
mode appears above a certain frequency called cut-off
frequency. The cut-off frequency increases as the mode
number increases too and the mode cannot propagate
below this critical frequency, since it does not carry
energy at all. It is important to underline that we have
introduced the concept of Rayleigh modes as the roots of
the dispersion relation (2.8), so instead of fixing a value
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of frequency and looking for the wave numbers that
satisfy (2.8), we can also hold a fixed wave number and
search all the frequencies that solve (2.8).
This idea is easy to understand if in the figure 2.10 we
enter with a particular wave number, say k=1/m and
intersect the first three modal curves, to which three
different frequencies correspond. It should be noted that
the 7-th mode has got a cut-off frequency of about 150
Hz, hence it is not visible on the graph.
For each mode we can define modal quantities, that refer
to phase velocity, group velocity, displacement and
energy. If we imagine to keep constant a value of
frequency f0, each mode is individuated by its wave
number and the modal phase velocity becomes:

cj =

ω0
kj

=

2πf 0
kj

(2.13)

Another quantity needs to be introduced, that is the group
velocity defined as:

∂ω
∂c
=c+k
∂k
∂k

(2.14)

For a fixed value of frequency the group velocity is:

Uj =

∂ω 0
∂k j

(2.15)
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Looking at the figure 2.11 the geometrical meaning of
both phase and group velocities is presented. At a point P
on a generic j-th modal curve the phase velocity is the
tangent of the angle δ, instead the group velocity is the
tangent of the angle β made by the tangent to the modal
curve in P and the horizontal line.
The physical meaning of these two velocities is: the phase
velocity describes how fast the surface of constant phase,
associated to the perturbation, is moving. The group
velocity has got a cinematic and an energetic definitions,
so it may represent either the speed of a group of waves
travelling together or the velocity of the energy carried by
the disturbance.
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Generic j-th mode

Circular frequency ω

β

P

δ
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 has been
clarified, it is possible to show the Rayleigh dispersion
relation for the same case A in the phase velocityfrequency domain (Figure 2.12):
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Figure 2.12: Rayleigh modes for case A.
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In this representation some interesting aspects can be
underlined. First of all for a given frequency each mode is
characterized by its own velocity and this is why we talk
of dispersion. Actually the dispersion of waves is always
present in a system when waves of different wavelengths
travel with different speeds. So if the phase velocity is a
non constant function of the frequency, then dispersion
exists and, as a consequence, group and phase velocities
are different.
In figure 2.12 the cut-off frequencies for the higher
modes are again visible. It can also be observed that, at
the cut-off frequency, all the modes have got a phase
velocity equal to the shear wave velocity of the half-space
VS∞=450 m/s. The reason is that at the cut-off frequency
the generic j-th mode has got its greatest wavelength λmax
according to the relationship between spatial and temporal
scales:

c=λ⋅ f

(2.16)

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

λ max =

c
f cut −off

≅

450m / s
= 17.5m
25.7 Hz

(2.17)

Since Rayleigh waves travel on the surface inside a belt of
about 1÷2 wavelengths, the disturbance with a great
wavelength is mainly travelling through the deepest layer.
On the other hand for very high frequencies the
wavelength is so small, that it is as if the disturbance does
not feel the presence of the deeper layers and travels
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through the surface layer with the same phase velocity
that it would have in a homogeneous half-space with the
same characteristics of the first layer. In fact as the
frequency increases to infinity, all the modal phase
velocities tend to the value given by (2.18), where cS
=VS1=350m/s and ν=0.24:

c=

0.862 + 1.14 ⋅ 0.24
⋅ 350m / s = 320m / s
1 + 0.24

(2.18)

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

Figure 2.13: Depth sampled by Rayleigh waves with
different wavelengths (Stokoe II and Santamarina, 2000)
Waves with different wavelengths give information on the
medium by sampling its characteristics at different depths.
Of course a medium-size wavelength, that involves all the
layers, informs about averaged properties. This feature
constitutes the basis for soil characterization in practice.
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Information obtained on the shear wave velocity profile
are to be intended as avaraged values along the receivers
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 surface of a layered halfspace different types of waves are generated: P, SV, Rayleigh and
head waves, if the source is vertical. If the source ha a horizontal
component, then SH and Love waves are generated too.
In the proposed MASW method only Rayleighu waves are considered
and the effects of P and S waves are neglected. Even if P and S waves
are generated by a point source (figura 2.14), the contribution of
Rayleigh waves is predominant for two reasons. The first reason is
that Rayleigh waves transfer about 67% of the total energy realesed by
the the source. The second reason is that P and S waves propagate
with spheric wavefronts, instead Rayleigh waves propagate with
cylindrical wavefronts, hence geometrical attenuation is 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 on a
circular footing on the free surface of a homogeneous half-space(a)
and energy distribution among them(b) for a Poisson ratio
ν=0.25.(Richart et al., 1970).

2.9.1 Experimental apparent dispersion curve
In previous sections the existence of higher modes of Rayleigh waves
and modal curves in a layered half-space has been explained,
independently from the existence of a source at the free surface of the
site.
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Durino the experimental MASW test in the field the surface waves are
measured in the time-space, that is the traces at the several recivers.
The measured perturbation generated by a point source on the free
surface contains all the modes of Rayleigh waves (P and S waves
attenuate after few meters from the source), which are not separeted,
but they still constitute a whole train waves. In order to measure
separated modes (dispersion phenomenon) in practice at least 100m
are needed, depending on soil dynamic characteristics.
When the wave motion is transformed from time-space domain to the
frequency-wave number domain, or equivalently in the frequencyphase velocità domain, and the dispersion relation or dispersion curve
is represented, then it can be observed that it is not possible, or at least
it is not so easy, to identify the experimental modes. In fact usually
only an apparent or effective experimental dispersion curve can be
discerned.
In figure 2.15 an example is shown of the experimental velocity
spectrum in the frequency-wave number domain (Roma, 2001).
It can be observed that together with the apparent dispersion curve
other points exist, which represent a sort of noise to be eliminated in
the analysis.
In figure 2.16 the experimental dispersion curve has been isolated.
This process of extraction of the experimental apparent dispersion
curve is easier in the frequency-phase velocità domain, where it is
easier to identify the noise (figures 2.17 and 2.18).
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Figure 2.15: Frequency-wave number spectrum of the global field (all
relative picks of the spectrum) of vertical velocities on the free surface
(Roma, 2001).

Figure 2.16: Experimental Rayleigh apparent dispersion relation at
Bocce site (Tuscany, Italy) after a cleaning process (Roma, 2001).
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Figure 2.17: Representation of the global field (all relative picks of
the spectrum) in the frequency-phase velocity plane (Roma, 2001).
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Figure 2.18: Final experimental apparent or effective dispersion curve
at Bocce site in terms of phase velocity (Roma, 2001)
The apparent or effective dispersion curve which is obtained from the
in field traces is the result of the interaction among all the mods of
Rayleigh and the array of receivers. The array of receivers may
influence the value of the apparent phase velocità (or apparent
dispersion curve) at certain frequencies.
Independently from the interference caused by the receivers array, the
apparent dispersion curve is anyway the result of the superposition of
all the modes of Rayleigh (fundamental and higher modes).
Depending on the geometric (thicknesses) and dynamic (Vs, Vp, mass
density) of the ground layers, any modes of Rayleigh are predominant
within any frequency ranges with respect to the other modes.
Generally when the stiffness gradually increases with depth, the
fundamental mode of Rayleigh is predominant at all the frequencies.
Nevertheless there are any profiles, with stiff layers trapped between
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softer layers or with soft layers trapped between stiffer layers or with
rapidly varying stiffness profile, where higher modes of Rayleigh
become predominant at certain frequencies. It may happen that there
any frequencies of transitino, where more modes have the same
anergy importance (figura 2.20). In these cases the apparent
dispersion curve does not coincide with one particolar mode, but it is
the result of the superposition of all the modes (Roma, 2001).
In order to comprehend this concept, consider the example reported in
table 2.2.

Consider for example the system illustrated in the table 2.2:

Layer

Thickness
h(m)

Vp (m/s)

Vs (m/s)

Mass
density
(Kg/m3)

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 theoretical apparent
dispersion curve are plotted in the phase velocity-frequency domain in
figure 2.19. The spatial array consists of 24 sensors with a sampling
∆x=1.5m. As it can be seen, the apparent dispersion curve jumps from
the first mode to the higher modes as the frequency increases. The
explanation can be found looking at the normalized spectrum of the
modal displacements in figure 2.20.
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The transition of predominance from the ith mode to the jth mode
occurs in a range of frequencies, where the energy of the ith mode
drops down and the energy of the jth mode grows up. The reason why
such a transition exists from one mode to another is not completely
understood yet. It seems as if the frequencies of transition of
predominance from the ith mode to the jth mode coincides with the
zones where the curvature of the dispersion curve is stationary in the
phase velocity-frequency representation, as just evidenced by some
authors (Gucunski and Woods, 1991).
The energy of the ith mode decreases at about the same frequency at
which its group velocity becomes definitely lower than the group
velocity of the new predominant jth mode, without hope of
overcoming it again at higher frequencies. This happens if the ith mode
will never become predominant again at higher frequencies. In the
meantime the energy of the new predominant jth mode grows up. It
seems as if the predominant mode be characterized by the fact that it
will reach the maximum flux of energy, before losing its
predominance. Remember that the group velocity represents the
velocity at which the energy associated to the wave travels. The main
energy is carried by the mode that will carry it at the maximum speed.
Anyway in the opinion of the Author the Rayleigh dispersion relation
contains all the information, that is necessary to predict how the
influence of the several modes varies in the f-k representation. For the
example Lai Case3 the transition from the 1st mode to the 2nd mode
happens between 40Hz and 50Hz and from the 2nd mode to the 3rd
mode between 70Hz and 80Hz.
The experimental apparent dispersion curve in figure 2.18 is obtained
from the picks of the f-k (frequency-wave number) spectrum (figura
2.15), which is obtained by a 2D Fourier transformation applied to the
time-space traces. At each assigned frequency the wave number is
searched where the spectrum has a maximum. The apparent phase
velocity c associated to those frequency and wave number can be
calculated as:
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capparente (ω ) =

2πf
k max

(2.19)

The maxima of the f-k spectrum give the dispersion relation, since the
dispersion relation of Rayleigh waves is the denominator of the f-k
spectral displacements. The Rayleigh modes are the zeros of the
dispersion relation, which becomes zero for those couples of
frequency and wave number which represent a Rayleigh mode. Hence
when the dispersion relation is zero, the spectral displacements
become infinite in theory, but in reality material attenuation causes
finite displacements. Any further detail can be found in (Roma, 2001).
I massimi dello spettro individuano la curva di dispersione perché la
relazione di dispersione delle onde di Rayleigh compare al
denominatore dell’espressione spettrale degli spostamenti.
If all the relative maxima of the f-k spectrum are also considered, for
each assigned frequency two or more apparent dispersion curves may
be found, which in general would not coincide with the theoretical
modes of Rayleigh, but they would rather be the result of the
interaction between higher modes and receivers array (figure 2.17).
The use of two or more apparent dispersion curves could be an
additional constraint for the solution of the inversion process to find
the optimal shear wave velocity profile.

2.9.2 Numerical apparent dispersion curve: Roma’s method
The numerical apparent dispersion curve (figure 2.19) can be
determined in the same manner used to obtained the experimental
apparent dispersion curve, except the way in which the f-k spectrum is
calculated.
In the experimental method the traces in time-space are available and
a 2D Fourier transformation is applied to obtain the f-k spectrum. In
the numerical method it would be too computationally expensive to
use synthetic traces in time-space obtained by applying a point source
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on the free surface of the layered half-space. Another problem would
be to define the frequency and wave number content of the source.
So the new method proposed by Roma (Roma, 2000 and Roma, 2001)
consists of applying 1D Fourier Transform to the Green or Transfer
function of the system (i.e. the layered half-space) along the space
domain, in order to obtain the same f-k spectrum.
The Green function of the layered half-space is known in analytic
form(Aki, K. and Richards, P.G., 1980) in the frequency-space
domain:

u

( )
β

[A

M 
r , z ,ω = ∑  A

β


r , z ,ω  ⋅ e
 β

j
j =1 

(

)




i − k



⋅ r +ϕ
j

β








(2.20)
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 A r ( r, z, ω ) 
( r , z, ω )] j = 
=
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I j ( z, k j , ω ) =

∞
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1
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 r1 (z, k j , ω )
⋅

 r2 (z, k j , ω )
(2.21)

(2.22)

where β=y or β=r indicates the vertical or the horizontal wave motion
component, j indicates the j-th mode of Rayleigh, M is the total
number of considered Rayleigh modes, kj is the wave number of the jth mode at a given frequency ω, zs is the source depth, ϕβ is the phase
shift equal to ±π/4 depending of the wave component β, Aj is the
amplitude of the modal displacement of the j-th mode, vj and Uj are
the modal phase and group velocities, Ij is the first energetic integral
and r1, r2 are the displacements and stress autovectors.
By applying a 1D Fourier transformation along the spatial coordinate
to the Green function (2.20) of the layered half-space, the wave
motion is transformed from the frequency-space to the frequency55

wave number domain. From the f-k spectrum the same procedure used
in the experimental method can be followed, that is at each assigned
frequency the wave number is searched where the f-k spectrum
reaches the absolute maximum.
The fact that the numerical dispersion curve, to be compared then with
the experimental dispersion curve, can be obtained directly from the
Green function of the layered half-space is not obvious, in fact it was
not used before (Roma, 2001), and in this method there are not
assumptions on the frequency and wave number content of the point
source. The mathematical demonstration of the validity of the method
can be found in (Roma, 2001), even if there is numerical evidence of
the rightness of the method, which has been applied to several
numerical cases (Roma et al, 2002).
If the source would not be a point source with respect to the array of
receivers, then the dispersion curve would be significantly influenced
by the frequency and wave number content of the source. In this case
the numerical simulation of the in field MASW test would require the
specification of the frequency and the wave number (or equivalently
the time-space) content of the source.
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Figure 2.19: Rayleigh modes and theoretical apparent dispersion
curve (red circles) for Lai Case3.
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Figure 2.20: Relative importance of Rayleigh modes and natural
frequencies.

2.9.3 Numerical effective dispersion curve: Lai-Rix method
As an alternative and equivalent method to determine the numerical
apparent or effective dispersion curve the method by Lai and Rix can
be adopted (Lai, 1998). If the wave train generated by a point source
is considered as a whole perturbation, where dispersion phenomenon
has not yet occured due to the small distance covered by the receivers
array and hence all modes of Rayleigh travel still together, then a
unique wave front can be considered for the phase of the whole wave
train. This unique wave front of the apparent phase can be searched as
the locus of point of constant phase in time:
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ωt − Ψ (r, z, ω ) = costante

β


(2.23)

where
− 1  f (r , z , ω ) 
(
r , z , ω ) = tan 
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(2.25)
(2.26)

By differentiating the phase (2.23) with respect to time, we obtain:

ω−

∂Ψβ dr ∂Ψβ dz ∂Ψβ dω
+
+
=0
∂r dt
∂z dt ∂ω dt

(2.27)

The fequency of excitation is keeped constant with time, the
propagation of the modes of Rayleigh occurs only in the radial
direction, hence from (2.27) it can be written that:
dr
ω
= capparent (r , z, ω ) = −
∂Ψβ
dt
∂r

(2.28)

After any analytical manipulations:

capparent ( r, ω ) = −

ω

(2.29)

g ⋅ f ′ − fg ′
g2 + f 2

where
f ′(r , z , ω ) =

M

[

]

[

r ⋅ ∑ A β ( r, z , ω ) i ⋅ k i cos rk i + ϕ β )
i
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]

(2.30)

[

]

[

g ′(r , z , ω ) = − r ⋅ ∑ A β ( r , z, ω ) j ⋅ k j sin rk j + ϕ β )
M
j

]

(2.31)

The apparent or effective phase velocity, expressed by the (2.29), by
means of (2.30) and (2.31), is represented in a different form with
respect to the expression of Lai (Lai, 1998), but it can be proved that
the two expressions are equivalent. The apparent or effective phase
velocity (2.29) depends on the spatial coordinate r, hence the avaraged
apparent phase velocity along the receiver array can be calculated as:

capparent (ω ) =

∑c

apparente

(r, ω )

receivers

(2.32)

N receivers

It can be demonstrated that under few conditions about the regularity
of the dispersion curve, the apparent and the effective dispersion
curves obtained with Roma’s and Lai’s methods are equivalent at all.
Except for any profiles with strong stiffness contrasts with depth at
only at certain frequencies, the apparent and the effective dispersion
curves obtained with Roma’s and Lai’s methods perfectly coincide, as
it is possible to numerically verify by means of the software MASW.

2.9.4 Relative error between experimental and numerical dispersion
curve
In order to evaluate the reliability of the shear wave velocity Vs
profile which has been found with the inversion process, it is
necessary to define a criterion to estimate the match between the
experimental and the numerical dispersion curves. A relative error
between the experimental and the numerical dispersion curves can be
defined as:

 cexp erimental ( j ) − cnumerical ( j ) 

error = ∑ 


c
(
j
)
j
exp erimental
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(2.33)

where the summation includes all the frequencies j where the apparent
phase velocity has been calculated.
The smaller is the relative error defined by (2.33), the closer are the
experimental and the numerical apparent dispersion curves, the greater
is the reliability of the final shear wave velocity profile.

2.9.5 Layers with strong stiffness contrast
In the method implemented by the software MASW, during the search
of the shear wave velocity profile, two conditions can be opted by the
user: strong stiffness contrast between two consecutive layers are
allowed or not.
It has been defined a criterion to establish whether a strong stiffness
contrast exists between consecutive layers. This is the case when the ith layer is softer or stiffer than the (i-1)th and (i+1)th layers, according
to the following conditions on the shear wave velocity:
case of rigid i-th layer

1.7 ⋅ Vs( i −1) ≤ Vs( i )

(2.34)

1.7 ⋅ Vs( i +1) ≤ Vs( i )
case of soft i-th layer

Vs( i −1) ≥ 1.7 ⋅ Vs( i )

(2.35)

Vs( i +1) ≥ 1.7 ⋅ Vs( i )

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

Vs ( i ) =

(Vs

( i −1)

+ Vs ( i +1) )

(2.36)

2
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2.9.6 Degree of uncertainty of the final Vs profile
The shear wave velocity profile obtained by the MASW method is
affected by a certain degree of uncertainty, which depends on the
following aspects:
•

Uncertainty eexp associated to the experimental measures

•

Propagation of the uncertainty in the model of numerical
simulation

•

Relative error or distance erelative between the experimental and
the numerical dispersion curves

The uncertainty associated to the experimental measures eexp is
generally defined by a range of variation of the phase experimental
velocity at each frequency j:
eexp =

c(exp) max − c(exp) min

(2.37)

c(exp) median

The relative error erelative between the experimental and the numerical
dispersion curves has been already defined by (2.33).
The most difficult aspect to estimate is the propagatin of the
uncertainty through the numerical simulation of the model, which
correlates the phase velocity c to the shear wave velocity profile Vs.
This difficulty is due to the fact that the correlation between the
apparent phase velocity and the shear wave velocity profile Vs is
strongly non linear and also it is not known in analytical form.
In order to overcome this difficulty the following simplified
assumption has been adopted to correlate the apparent phase velocity
and the shear wave velocity profile Vs:

Vs = 1,1 ⋅ c

(2.38)
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where the values of Vs is assigned at a depth z, which is correlated to
the wavelength:

z=

λ

(2.39)

(1,5 ÷ 2,0)

the wavelength is also related to the frequency f and to the phase
velocity c:
c=λ⋅ f

(2.40)

Equations (2.33), (2.37), (2.38), (2.39), (2.40) define the relative error
associated to the shear wave velocity Vs at the depth z from the
ground level, by means of the relative error known at each frequency
as:
e(Vs ) = eexp + erelative

(2.41)

In fact by assuming a simplified linear relation between the disprsion
curve and the shear wave velocity profile, the relative error e(Vs) at
each frequency can be calculated as the sum of the experimental
relative error and of the distance between the experimental and the
numerical dispersion curves. This approximation can be considered
reliable, since it is applied nearby each frequency.
From equation (2.41) the relaitve error e(Vs) at the generic depth z
can be calculated, thanks to equations (2.39) and (2.40).
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3.

CHAPTER 3 : IN FIELD MASW TEST
3.1

Introduction

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

3.2
field

Minimum equipment to perform active MASW test in

To perform the active MASW test in field you need the following
instrumentations:
•

Multichannel acquirer with at least 12 channels.

•

Receivers geophones (4,5 Hz) or accelerometers. It is
suggested to use at least 12 receivers, preferebly 24. The
cables should cover a distance of at least 100m.

•

Impulsive source: hand hammer of weigth 5kg-10kg with
rabber or steel plate of size 15cm x 15cm to place on the
ground for beating with the hammer. If they are available you
can use alternative sources, like vibrodines or big mass to lift
and leave on the ground (figure 3.16). In the case you use the
software made by the author, if you energize the ground with a
controlled source you need to calculate the experimental
dispersion curve by your own and give it as an input to the
software. The current version of the software does not allow to
calculate the experimental dispersion curve using harmonic 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 profile, by
assuming an average value of Vs along the array of receivers.
The total length of the array of receivers depends on both the vailable
total number of receivers and the available space in field.
Usually you can locate the receivers with a constant span between
0.5m and 3.0m.
For a given number of available receivers a span of 3.0m allows a
longer array of receivers and a better resolution of the experimental
dispersion curve in the wave number axis k. Nevertheless the Nyquest
wave number becomes low and the dispersion curve for wave
numbers greater than the Nyquest wave number is not reliable.
Vice versa a small span for the receivers is suitable for small space in
field, implies a great Nyquest wave number, but gives a poor
resolution of the dispersion curve along the wave number axis k.
The Nyquest wave number is equal to

k Nyquest =

π

(3.1)

∆xmin

where ∆xmin is the smallest span between two consecutive receivers.
The resolution of the experimental dispersion curve along the wave
number axis k is:

∆k =

2π
N ⋅ ∆x

(3.2)

where N is the total number of receivers of the array.
It is suggested to adopt a span of 1.5m, so if you use 12 receivers you
can cover a total length of 18m. If you need evalute the Vs profile for
a longer distance you can repeat the MASW test moving the array of
12 receivers.
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You can locate the source at a distance ∆x equal to the receiver span.
The MASW test offers the advantage of considerably mitigate the
influence of body P and S waves in the near field.
It is a good rule to make the test 3 times with the source near the first
receiver and then to repeat the test 3 times with the source at the last
receiver.
Is has been observed that when the layers are inclined more than 15°20° the experimental dispersion curves obtained moving the source
from the first to the last receiver are different. Usually it is not
necessaru to average the field misurements of the 3 tests, since it is
sufficient to choose the best experimental curve by view.
It is generally suggested to perform the test along 2 orthogonal
directions, in order to determine the 1D Vs profile in the 2 orthogonal
directions.
When layers are inclined more than 15°-20° it is suggested to perform
alternative field test sto verify the reliability of the MASW test. It is
also suggested to locate the array of receivers in the direction of
maximum slope.

3.4

Temporal configuration of the active MASW test in field

It is suggested to measure the field motion generated by a hammer
shot by using a temporal interval of about ∆t=2⋅10-3 s and a total time
of acquisition equal to about 4s (approximately 2048 temporal
samples). You can start the acquisition by hand or by means of an
automatic trigger immediately after the hammer shot. The above
suggested temporal parameters of acquisition give a Nyquest
frequency of:

f Nyquest =

1
= 250Hz
2 ∆t

(3.3)

where ∆t is the time sampling.
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The resolution in time of the experimental dispersion curve is equal
to:

∆f =

1
=0,244Hz
M ⋅ ∆t

(3.4)

where M=2048 is the number of time samples.
The following figures show the array of receivers, the measured
traces, the f-k spectrum, the experimental dispersion curve before and
after selection of the significant points to be used for the sequent
inversion process.
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Figure 3.1: tipycal array of receivers for the active MASW test in
field.
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Figure 3.2: traces measured with 24 geophones (∆x=1.5m, ∆t=2ms)
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Figure 3.3: f-k spectrum of measured velocities and experimental
disprsion curve.
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Figure 3.4: f-k spectrum of measured velocities.
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Figure 3.5: selection of the significant points of the experimental
dispersion curve to be used in the inversion process to find the Vs
profile.
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3.5

Format of input files

In the current version of the software you can open the files of the
field traces in the formats txt, xls and SEG2. It is also possible to input
the experimental dispersion curve calculated by you by other methods
and import it from an xls or putting the data directly in the proper
table (figure 3.5).

3.6

Selection of the experimental dispersion curve

One of the most difficult aspect of the interpretation of the MASW
test is the selection of the experimental dispersion curve to use to
determine the Vs profile.
Given the f-k spectrum (figure 3.2) you need to define a frequency
range where to compute the experimental dispersion curve.
Generally if you are not interested in the dynamic characteristics of a
rigid surficial pavementation, then you can use a frequency range of
2Hz - 80Hz. Anyway by observing the position of the main peaks of
the f-k spectrum (red zones) you can visually determine the significant
part and frequency range of the f-k spectrum.
In the case of the figure 3.4 the red zone of the main peaks of the
spectrum is comprised between about 10Hz and about 50Hz. It is
suggested to slightly extend the frequency range, for example
considering a frequency range of 2Hz-70Hz, so that you can
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estrapolate the measured data at low frequencies, which contain
information about deeper layers of the ground.
After calculation of the experimental dispersion curve in the defined
frequency range, you need to select a limited but significant points of
the experimental dispersion curve. It is suggested to limit the
maximum number of points to 25-30 (figure 3.5).
This choice since by taking over 30 points computational time
increases considerably, without improving the final results.
It is recommended to select the points of the experimental dispersion
curve in order to have more points at low frequencies where the slope
of the dispersion curve is greater than at high frequencies. An
exception is represented by inversely dispersvive sites, wher
dispersion curve grows up at high frequencies.
At each experimental point, i.e. at each frequency, you can associate
an uncertainty range of the average phase velocity. This information is
used by the software to give an estimate of the uncertainty of the final
Vs profile.
It may happen that the trend of the experimental dispersion curve
calculated from the f-k spectrum be discontinous and irregular. It may
depend on several causes, like quality of the measured data, ambient
noise, other types of waves, irregular stiffness profile. In the case of
figure 3.5 the experimental dispersion curve is not available in the
frequency range 45Hz - 60 Hz. In similar cases you can consider the
experimental dispersion curve only where it is available.
Generally you try to define the experimental dispersion curve into the
most extended frequency range, trying to estrapolate the trend of the
dispersion curve towards the low frequencies, when experimental data
do not allow a clear identification of the dispersion curve at low
frequencies (between 5 Hz and 20 Hz). This aspect can be faced by
extrapolation of data, by assigning a proper uncertainty to the data, or
by using a different type of source, i.e. a greater weight left from a
certain height or a controlled source.
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For most of the sites the experimental dispersion curve has an
apparent phase velocity which grows up moving towards low
frequencies in the frequency range 0 Hz - 30 Hz. The trend can be
easily induced by the few dispersed data or by the trend of the
dispersion curve at greater frequencies.
Soon a new version of the software will be available for analysis of
ambient noise to get experimental information at very low frequencies
0 Hz - 15 Hz (passive MASW method).
If you observe the experimental dispersion curve of pavimented sites
at very high frequencies 50 Hz - 1000 Hz, then you can observe a
growing trend of the dispersion curve with frequency. Nevertheless
this is not the interest of the software MASW, which is 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 remove
the grass to fix the geophones to the ground.
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Figure 3.7: hand hammer with steel plate.

77

Figure 3.8: active MASW test in urban ambient, with road traffic.
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Figure 3.9: hand hammer with steel plate.
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Figure 3.10: MASW test with accelerometers.

80

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 3.18: hand hammer with steel plate.
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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 and case histories, which can help you to find
the shear wave velocities profile Vs and hence the seismic class of the site by means of the
MASW method. The numerical examples comprehend the most common types of Vs profiles,
hence they may represnt a valid guide to infer the Vs profile by looking at the experimental
dispersion curve measured in field.
4.2

Practical suggestions and observations

Some suggestions and observations follow on how to identify the shear wave velocities
profile Vs and the stiffness profile Gs of the ground.
1) At first calculate the numerical dispersion curve using the Vs profile suggested by the
software for default, to verify the match with the experimental dispersion curve.
2) if you run the automatic search:
when dealing with normally dispersive sites use only the first or fundamental mode of
Rayleigh, when dealing with inversely dispersive sites use at least 10 modes, use few layers,
say 6 layers to reduce time of computation; use 10-30 iterations, generally 15 iterations assure
a good result. At the end of the automatic search try to improve the obtained result, by
modifing by hand the Vs profile, for example adding new layers, adding other modes of
Rayleigh if at high frequencies the apparent numerical curve coincides with the higher
available mode used in the automatic search.
3) When dealing with sites which have a stiffness profile irregular with depth, i.e. with strong
stiffness contrasts, the number of layers may influence the relative error between the
experimental and the numerical dispersion curves, hence the final Vs profile. By increasing
the number of layers (for example 9 layers) computational time durino the automatic search
increases. Generally with more than 6 layers the user can describe very well the Vs profile in
the first 30 m of the site.
4) Usually a relative error between the experimental and the numerical dispersion curves
which is less than 10% means that a satisfactory and valid result has been obtained by a
practical point of view. If the relative error is comprised between 10% and 20%, it is
suggested to modify the shear wave velocity Vs of any layers to try to reduce the error. The
relative error is an objective indicator of the match between the experimental and the
numericaldispersion curve, in spite of that, in presence of more several profiles with the same
error, the user can decide the optimal Vs profile by a visive comparison of the different
matches or on the basis of a priori information available for the site.
5) Due to the mathematical ill-posedeness of the inversion process, the final Vs profile found
by the automatic search may depend on the initial guess. Generally it is suggested to run the
automatic search starting from 2 or 3 different initial guesses (for example form the Vs profile
given by default by the software or from a profile with a constant value of Vs for all the layers
and equal to a value of the experimental phase velocity along which is equal to an
intermediate value within the frequency range), trying to fix the shear wave velocity Vs of
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both the superficial layer and the half-space. When dealing with 2-3 final Vs profiles the user
can choice the one that gives the best match between the experimental and the numerical
dispersion curve. This choice may be influenced by a priori information available on the site
(i.e. geotechnical nature of the soils, position of the water table, presence of known geologic
formations, existence of a rigid pavement, presence of a rigid bedrock at a known depth). In
absence of theese kind of information the relative error represents a usefull tool for judgement
to choice the most probable Vs profile.
6) When dealing with uncommon profiles it may occur that the search of the modes of
Rayleigh fail, due to the presence of complex root of the dispersion relation (2.8) or to the
existance of leaky modes. This may happen for example when the half-space is definitely
softer (with a lower shear wave velocityVs) than the upper layers. In this case it is suggested
to increase the maximum depth of the geotechnical model down to a rigid layer with a high
value of shear wave velocity Vs. An example is given by a site with a superficial pavement. In
theese cases a message appears as in Figure 4.1 ; clik OK and modify the Vs profile, by
adding layers at greater depth with a Vs equal or greater than the Vs of the superficial
pavement.

Figure 4.1: modes of Rayleigh not found when dealing with a very soft half-space
(Vs=100m/s)
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7) From visual inspection of the experimental dispersion curve it is possibile to gain at least 2
useful data for the inversion process. The shear wave velocity Vs of the superficial layer and
the shear wave velocity Vs of the half-space. At high frequencies (> 50Hz) the experimental
dispersion curve tends to the Rayleigh phase velocity of a homogeneous half-space with the
same Vs velocità of the superficial layer, i.e. to about 0.9 Vs of the superficial layer.
At low frequencies (< 5Hz-10Hz) the experimental dispersion curve tends to the Rayleigh
phase velocity of the half-space at the base of the model. If the experimental dispersion curve
is only available at frequencies of 15Hz-20Hz, it is possibile anyway to infer the shear wave
velocity Vs of the half-space. If the half-space at the base of the model is a stiff layer, then the
experimental phase velocity grows up at low frequencies, otherwise if the half-space is soft,
then the experimental phase velocity decreases at low frequencies.
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Some examples of typical sites follow. For theese sites the nuemrical dispersion curve has
been calculated. Knowledge of the shape of the dispersion curve for typical known sites can
help find the Vs profile when dealing with the experimental dispersion curve of unknown
sites.

4.3

Example 1: stiff layer on the free surface of the site

This example shows the shape of the apparent dispersion curve of a site with a vey stiff layer
on the free surface. The thickness of the stiff surficial layer is equal to 2m and the shear wave
velocity to Vs=800m/s. This example may represents the case of a strongly overconsolidated
clay layer or a compacted sandy layer (for axample earth 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 modes of Rayleigh
The apparent dispersion curve coincides with the fundamental mode of Rayleigh until 50Hz,
then it is comprised between the 2th mode and the 3rd mode, then between 55Hz and 75Hz
coincides with the 3rd mode, then at higher frequencies moves toward higher modes of
Rayleigh.

4.4

Example 2: stiff intermediate layer

This example shows the shape of the apparent dispersion curve of a site with a vey stiff layer
at an intermediate depth. The behavior of the dispersion curve is similar to the case of the stiff
superficial layer. When the apparent dispersion curve does not coincide with the fundamental
mode of Rayleigh at all the frequencies, but it moves towards the higher modes of Rayilegh at
higher frequencies, it means that the shear wave velocity profile does not increase
monotonically with depth. In general it is not true the contrary, that is a Vs profile which
increases monotonically with depth may generate an apparent dispersion curve which moves
towards higher modes of Rayleigh at certain frequencies. The example 3 testify this case.

97

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 at the base of the model guarantees that there are
not anomalies in searching the modes of Rayleigh or in the behavior of the apparent
dispersion curve.
The following Vs profile presents a monotonically growing Vs with depth; nevertheless the
site is inversely dispersive, since the apparent dispersion 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 2. If the Vs of the soft layer is very low compared
with the other layers, then the apparent dispersion curve may appear really irregular over the
entire frequency range (see figure 4.7). In theese circumstances it may become really difficult
to infer the Vs profile by simply looking at the shape of the apparent dispersion curve.
Nevertheless this type of shape indicates the existence of one or more soft layers in the Vs
profile.
In figure 4.8 it is shown the more reliable case of a soft intermediate layer, but the stiffness
contrast with the other layers is moderate. In theese sites the apparent dispersion curve
assumes a quite regular and continous behavior over the frequency range: the apparent
dispersion curve moves from the fundamental mode to higher modes of Rayleigh as frequency
increases. It is quite easy to recognise theese types of sites, 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 absence of a stiff half-space represents a condition of
existence of the modes of Rayleigh into a layered half-space over all the frequencies. In fact
when layer stiffer than the half-space exist, the so called leaky modes arise, which are
coupling modes between the upper stiff layers and the soft half-space. Theese leaky modes
attenuate rapidly with distance from the source and they determine the transmission of energy
from the upper stiff layers to the soft half-space below. Leaky modes represent the complex
roots of the dispersion relation: the imaginary part determines the hysteric attenuation durino
propagation, the real part determines the phase velocity, which is greater than the Vs velocity
of the half-space. In addition to the leaky modes, symmetric and anti-symmetric Lamb modes
arise, which are typical of isolated plates with 2 opposite free surfaces. Several situations can
be discerned:
•

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

•

Another case similar to the previous one consists of a moderately stiff superficial layer
over the half-space (Vs_half-space > 70% Vs_layer). In this situation there not
problems to finde the modes of propagation (figures 4.10, 4.11, 4.12).
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Figure 4.9: very stiff superficial layer over the half-space: failure to find the modes of
propagation (see the Vs profile into the table of the figure, not the graph).
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Figure 4.10: moderate stiff superficial layer over the half-space.
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Figure 4.11: moderate stiff superficial layer over the half-space.
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Figure 4.12: moderate stiff superficial layer over the half-space.

•

Another case consists of more than one layer over a soft half-space. Even in these
conditions may exist problems in finding the modes of propagation or the apparent
dispersion curve may show an irregular, oscillating trend (figures 4.13, 4.15, 4.16).
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Figure 4.13: stiff layers over a too soft half-space (see the Vs profile 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: oscillating dispersion curve.
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Figure 4.16: stiff layers over a soft half-space: oscillating dispersion curve.
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Figura 4.17: stiff layers over a soft half-space: example in figure 15 by O’ Neill “Full wave
form reflectivity for inversion of surface wave dispersion in shallow site investigations”.
4.8

Example 7: rigid superficial pavement

This example presents the apparent dispersion curve of a site with a stiff superficial layer,
which has Vs=800m/s and thickness h=0.3m and could represents a pavement. The stiffness
of the site gradually increaeses with depth with a halfspace at the base which is stiffer than the
superficial pavement. The presence of a stiff half-space guarantees the existence of the
Rayleigh modes of propagation over all the frequencies.
Generally in sites like that shown in figure 4.18 the apparent dispersion curve moves from the
fundamental mode of Rayleigh towards the 2nd mode within the frequency range 10Hz –
30Hz; at frequencies higher than 30Hz the apparent dispersion curve coincides with the
fundamental mode, then at very hgigh frequencies the apparent dispersion curve jumps
towards higehr modes of Rayleigh. When dealing with pavemented sites the experimental
data could show the fundamental symmetric and anti-symmetric Lamb modes. The antisymmetric Lamb mode already exists and is visible at low frequencies; it can be easely
recognised, since it coincides with a phase velocity which grows with frequency.
It may happen that the experimental dispersion curve be not visibile at low frequencies, less
than 5Hz – 10Hz and hence the jump form the fundamental to the 2nd mode is not visibile. In
this case the experimental dispersion curve seems to coincide with only the fundamental mode
and this would be a mistake. The knowledge that there is the superficial pavement helps infer
the correct shape of the dispersion curve and hence help find the correct Vs profile.
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Figure 4.18: site with thin superficial stiff pavement (h=0.3m) and stiff halfspace.

4.9

Example 8: homogeneous layered halfspace

This case is not common, as it requires a constant stiffness of the soil down to 30m;
nevertheless it is reported for completeness.The apparent dispersion curve is constant with
frequency, since this site is not dispersive and only the fundamental mode exists (figure
4.19). It should be observed that a layered half-space with layers with the same velocities
behaves like a homogeneous halfspace.
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Figure 4.19: site with constant Vs profile (homogeneous half-space).

4.10

Example 9: influence of water table

The presence of water can be considered by adopting a Poisson’s coefficient equal to about
0.5. In the software the value of 0.48 is adopted if water is present. The user can modify the
Poisson’s coefficient by turning off the option that indicates existence of the water.
Generally the water influences the apparent dispersion curve, nevertheless the influence of
water is very low compared to the influence of the shear wave velocities Vs of the layers.
Consider the homogeneous site in figure 4.20, obtained adding the water to some layers of
the site in figure 4.19. The apparent dispersion curve changes slightly, since the water causes
a greater phase velocity. It may happen that the water influence 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 now the water exists in some
layers.

4.11

Example 10: influence of the number of modes of Rayleigh

The number of modes of Rayleigh may influence the apparent dispersion curve, especially at
high frequencies when dealing with inversely dispersive sites, when the contribution of the
excluded higher modes is significant (see figures 4.21 and 4.22).
This situation is evident when the apparent dispersion curve reaches the highest available
mode of Rayleigh and there are not other higher modes where the apparent dispersion curve
can move. When dealing with sites with strong stiffness contrasts, at frequencies lower than
80Hz it is a good rule to use between 5 and 10 modes with the automatic search and at least
20 modes with the trial and error search. If there are very soft or very stiff intermediate layers
at very high frequencies more than 20 modes of Rayleigh could be necessari. When dealing
with moderate stiffness contrasts or when the stiffness gradually and monotonically increases
with depth, the the fundamental and the 2nd modes of Rayleigh are sufficient. At the end of
the automatic search of the optimal Vs profile it is suggested to runa gain the manual search,
after increasing the number of available modes of Rayleigh.
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Figure 4.21: apparent dispersion curve at high frequencies with only 5 modes of Rayleigh.
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Figure 4.22: oscillatine apparent dispersion curve at high frequencies with 50 modes of
Rayleigh.

4.12

Example 11: influence of the receivers array

The spatial configuration of the receivers, i.e. the span between two consecutive receivers
when the spani s constant, may influence the shape of the dispersion curve at certain
frequencies. For this reason in the numerical simulation it is suggested to use an array which
is the same used in the field test. In the figures 4.23 and 4.24 are shown the apparent
dispersion curves using the same Vs profile and the same number of receivers (24), but using
two different spans.
In figure 4.23 the spani s equal to 1.5m, in figure 4.24 the spani s equal to 5.0m. The reader
can observe a diveristy of the two dispersion curves at around 20Hz.
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Figure 4.23: apparent dispersion curve with 24 receivers and a span of 1.5m
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Figure 4.24: apparent dispersion curve with 24 receivers and a span of 5.0m.
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4.13

Example 12: behavior at high frequencies

When dealing with some sites with strong stiffness contrasts and layers of thickness less than
5m, it may happen that the apparent dispersion curve appear strongly irregular or oscillating at
high frequencies, generally higher than 70Hz-80Hz (figure 4.22 ). It is suggested to limit the
analyses below 80Hz, since the information given by the apparent dispersion curve at
frequencies higher than 80Hz concern the upper 1m-2m of the ground. The proposed method
and software are expected to determine the seismic class of the site, not the Vs velocità of the
pavement or the first 1m-2m of the ground.
Some case histories follow, where the Vs profile and the 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 turin, where there are layers of gravel and sand,
with a level of cementation which grows up with depth. Any layers of sandy silts may exist.
The water table is at a depth of about 15m from ground level.
The active MASW test has been executed both on a rigid 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 free from pavement.
In Figure 4.25 the measured wave motion is plotted. In figura Figure 4.26 the fk spectrum
and the experimental dispersion curve in the frequency range 2Hz-70Hz are plotted.
In Figure 4.27 the significant points of the experimental dispersion curve have been selected
for the successive steps. The source has furnished useful information within the frequency
range 20Hz - 70Hz. This situation implies a greater uncertainty on the shear wave velocità Vs
of the deeper layers of the profile.
In Figure 4.28 a trial initial geotechnical profile has been assigned. The Vs velocities have
been assigned by default by the software, considerino 8 layers. The receivers spani s equal to
1.5m and 5 modes of Rayleigh have been adopted. The trial and error (or manual) search
associated to the initial Vs profile has generated a numerical apparent dispersion curve, which
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is quite distant from the experimental dispersion curve, in fact the relative error between the 2
curves is equal to about 43%.
In the next manual attempt the Vs profile has been modified, by increasing the Vs of the deep
layers to increase the phase velocity at low frequencies (Figure 4.29). Also the thicknesses of
the layers can be changed, i.e. the thickness of the upper layers is reduced, instead the
thickness of the deeper layers is increased. The Vs=275.7m/s of the superficial layer is fixed,
before running the automatic search with a maximum of 5 iterations. At the end of 5 iterations
the Vs profile in Figure 4.29 is obtained. Even if the relative error is quite low, equal to 7%,
the Vs profile is anomalous, because of a very stiff intermediate layer with thickness of 2m at
a depth of about 6m from the ground level. This situation seem to be strange and not justified
by complementary geotechnical information. So another manual search is performed, after
some modifications, until the final Vs profile with an error of 6% is obtained (Figure 4.30).
The site with the found Vs profile has an equivalent shear wave velocity of Vs30=626m/s
within the first 30m, hence the site belongs to the seismic class B (Figure 4.31).
Even if probably other similar Vs profiles exist, which give a good match between the
experimental and the numerical dispersion curves, the variation of the Vs of theese different
profiles does not cause a significant change of the Vs30, hence the seismic class remain the
same. The obtained Vs profile is valid for design porpouses.
From this first case history the reader can understand that determination of the Vs profile of
the site can not be exclusively meden by the automatic search, but it is the result of an
iterative process, where automatic and manual searches alternate under the judgement of the
user. During this process the experience of the user and the a priori available information on
the site play a main rule.
As second case we consider the MASW test on the pavemented ground.
It can be observed that the presence of the rigid thin pavement does not influence the shape of
the disperison curve at frequencies below 60Hz-70Hz, in fact up to 60Hz-70Hz the numerical
dispersion curve obtained considerino a rigid pavement with Vs=800m/s and thickness of
20cm is quite the same that is obtained with the same site 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 vertical geophones.
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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 of points from the experimental
dispersion curve.
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Figure 4.28: first attempts to find the Vs profile by manual search.

123

Figure 4.29: Vs profile obtained by means of the automatic search. A strange intermediate
stiff layer appears at a depth of about 6m from the ground level.
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Figure 4.30: Optimal Vs profile, obtained by changing manually the 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 frequency range 20Hz-70Hz, when a rigid
superficial pavement exists.
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Figure 4.33: Vs profile with thin (20cm) rigid superficial pavement.
Consider the MASW test performed on the rigid pavement.
The experimental dispersion curve of the pavemented ground differs from that of the not
pavemented ground only at frequencies higher than 50Hz-70Hz (Figures 4.26 e 4.34). At
frequencies higher than 50Hz-70Hz the experimental dispersion curve increases its phase
velocity due to the presence of the rigid pavement on the surface. In this case the Vs profile of
the ground below the superficial pavement can be found by limiting the inversion process to
frequencies below 50Hz-70Hz.
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Figure 4.34: f-k spectrum and experimental dispersion curve with a superficial stiff
pavement.
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4.15

Example 14: Wind Power Plant at Gello (Pontedera, Pisa, Tuscany)

This site has been well investigated during a series of geotechnical investigations for the
project of wind power plant made of 4 wind towers 100 m high.
The site is located in the industrial zone of Gello (Pisa, Tuscany). The area belongs to the
seismic class number 2, according to the new italian seismic code OPCM of 2003 (or
equivalently the Eurocodes) and the site is flat.
On the basis of the geological information and the results of the geotechnical investigations
the soils of the area are recent alluvial soils of the Arno river.
The geotechnical units that have been found down to a depth of 30m form ground level are:

1. Geotechnical unit 1: thickness of about 1m form the ground level, vegetal soil
2. Geotechnical unit 2: down to about 20m from g.l., sandy-clayey silts
3. Geotechnical unit 3: from about 20m down to 35m, silty sands and sandy silts
The 2 boreholes S1 and S2 indicate slight different interfaces among the 3 geotechnical units.
The 2 piezometers in S1 and S2 indicate the existence of water under pression at about 10m
form g.l.

Table 4.1: Geotechnical model
Geotechnical unit

description

z

γ

φ’

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)

17-20

23-27

0-10

(18)

(25)

(5)

17-20

23-27

0-10

(18)

(25)

(5)

3

3

silty sands and sandy silts

silty sands and sandy silts

20-30

30-40

where:
values comprised into parentheses indicate average values
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γ= natural volumetric weight of the soil
φ’ = shear resistence angle

c’ = effective cohesion

Figure 4.35: spatial array for the MASW test at Gello.

131

Figure 4.36: ground stratigraphy at Gello.
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Figure 4.37: penetration resistence at tip durino a SCPTU test at Gello.
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Figure 4.38: lateral resistence to penetration durino a SCPTU test at Gello.
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Figure 4.39: water overpressure durino a SCPTU test at Gello.
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500

Durino the MASW test in field the source was located near the last receiver (Figure 4.40),
hence you need to switch the source location by clicking the proper box (Figure 4.41).
The f-k spectrum and the experimental dispersion curve in the frequency range 2Hz-70Hz are
shown in Figure 4.41. During the selection of the significant points of the experimental
dispersion curve, points at frequencies higher than 50Hz can be excluded, since zero or
negative values of the phase velocity do not have any physical sense (Figure 4.42).
The discontinuità of the experimental dispersion curve between 25Hz and 40Hz means that a
strong stiffness contrast exists in the upper part of the Vs profile of the ground.
By running the Vs model which is assigned by default the thoretical dispersion curve
(apparent or effective) shows as in Figure 4.44.
After any trial and error attempts the Vs model in Figure 4.45 has been obtained. The
equivalent verticval shear wave velocity of the site is 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 experimental dispersion 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 (Cesana, Torino, Piemonte)

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

Geotechnical unit 1: thickness of about 50cm, reported loose soil

•

Geotechnical unit 2: thickness of about 1m, vegetal soil

•

Geotechnical soil 3:thickness between 5m and 10m, morenic deposits of gravel and
cobbles into sandy, silty and clayey matrix

•

Geotechnical unit 4: rock base of calcescisti graffitici.

There is not water table at the site.
It is quite easy to calcolate the f-k spectrum and the experimental dispersion curve from the
traces measured in field durino the MASW test. In this case the available frequency range is
between 10Hz-15Hz and 70Hz. At high frequencies, between 50Hz and 70Hz the
experimental dispersion curve slightly oscillates; in the inversion processa n average value
has been adopted,
By running the trial and error search starting from the Vs model assigned by default the
theoretical dispersion curve is shown in Figure 4.50. In order to increase the phase velocità of
the dispersion curve at low frequencies, the shear wave velocità of the deep rock layer must
be increased.
After any trial and error attempts the final Vs profile shown in Figure 4.52 has been obtained.
The equivalent verticval shear wave velocity of the site is Vs30=759 m/s, hence the site
belongs to the seismic class B (Figure 4.53).
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Figure 4.46: in field MASW test along a contour line of a slightly inclined 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 experimental dispersion 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
Turin)

Example 16: industrial plant in Settimo (high speed railway between Milan and

The site is located aside the high speed railway between Torino and Milano, near an industrial
plant near Settimo Torinese. The ground stratigraphy consists of alternate dense layers of
sands and gravels. The water table is at about 4m under the ground level.

Figure 4.54: MASW test near an industrial plant using 14 accelerometers.

151

Prove SPT nei sondaggi S1 e S2

Nspt
100

90

80

70

60

50

40
0

5

z (m)

10

15

20
sondaggio S1
sondaggio S2

25

Figure 4.55: SPT results in the boreholes S1 e S2
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In this example the analysis of the measured traces is omitted and the experimental dispersion
curve is directly provided (figure 4.56). Data acquisition has been performed using 14
accelerometers with a receiver interspace equal to 2m 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 profile based on the available experimental dispersion
curve. Poisson coefficient and mass density of the layers are set equal to 0.2 and 1800kg/m3
respectively. Before running the trial and error search of the Vs profile the mass density and
the Poisson coefficient are modified to 1900 kg/m3 and to 0.48 (only for layers under water).
The experimental apparent dispersion curve monotonically decreases with frequency
(normally dispersive profile) and no strong stiffness contrasts are expected in the Vs profile,
hebce only the fundamental mode of Rayleigh waves is used for the inversion process.
After the first attempt the numerical apparent dispersion curve is quite distant from the
experimental dispersion curve (the relative error is 43%) especially at low frequencies (figure
4.57). To increase the apparent phase velocity at low frequencies we need to increase the
shear wave velocità Vs of the deep layers of the profile.

Figure 4.57: results obtained with the Vs profile assigned by default.
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After few attempts with the trial and error metod, by increasing the number of surficial layers,
an optimal Vs profile is reached, with a relative error of 6% between the experimental
dispersion curve and the numerical dispersion curve (figures 4.58, 4.59). The final Vs profile
aloows to determine the seismic class of the site, that is B with Vs30=627m/s (Figure 4.60).

Figure 4.58: results of the final optimal Vs profile.
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Figure 4.59: optimal match between experimental and numerical dispersion 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 Inghilterra street at the corner with Cavalli street,
near the building of the Telecom headquarters. The stratigraphy consists of dense layers of
sand and gravel with a degree of cementation which gradually 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 traffic noise.
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 traces (figure 4.62) it can be observed that the signal to
noise ratio is low from receiver number 7 to number 14. For this reason only the first 6
receivers have been used for the analysis. In figure 4.63 both the f-k spectrum and the
experimental apparent dispersion curve are shown; figure 4.64 shows the selection of the
significant points of the experimental dispersion curve to be used for the inversion process.
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Figure 4.62: measure traces near the building of Telecom headquarters in Torino.
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Figure 4.63: f-k spectrum and experimental dispersion curve near the building of Telecom
headquarters in Torino.
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Figure 4.64: selection of significant points of the experimental dispersion curve.
By fixing the shear wave velocity of the half-space to a value of Vs=950m/s, by reducing the
number of layers to 6, the automatic search with only the fundamental mode of Rayleigh
waves gives a Vs profile, to which cooresponds a numerical dispersion curve with a relative
error of 10% (figure 4.65). The correspondent Vs30=424m/s, hence the site belongs 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 leaning tower of Pisa has been performed in May
2001, durino a geotechnical investigation of the Technical University of Turin (Politecnico).
Information on the traces and the experimental test can 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 excitation.
With respect to the hammer, the electromechanic shaker with controlled harmonic excitation
offers the advantage of exciting the ground at frequencies lower than 10Hz (figure 4.67).
Nevertheless the hammer is much less expensive with respect to the electromechanic shaker.
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The stratigraphy consists of alternate layers of sands, silty sands and clays under the surficial
layer of compacted fill of thickness of 3m. The upper water table is at about 3m under the
ground level. To consider the water the Poisson coefficient has been set equal to 0.48.
By properly modifying the thicknesses and the shear wave velocities of the layers, the final
optimal Vs profile has been obtained, with a relative error between the numerical and the
experimental dispersion curves equal to 3% (figura 4.68).
The equivalent shear wave velocity within the first 30m of ground is Vs30= 206m/s, hence
the seismic class of the site is C.

Figure 4.67: experimental dispersion curve at the leaning tower of Pisa.
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Figure 4.68: final optimal Vs profile at the leaning tower of Pisa (trial and error search).
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Figure 4.69: seismic class of the ground at under the leaning tower of Pisa (trial and error
search).
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Figure 4.70: final optimal Vs profile at the leaning tower of Pisa (automatic search).
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Figura 4.71: seismic class of the ground at under the leaning tower of Pisa (automatic
search).
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4.20

Example 19: Villadossola (Verbania)

The MASW tests have been performed in 3 different sites located in the industrial area of
Villadossola (Piemonte) and its stratigraphy consists of alternate layers of gravel, sand and
cobbles. The water table is at about 14m under the ground 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 dispersion curves obtained at the 3 sites are shown.
For the sites 1 and 3 at frequencies higher than 70Hz the experimental dispersion curve tends
toward growing velocities, that indicates that a stiff surficial 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 Villadossola.
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Figure 4.76: experimental dispersion curve at site 1 in Villadossola.
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Figure 4.77: experimental dispersion curve at site 1 in Villadossola.
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Figure 4.78: experimental dispersion curve at site 1 in Villadossola.
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Figure 4.79: experimental dispersion curve at site 1 in Villadossola.
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Figure 4.80: experimental dispersion curve at site 1 in Villadossola.
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Figure 4.81: experimental dispersion curve at site 1 in Villadossola.
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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) and numerical (solid line with
blue circles) dispersion curves at site 1.
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The equivalent shear wave velocity within the first 30m 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) and selected 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) and numerical (solid line with
blue circles) dispersion curves at site 2.
The equivalent shear wave velocity within the first 30m is Vs30 = 398 m/s, hence the seismic
class is B.
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Figure 4.89: Experimental dispersion curve (red points) and selected 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) and numerical (solid line with
blue circles) dispersion curves at site 3.
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The equivalent shear wave velocity within the first 30m 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, Italy) and it is comprised between the two streams
Rio Torto and Rio Chisola.
On the basis of the geological information and the laboratori and in situ geotechnical
investigations two main geotechnical units can be discerned:
•

Geotechnical unit 1 made of sandy silts and clayey silts;

•

Geotechnical unit 2 made of sandy gravel and gravelly sand.

The geotechnical parameters of the two units are reported in table 4.2.

Table 4.2: parameters of the geotechnical units.
γ

c’

Φ'

E’

Cu

(kN/m3)

(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

36

> 50

-

Geotechnical unit

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.
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Figure 4.93: Voliera site.
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Figure 4.94: measured traces at Volvera.

193

Figure 4.95: f-k spectrum and experimental dispersion curve at Volvera.
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Figure 4.96: Selection of significant points of the experimental dispersion 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 first 30m is Vs30 = 339 m/s, hence the seismic
class is C.
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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 5.1 is shown the start window of the software; it is divided into 2 parts.
On the left you can:
move to other previous windows:
at start you can see only the main window. In the following you can see both the previous and the next windows
this button allows to visualize the window of the measured traces and the acquisition parameters of the in sito test:
number of receivers, span between 2 receivers, time sampling, total time of acquisition, position of the source.
this button allows to visualize the window of the f-k spectrum, where you can calcolate the experimental dispersion
curve of Rayleigh waves.
this button allows to visualize the window of the experimental dispersion curve, where you need to select a limited
number of significant points to be used for the inversion process to calcolate the Vs profile
this button allows to visualize the window where you determine the Vs profile of the site
this button allows to visualize the final window where you determine the type of site based on the Vs profile and the
Vs30, according to the Eurocode 8 and the new italian seismic code OPCM 3274
or
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 to get the experimental dispersion curve

or to input directly the experimental dispersion curve determined by you elseway
If you choose the option

Then the window Analysis of experimental data will appear as in Figure 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 files .txt, xls, SEG2.

By clicking the button

the window in Figure 5.3 appears, It allows to open the file of the measured traces in field.

The traces measured in field with source placet on the left side of the array of receivers, i.e. near the receiver number 1, look as in
Figure 5.4. If the source is placet near the last receiver, then the traces appear as in Figure 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 schermata (source near the first receiver)
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Figure 5.5: window Analysis of experimental data schermata (source near the last receiver)
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After visualitazion of the measured traces of th in field motion the software requires some information about the spatial array of the in field
MASW test.
Specify the span between 2 consecutive receivers. It is suggested to use a constant span
among receivers and also between the first receiver and the point source, since the numerical
simulation of the MASW test is based on a Fourier transform, which assumes a constant span
among receivers and the point source. The choice of the span among receivers influences the
range of the available wave numbers k and hence the region of the f-k spectrum which is
available. The choice of the span also depends on the total number of available receivers, on
the total distance of the ground to be investigated, on the available space in field. Usually it is
suggested to use a span among receivers between 0.5m and 3.0m, preferibly 1.5m.
Also the time sampling of the field motion influences the portino of the f-k spectrum which is
available. It is recommended to use a time sampling equal to 2⋅10-3 s.
It may happen that the field motion measured at any receiver be disturbed by noise or other
causes or simply it was not turned on during the field test. In theese cases you can discard that
unreliable receiver and use the receivers which precede that perticular receiver. Nevertheless
the presence of unreliable motion at a couple of receivers does not significantly influence the
results of the analysis.
Durino the field test it is suggested to use a total acquisition time of about 4 s. In the analysis
the software uses a temporal range between 0 ms and 4094 ms, to improve the frequency
resolution of the f-k spectrum.

206

In the lower right part of the windows there are buttons to change window, to go backward
(PREVIOUS) or forward (NEXT) or to call the on line help (HELP).
After inserting the required information on the in fiel MASW test, push the Next button to go ahead. The new window DETERMINATION
OF THE EXPERIMENTAL DISPERSION CURVE apeears as reported in Figura 5.6.
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5.3

WINDOW DETERMINATION OF THE EXPERIMENTAL DISPERSION CURVE

Figure 5.6: window schermata DETERMINATION OF THE EXPERIMENTAL DISPERSION CURVE by means of the f-k spectrum
and experimental dispersion curve in the domain frequency-phase velocity.
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On the left side of the window are plotted the contour lines of the f-k spectrum of the ground duirng travelling 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 the crests of the spectrum, the blue
regions represent the hills of the spectrum. The crests of the f-k spectrum
determine the dispersion relation or dispersion curve of the ground for travelling
Rayleigh waves.
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Above the f-k spectrum graph there some buttons to manage the graph itself.

The next step consists of defining the frequency range where to calcolate the experimental dispersion curve.
Generally for usual grounds the frequency range of interest is comprised between 2 Hz and 70 Hz, which are the default values. You can
also assign a different frequency range (anyway comprised between 0 Hz and the Nyquest frequency automatically calculated by the
software on the basis of the time sampling) by looking at the crests of the f-k spectrum, where the main energy is located. In the case shown
in Figura 5.7 there is a continous crest between 15 Hz and 65 Hz. Anyway the frequency range between 2 Hz and 70 Hz includes the range
15 Hz - 65 Hz.

After definition of the frequency range click on the button CALCULATE and after some seconds the experimental dispersion curve will
appear as in Figura 5.8.
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Figure 5.8: experimental dispersion curve bifore selection of significant points.

Go ahead pushing the button NEXT

The window in Figura 5.10 will appear, where you are
required to select a limited but significant number of points
from the experimental dispersion curve to be used for the
successive inverions process to determine the shear wave
velocità profile Vs and finally the seismic type of site.
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5.4

WINDOW SELECTION OF THE EXPERIMENTAL DISPERSION CURVE
FigurE 5.9: experimental dispersion curve bifore selection of significant points.
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In the graph of the experimental dispersion curve bifore selection of significant points in Figure 5.9 the 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 Hz the trend of the experimental dispersion curve is well-defined, with a low spread
of the points at intermediate frequencies, with respect to high frequencies.
At low frequencies (<10 Hz) the trend of the experimental dispersion curve is quite spreaded, due to a greater uncertainty of the
data.
At high frequencies ( > 50 Hz) there are some discontinuities, probably due to the presence of an alternation of thin soft and rigid
layers in the upper part of the ground.

Click the button
above the graph of the experimental dispersion curve to select the significant points of the experimental dispersion
curve into the graph. You must assign a mean values as well as a lowe and a upper limit of the phase velocty at each frequency. All the
information of the selected points are reported on the table on the left side of the window, where you can eliminate any point if you want.
If you click the button

the software will automatically make a choice of the significant points, which you can confirm or change.

The window will be like in Figure 5.10:
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Figure 5.10: experimental dispersion curve after selection of limited points.
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There are the buttons

to save, copy, print, move, zoom, select the points of the experimental dispersion curve.

After selection of the points of the experimental dispersion curve go to the successive window DETERMINATION 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 velocities and the thicknesses of the layers of the ground.
You are required to introduce some information concerning:
•

number of lauers (between 1 and 8, excluded the half-space at the bottom of the gorund); usually 57 layers are sufficient to model several types of ground. If you want to reach a very good resolution
of Vs profile, then you can use more then 7 layers, up to 8 layers plus the half-space
• the span among receibers used for the in field MASW test
• the total number of receivers
• the total number of Rayleigh modes you want ot use. For normally dispersive grounds the
fundamental mode (mode number 1) is sufficient, otherwise for inversely dispersive grounds you
need to use 3-5 modes. When dealing with inversely dispersive sites with strong stiffness contrasts,
i.e. in presence of a pavimentation, you may need to use 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 are required to define a trial ground profile, by assignining the thickness h, the mass density,
the existence or not of the water table into each layer, the Posson’s coefficient ( equal to 0.48 for layers under water table), shear wave
velocities Vs with lower and upper limits of variation (only for automatic search), existance of any alluvium 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 model of the site

The software assign by default thicknesses, velocities Vs and the other parameters for the trial start model. You can modify the choices of
the software.
Usually the most important parameter to search is the shear wave velocity Vs, since the thicknesses and the other parameters can be
inferred or determined by other geotechnical methods. Also the shear wave velocity Vs is the parameter that mostly influences the seismic
behavior ot the site and hence the Rayleigh dispersion curve. For theese reasons the author has chosen to allow the search of the shear wave
velocità Vs rather than the search of the thicknesses h.
You can procede to the search of the Vs profile by a trial and error way or by the automatic search, by clicking 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 (comprised between 1 and 50)
the relative error (expressed in percentaige), between the experimental and the numerical dispersion curve, below which the
optimal Vs profile has been reached
• whether or not the strong contrasts of stiffness between layers are allowed durino search. The definition of strong contrasts of
stiffness is reported in the book at paragraph 2.9.5.
In the automatic search the software also stops the search if the realitve error at the current iteration is greater than the error at the previous
iteration.
In the trial and error search you can modify by hand the thichknesses h, the velocities Vs, the densities and the Poisson’s coefficients based
on your experience or based on your a priori information about the ground.
You can compare the match between the experimental and the numerical dispersion curves by means of the relative error or simply by
view.
When a satisfactory match is reached between the experimental and the numerical dispersion curves (usually with a relative error less than
10%-15%), then you can say that the Vs profile has been found and you can procede to determine the seismic ground classification.
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The greater is the number of iterations the greater is the chance to find an optimal Vs profile, which corresponds to a numerical dispersion
curve closed to the experimental dispersion curve, wuth a low relative error. Commonly 15 iterations are sufficient to the pur pose.
It is underlined that the ill-posedness of the mathematical problem, at the same conditions (thicknesses, densities, water table position,
Poisson’s coefficients) the final Vs profile found by the automatic search may depend on the starting trial profile. If you start the automatic
search form different trial Vs profiles (at least 3), then you can compare the different results and choose the best match. By the experience
of the author, when dealing with normally dispersive sites, in most cases the different Vs profiles are quite similar and determine the same
seismic class of ground. Sites with strong stiffness contrasts among layers represent an exception. It is always suggested to improve by
hand the match between the experimental and the mnumerical dispersion curves obtained after the automatic search, by slightly modifing
the thickness and/or the velocity of any layer.
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During the automatic search a window appears to inform you about the steps of the search.

You can stop the automatic search at any time, by clicking the button STOP SEARCH:

The automatic search stops when on of the following conditions is reached:
1. the relative error between the experimental and the numerical dispersion curves is less than the threshold setted by you
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2. the maximum allowed number of iterations assigned by you has been reached
3. the relative error at the current iteration is greater than the error reached at the previous iteration. This criterion derives from the fact
that the search algorithm is expected to converge to the best solution at each iteration.
By running the trial and error or the automatic search the software calculates the modes of Raleigh and the apparent numerical dispersion
curve associated to the given Vs profile; then both the numerical and the experimental dispersion curve are plotted together as well as the
modes of Rayleigh and the relative error is displyed below the figure.
It is underlined that the relative error between the numerical and the experimental curves is calculated with reference to the numerical
apparent dispersion curve calculated using the method proposed by Roma (paragraph 2.9.2), and with reference to the numerical effective
dispersion curve proposed by Lai and Rix (paragraph 2.9.3).

by clicking into the boxes below

you can plot independently the experimental dispersion curve, the numerical apparent and effective dispersion curves, the modes of
Rayleigh.
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Figure 5.13: experimental, numerical apparent, numerical effective dispersion curve, modes of Rayleigh
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Initial and final Vs profiles are plotted on the right side of the window and reporte in the table above.
Figure 5.14: shear wave velocities profile Vs.
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Together with the Vs profile also the uncertainty is plotted by means of a green shadowed zone around the Vs profile.
Both the table and the figures cab be copied or plotted using the proper buttons in the window.
After determination of the Vs profile you can go to the final window FINAL RESULTS, by clicking the button NEXT in the rigth low
corner of the window.
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5.6

WINDOW FINAL RESULTS

The window FINAL RESULTS appears as in Figure 5.15, it proposes the table of the final profile of the ground found at the previous
window.
Figure 5.15: window FINAL RESULTS
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In this window some informations are required about the geotechnical nature of the site, in order to classify 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 is susceptible to liquefaction or the ground contains any layer of sensitive clay
• presence of low consistent clay or silt with high plasticità index and water content
• Plasticità index IP
The above reported information are the same required by the Eurocode 7 and 8 and by the new italian seismic code OPCM 3274 (2003) in
order to define the seismic class of the site, according to the table reported in Figure 5.15.
On the basis of the shear wave velocities profile Vs the software calculates the equivalent shear wave velocity Vs30 in the first 30m of the
site. By adding the geotechnical information above reported the software determines the seismic calss of the ground according to the
Eurocodes 7 and 8 and to the new italian seismic regulation OPCM 3274 del 2003.
The seismic class of the site allows to determine the seismic actions on the structures prescribed by the seismic codes..
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Figure 5.16: window FINAL RESULTS
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Based on the Vs profile the software calculates the equivalent shear wave velocità Vs30 in the first 30m of the ground and hence the
seismic class of the ground.
By clicking the button SAVE the software generates a txt file as report where the significant steps of the analysis are reported.

By clicking the button NEXT the software asks a confirmation about exiting.

At every step of the analysis, i.e. at each window you can save the job by cliking the button MASW on the left up corner of the window.
It is suggested to frequently save the job.

You can also come back to the previous windows by using the buttons located on the left side of the window.
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6.

FINAL CONSIDERATIONS

Even if I have tried to give a simple tool with the aim of divulgate the use of the MASW
method, there are some intrinsic difficulties in the use of the MASW method.
The most critical aspects of the proposed MASW method are the choice of the experimental
dispersion curve, to be used in the successive steps, and the determination of the final
stiffness profile (or equivalently the final shear wave velocities profile Vs), which generates
an optimal match between the numerical and the experimental dispersion curves
About the choice of the experimental dispersion curve I have given useful and practical
suggestions, also showing how the experimental dispersion curve has been determined in
several case histories.
The determination of the final stiffness or Vs profiles is the result of an optimal compromise
among a priori information about the site, trial and error search and automatic search. Even if
when dealing with normally dispersive sites, with stiffness profiles regular with depth, the
automatic search finds a quite valid solution, it is always suggested to modify by hand the Vs
profile. By means of this exercise the reader or the user will gain knowledge, experience and
sensibility that you will be able to use when dealing with inversely dispersive sites, where not
always the automatic search gives a valid solution.
On the basis of the observations made in the Charter 4, which reports the numerical examples
and the case histories, the readers have understood that the MASW method requires anyway
experience for execution, interpretation and final determination of the seismic class of the
ground.
I also know that the proposed method and software refer to the current state of knowledge and
that scientific research always procedes. Hence it is not excluded, on the contrary it is
auspicated, that the method proposed in this book will be overcomed by the introduction of
new techniques or improvements. The proposed software, described in charter 5, allows to
separate the experimental part and the inversion process of the MASW method. In this way
the user can introduce the experimental dispersion curve calculated by a different manner, for
example obtained by the passive MASW method based on ambient noise, or by the active
MASW method based on a controlled harmonic source. It is hower underlined that the
numerical dispersion curve is calculated by assuming a linear array of receivers, hence it is
preferable to adopt the same linear configuration of the receivers in the field test.
Inevitably any errors may be still present in the software, evevn if numerous tests have been
peforned. Only with the help of the users will be possibile to consider all the possibile cases
and hence eliminate all the errors. I will appreciate the users who will indicate any problems
or errors or anomalies whcih they will find using the software.
It is suggested to save the job at each step before procedine, so that it will be easy to find and
repair any errors in the software.

230

7.

BIBLIOGRAPHY

Abbiss, “Shear wave measurements of the elasticity of the ground”,G´eotechnique 31 (1981),
no. 1, 91–104.
Abo-Zena, “Dispersion function computations for unlimited frequency values”,Geophys. J.
Roy. Astr. Soc. 58 (1979), no. 1, 91–105.
Achenbach, J.D. (1999) “Wave Propagation in Elastic Solids”. North-Holland,Amsterdam,
Netherlands.
Addo and P. K. Robertson, “Shear-wave velocity measurement of soils usingRayleigh
waves”, Can. Geotech. J. 29 (1992), 558–568.
Aki, K. and Richards, P.G., (1980) “Quantitative Seismology, Theory andMethods”, Vol. 1-2,
W.H. Freeman & Co., New York.
Aldridge, “The Berlage wavelet”, Geophysics 55 (1990), no. 11, 1580–1511.
Al-Eqabi and R. B. Herrmann, “Ground roll: A potential tool for constrainingshallow shearwave structure”, Geophysics 58 (1993), no. 5, 713–719.
Al-Hunaidi “Insights on the SASW nondestructive testing method”, 20 (1993), 940–950.
Al-Hunaidi M.O. (1992) “Difficulties with phase spectrum unwrapping inspectral analysis of
surface waves nondestructive testing of pavements”, Can.Geotech. J., vol. 29, pp. 506511
Al-Hunaidi M.O. (1994) “Analysis of dispersed multi-mode signals of theSASW method
using the multiple filter/crosscorrelation technique”, SoilDynamics and Earthquake
Eng., vol. 13, Elsevier, pp. 13-24
Al-Hunaidi M.O., Rainer J.H. (1995) “Analysis of multi-mode signals of theSASW method”,
Proc. 7th Int. Conf. Soil Dynamics and Earthquake Eng.,pp.259-266
Al-Husseini, J. B. Glover, and B. J. Barley, “Dispersion patterns of the groundroll in eastern
Saudi Arabia”, Geophysics 46 (1981), no. 2, 121–137.
Allen, N. F., Richart, F.E., Jr. and Woods, R.D. (1980). “Fluid wavepropagation in saturated
and nearly saturated sands,” Journal of GeotechnicalEngineering, ASCE, Vol. 106, No.
GT3, March, pp. 235-254.
Anderson D.L., Ben-Menahem A., Archambeau C.B. (1965) “Attenuation ofSeismic Energy
in the Upper Mantle”, J. Geophysical Research, vol. 70,pp.1441-1448
Anderson, “Recent evidence concerning the structure and composition of theearths mantle”,
Phys. Chem. Earth. 6 (1965), 1–131.
Anderson, D.G., and Woods, R.D. (1975). “Comparison of field and laboratoryshear moduli,”
Proceedings In Situ Measurement of Soil Properties, ASCE,Vol. I, Raleigh, N.C., pp
66-92.
Andrus, R. Chung, K. Stokoe II, and J. Bay, “Delineation of densifiedsand at Treasure Island
by SASW testing”, in Geotechnical Site Characteriza-tion. Proceedings of the 1st

231

International Conference on Site Characterization-ISC”98, Eds. P. K. Robertson and P.
W. Mayne (A. A. Balkema, 1998), 459–464.
Apsel R.J., Luco J.E. (1983) “On the Green functions for a layered half-space.Part II”,
Bullettin of the Seismological Society of America, vol. 73 (4), pp.934-951
Aritman, “Repeatability study of seismic source signatures”, Geophysics 66(2001), no. 6,
1811–1817.392 Bibliography
Buhnemann and K. Holliger, “Comparison of high-frequency seismic sources at theGrimsel
test site, central Alps, Switzerland”, Geophysics 63 (1998), no. 4, 1363–1370.
Bachrach and T. Mukerji, “Fast 3D ultra shallow seismic reflection imaging usingportable
geophone mount”, Geophys. Res. Lett. 28 (2001), no. 1, 45–48.
Backus and J. F. Gilbert, “Numerical applications of a formalism for geophysicalinverse
problems”, Geophys. J. Roy. Astr. Soc. 13 (1967), 247–276.
Baisch and G. H. R. Bokelmann, “Spectral analysis with incomplete time series:an example
from seismology”, Comput. and Geosci. 25 (1999), 739–750.
Baker, D. W. Steeples, and M. Feroci, “The time dependence of shallow reflectiondata”, The
Leading Edge 16 (1997), no. 11, 1663–1666.
Baldi, G., Bellotti, R., Ghionna, V., Jamiolkowski, M. and Pasqualini, E.(1981). “Cone
resistance of a dry medium sand,” X ICSMFE, Stockholm.
Ballard R.F. (1964) “Determination of soil shear moduli at depth by in situvibratory
techniques”, Waterways Experiment Station, Miscellaneous paperNo. 4-691, December
224
Barkan D.D. (1962) “Dynamics of bases and foundations”, McGraw-Hill(translated)
Bath, Spectral analysis in geophysics (Elsevier Scientific Publishing Company,1974).
Beaty and D. R. Schmitt, “A study of near-surface seasonal variability usingRayleigh wave
dispersion”, in Soc. Expl. Geophys. 70th Ann. Internat. Mtg. (Soc.Expl. Geophys.,
2000), 1323–1326.
Beaty and D. R. Schmitt, “Repeatability of multimode Rayleigh-wave dispersionstudies”,
Geophysics 68 (2003), no. 3, 782–790.
Beaty and D. Schmitt, Simulated annealing inversion of dispersion curves fromRayleigh
waves, in American Geophysical Union Fall Meeting (American GeophysicalUnion,
2001).
Beaty, D. R. Schmitt, and M. Sacchi, “Simulated annealing inversion of multimodeRayleigh
wave dispersion curves for geological structure”, Geophys. J. Internat.151 (2002), 622–
631.
Belloti, R., Jamiolkowski, M., Lo Presti, D.C.F. and O”Neill, D.A. (1996).”Anisotropy of
small strain stiffness of ticino sand,” Geotechnique, Vol. 46,No. 1, pp. 115-131.
Ben-Hador and P. Buchen, “Love and Rayleigh waves in non-uniform media”,Geophys. J.
Internat. 137 (1999), no. 2, 521–534.
Ben-Menahem, “A concise history of mainstream seismology: Origins,
andperspectives”, Bull. Seism. Soc. Am. 85 (1995), no. 4, 1202–1225.
232

legacy

Beresford-Smith and I. M. Mason, “A parametric approach to the compression ofof seismic
signals by frequency trasformation”, Geophys. Prosp. 28 (1980), 551–571.
Beresford-Smith and R. N. Rango, “Dispersive noise removal in t − x space:Application to
Arctic data”, Geophysics 53 (1988), no. 3, 346–358.
Bergamaschi M., Locatelli L., Quadrelli D., Roma V. “Soil-Structure dynamic interaction:
application to design and construction of the facilities of a gas power plant”, XIIIth
Danube-European Conference on Geotechnical Engineering (29-31 May 2006, Lubiana)
Active Geotechnical Design in Infrastructure Development
Bergstrom, “Non-destructive testing of ground strength using the SASW-method”,in
Symposium on the Application of Geophysics to Engineering and
EnvironmentalProblems (Environmental and Engineering Geophysical Society, 1999),
57–65.Bibliography 393
Bevington, Data reduction and error analysis for the physical sciences(McGraw-Hill Book
Company, Inc., 1969).
Bhatnagar P.L. (1979) “Non Linear waves in 1D dispersive systems”,Clarendon Press,
Oxford
Biot, M (1956-a) “ Theory of propagation of elastic waves in fluid-saturatedporous solid. I.
Low frequency range”, Journal of the Acoustical Society ofAmerica, vol.28, pp168-78.
Biot, M (1956-b) “ Theory of propagation of elastic waves in fluid-saturatedporous solid. II.
High frequency range”, Journal of the Acoustical Society ofAmerica, vol.28, pp168-78.
Biot, M (1957) “ General Theorems on the Equivalence of Group Velocity andEnergy
Transport”, Physical Review, vol. 105, No. 4, pp1129-1137..
Bolt, B.A. (1976) “Nuclear Explosions and Earthquakes”, W.H. Freeman andCompany.
Boore and L. T. Brown, “Comparing shear-wave velocity profiles from inversionof surfacewave phase velocities with downhole measurements: systematic differencesbetween the
CXW method and downhole measurements at six USC strong-motionsites”, Seis. Res.
Lett. 69 (1998), no. 3, 222–229.
Boore, “Finite difference methods for seismic wave propagation in heterogeneousmaterials”,
in Methods in computational physics, Ed. B. A. Bolt, pp. 1–37(Academic Press, 1972).
Boschetti, Application of genetic algorithms to the inversion of geophysical data(Ph.D. thesis,
University of Western Australia, 1995).
Bourbié, T., Coussy, O. and Zinszner, B. (1987) “Acoustics of Porous Media”,Gulf
Publishing Company, Houston, 334p.
Bowles J. (1988) “Foundation Analysis and Design.”, Mc Graw Hill.
Bracewell R.N. (1986) “The Fourier transform and its applications”, McGraw-Hill, New York
Bras, Bert (2000) “ Optimization in Engineering “ Course at Georgia Instituteof Technology
of Atlanta, department of Mechanical Engineering
Breitzke, “Seismogram synthesis and recompression of dispersive in-seam seismicmultimode
data using a normal-mode superposition approach”, Geophys. Prosp. 40(1992), 31–70.
Brekhovskikh, L.M. (1960) “Waves in Layered Media” Academic Press, NewYork, NY.
233

Brillouin, L. (1946) “Wave propagation in Periodic Structures”, DoverPublications, New
York
Brillouin, L. and Sommerfeld (1960) “Group Velocity”, Academic Press, NewYork, 1960
Brown, D. M. Boore, and K. H. Stokoe II, “Comparison of shear-wave slownessprofiles at 10
strong-motion sites from noninvasive SASW measurements and measurementsmade in
boreholes”, Bull. Seism. Soc. Am. 92 (2002), no. 8, 3116–3133.
Buchen and R. Ben-Hador, “Free-mode surface-wave computations”, Geophys.J. Internat.
124 (1996), 869–887.
Buchen and R. Ben-Hador, “Perturbation formulas for linear dispersive wavesin weak
spatially non-uniform media”, Wave Motion 26 (1997), 187–197.
Burg,

M. Ewing, F. Press, and E. J. Stulken,
phenomenon”,Geophysics 16 (1951), no. 4, 594–612.

“A

seismic

wave

guide

Burkhard and D. D. Jackson, “Density and surface wave inversion”, Geophys.Res. Lett. 3
(1976), no. 1, 637–638.
Butcher and W. S. A. Tam, “The use of Rayleigh waves to detect the depth of ashallow
landfill”, in Modern geophysics in engineering geology, Eds. D. M. McCann,M.
Eddleston, P. J. Fenning, and G. M. Reeves, pp. 97–102 (Geological
SocietyEngineering Geology Special Publication No.12, 1997).394 Bibliography
Caiti, T. Akal, and R. D. Stoll, “Estimation of shear wave velocity in shallowmarine
sediments”, IEEE J. Ocean. Eng. 19 (1994), no. 1, 58–72.
Calder´on-Mac´ıas and B. A. Luke, “Inversion of rayleigh wave data for shallowprofiles
containing stiff layers”, in Soc. Expl. Geophys. 72nd Ann. Internat. Mtg.(Soc. Expl.
Geophys., 2002), 1396–1399.
Campanella, R.G., Robertson, P.K., aqnd Gillespie, D. (1986). “Seismic conepenetration
test,” Use of in Situ Tests in Geotechnical Engineering,Proceedings, In Situ “86, ASCE
Geotechnical Specialty Publication No. 6,Samuel P. Clemence (ed.), Balcksburg, VA,
June, pp. 116-130.
Capon J. (1969) “High-Resolution Frequency-Wavenumber SpectrumAnalysis”, Proceedings
of the IEEE, vol. 57, pp. 1408-1418
Cara and J. J. L´evˆeque, “Waveform inversion using secondary observables”, Geo-phys. Res.
Lett. 14 (1987), no. 10, 1046–1049.
Cestari F. (1990) “Prove geotecniche in sito”, Geo-Graph
Chavez-P´erez, “Automated surface wave method: inversion technique”, J. Geotech.Eng. 120
(1994), no. 11, 2075–2077.
Chalmers, “Swan river system landscape description”, Report No. 28 (Swan RiverTrust
Waterways Management Planning, Water and Rivers Commission, 1997).
Chapman, “Yet another elastic plane-wave , layer-matrix algorithm”, Geophys.J. Internat. 154
(2003), 212–223.
Chen X. (1993) “A systematic and efficient method of computing normalmodes for
multilayered half-space”, Geophys. J. Int., vol. 115, pp. 391-409

234

Cherry, W. E. Farrell, W. L. Rody, T. G. Barker, H. J. Swanger, and J. Wang,”Inversion of
dispersed rayleigh waves for shallow shear velocity”, in Soc. Expl. Geo-phys. 50th Ann.
Internat. Mtg. (Soc. Expl. Geophys., 1980), 2401–2414.
Chin, G. W. Hedstrom, and L. Thigpen, “Matrix methods in syntheticseismograms”,
Geophys. J. Roy. Astr. Soc. 77 (1984), 483–502.
Christensen R.M. (1971) “Theory of viscoelasticity - an introduction”,Ed.Academic Press
Claerbout and F. Muir, “Robust modelling with erratic data”, Geophysics 38(1973), no. 5,
826–844.
Clough and Penzien (1993) “Dynamic of structures”, McGraw-Hill
Constable, S.C., Parker, R.L., and Constable, C.G. (1987) “Occam”s Inversion:A Practical
Algorithm for Generating Smooth Models from ElectromagneticSounding Data.”
Geophysics, Vol. 52, pp. 289-300.
Crescini Corrado (1960) “La propagazione ondosa dell-energia nei mezzielastici”, Edizioni
scientifiche SIDEREA
Cuellar, “Geotechnical applications of the spectral analysis of surface waves”, inModern
geophysics in engineering geology, Eds. D. M. McCann, M. Eddleston, P. J.Fenning,
and G. M. Reeves, pp. 53–62 (Geological Society Engineering GeologySpecial
Publication No.12, 1997).
Deidda and R. Balia, “An ultrashallow SH-wave seismic reflection experimenton a subsurface
ground model”, Geophysics 66 (2001), no. 4, 1097–1104.
Dessa and G. Pascal, “Combined traveltime and frequency-domain seismicwaveform
inversion: a case study on multi-offset ultrasonic data”, Geophys. J. In-ternat. 154
(2003), 117–133.
Devilee, A. Curtis, and K. Roy-Chowdhury, “An efficient, probabilistic neuralnetwork
approach to solving inverse problems: Inverting surface wave velocities forEurasian
crustal thicknesses”, J. Geophys. Res. 104 (1999), no. B12, 28,841–28,857.
Dobrin, “Dispersion in seismic surface waves”, Geophysics 16 (1951), no. 1, 63–80.
Dobrin, “Submarine geology of Bikini Lagoon as indicated by dispersion ofwater-borne
explosion waves”, Bull. Geol. Soc. Am. 61 (1950), 1091–1118.
Dobrin, P. L. Lawrence, and R. L. Sengbush, “Surface and near-surface wavesin the Delaware
Basin”, Geophysics 19 (1954), no. 4, 695–715.
Dobrin, R. F. Simon, and P. L. Lawrence, “Rayleigh waves from small
explosions”,Transactions, American Geophysical Union 32 (1951), no. 6, 822–832.
Dobry, R., Stokoe, K.H., II, Ladd, R.S., and Youd, T.L. (1981). “Liquefactionsusceptibility
from s-wave velocity,” Proceedings, In Situ Tests to EvaluateLiquefaction
Susceptibility, ASCE Nat. Convention, held 27 Oct., St. Louis,MO.
Dogariu A., Kuzmich A. and Wang L.J, (2001) “ Transparent AnomalousDispersion and
Superluminal Light Pulse Propagation at Negative GroupVelocity”, Phys. Rev. A63,
053806
Doll, R. D.Miller, and J. Jia, “A noninvasive shallow seismic source comparisonon the Oak
Ridge Reservation, Tennessee”, Geophysics 63 (1998), no. 4, 1318–1331.
235

Dorman and M. Ewing, “Numerical inversion of seismic surface wave dispersiondata and
crust-mantle structure in the New york - Pennsylvania area”, J. Geophys.Res. 67 (1962),
no. 13, 5227–5241.
Douglas and G. L. Eller, “Nondestructive pavement testing by wave propagation:advanced
methods of analysis and parameter management”, Trans. Res. Rec.1070 (1986), 53–62.
Doyle H. (1995) “Seismology”, J. Wiley & sons, Chichester
Drijkoningen, “The usefulness of ground-coupling experiments to seismic data”,Geophysics
65 (2000), no. 6, 1780–1787.
Drnevich, M. M. Hossain, J. Wang, and R. C. Graves, “Determination oflayer moduli in
pavement systems by nondestructive testing”, Trans. Res. Rec. 1278(1990), 18–26.396
Bibliography
Drnevich, V.P., Hardin, B.O., and Shippy, D.J. (1978). “Modulus and dampingof soils by the
resonantcolumn method,” Dynamic Geotechnical Testing,ASTM STP 654, American
Society of Testing and Materials, pp. 91-125.
Du, “Waveform inversion for lateral heterogeneities using multimode surfacewaves”,
Geophys. J. Internat. 149 (2002), no. 5, 300–312.
Dunkin, “Computation of modal solutions in layered, elastic media at highfrequencies”, Bull.
Seism. Soc. Am. 55 (1965), no. 2, 335–358.
Dutta, N. Biswas, A. Martirosyan, S. Nath, M. Dravinski, A. Papageorgiou, andR.
Combellick, “Delineation of spatial veriation of shear wave velocity with
highfrequencyRayleigh waves in Anchorage, Alaska”, Geophys. J. Internat. 143
(2000),365–375.
Dziewonski and A. L. Hales, “Numerical analysis of dispersed seismic waves”,in Methods in
computational physics, Ed. B. A. Bolt, pp. 39–85 (Academic Press,1972).
Dziewonski, S. Bloch, and M. Landisman, “A technique for the analysis oftransient seismic
signals”, Bull. Seism. Soc. Am. 59 (1969), no. 1, 427–444.
Elmasry and A. Hales, “Seismic surface wave analysis in sediments”, Geophysics40 (1975),
no. 1, 160.
est andW.Menke, “Fluid-induced changes in shear velocity from surface waves”,in
Symposium on the Application of Geophysics to Engineering and
EnvironmentalProblems (Environmental and Engineering Geophysical Society, 2000),
21–28.
Eurocodice 7: “Progettazione geotecnica”.
Eurocodice 8: “Regole progettuali per le strutture antisismiche”.
Evison, “The seismic determination of Young”s modulus and Poisson”s ratiofor rocks in
situ”, G´eotechnique 6 (1956), no. 3, 118–123.
Ewing, J. A. Carter, G. H. Sutton, and N. Barstow, “Shallow water sedimentproperties
derived from high-frequency shear and interface waves”, J. Geophys. Res.97 (1992), no.
B4, 4739–4762.
Ewing, W.M., Jardetzky, W.S., and Press, F. (1957) “Elastic Waves in LayeredMedia”,
McGraw-Hill, New York, NY.
236

Feng and T.-L. Teng, “An error analysis of frequency-time analysis”, Bull.Seism. Soc. Am.
73 (1983), no. 1, 143–155.
Forbriger , “Inversion of shallow-seismic wavefields: II. Inferring subsurface propertiesfrom
wavefield transforms”, Geophys. J. Internat. 153 (2003), no. 3, 735–752.Bibliography
397
Forbriger, “Inversion of shallow-seismic wavefields: I. Wavefield transformation”, Geo-phys.
J. Internat. 153 (2003), no. 3, 719–734.
Forbriger, Inversion flachseismischer Wellenfelder (Ph.D. thesis, Institutf¨ur Geophysik,
Universit¨at Stuttgart, Germany, 2001).
Foti, S. (2000) “Multistation Methods for Geotechnical Characterization usingSurface
Waves.” Ph.D. Dissertation, Politecnico di Torino.
Fratta, D. and Santamarina, J. C. (1996), “Waveguide device for multi-mode,wideband testing
wave propagation in soils”, ASTM Geotechnical Testing J.,Vol. 19, pp. 130-140.
Fuchs and G. Muller, “Computation of synthetic seismograms with the reflectivitymethod and
comparison with observations”, Geophys. J. Roy. Astr. Soc. 23 (1971),417–433.
Futterman, “Dispersive body waves”, J. Geophys. Res. 67 (1962), no. 13, 893–912.
Gabriels P., Snieder R., Nolet G. (1987) “In situ measurements of shear-wavevelocity in
sediments with higher-mode Rayleigh waves”, Geophys.Prospect., vol. 35, pp. 187-196
Ganji V., Gukunski N., Maher A. (1997) “Detection of underground obstaclesby SASW
method - Numerical aspects”, J. Geotech. and geoenvir. Eng., vol.123 (3), ASCE, pp.
212-219
Ganji V., Gukunski N., Nazarian S. (1998) “Automated inversion procedurefor spectral
analysis of surface waves”, J. Geotech. and Geoenv. Eng., vol.124,ASCE, pp. 757-770
Gazetas G. (1982) “Vibration characteristics of soil deposits with variablewave velocity”, Int.
J. Num. and Anal. Meth. in Geomechanics, vol. 6, J.Wiley & Sons, pp. 1-20
Gazetas G. (1983) “Analysis of machine foundation vibrations: state of theArt”, Soil
Dynamics and Earthquake engineering, Vol.2, n1
Gazetas, “Evaluation of in situ effective shear modulus from dispersion measurments”,J.
Geotech. Eng. 118 (1992), no. 7, 1120–1122. Discussion.
Ghose, V. Nijhof, J. Brouwer, Y. Matsubara, Y. Kaida, and T. Takahashi, “Shallowto very
shallow, high-resolution reflection seismic using a portable vibrator
system”,Geophysics 63 (1998), no. 4, 1295–1309.398 Bibliography
Gilbert and G. E. Backus, “Propagator matrices in elastic wave and vibrationproblems”,
Geophysics 31 (1966), no. 2, 326–332.
Gilbert, “Propagation of leaking transient modes in a stratified elastic waveguide”,Rev.
Geophys. 2 (1964), 123–153.
Glangeaud, J.-L. Mari, J.-L. Lacoume, J. Mars, and M. Nardin, “Dispersive seismicwaves in
geophysics”, Eur. J. Env. and Eng. Geophys. 3 (1998-1999), 265–306.
Goldstein, H (1950) “Classic Mechanics”, Addison Wesley, Reading,Massachussets.

237

Graff, K.F. (1975) “Wave Motion in Elastic Solids”, Dover Publications, Inc.,New York, pp.
649.
Guadagnio and C. Nunziata, “S-wave velocities and shallow layering in aCampi Flegrei site
(Naples) through R-wave spectral analysis”, in European Assoc.Expl. Geophys. 53rd
Conference (European Assoc. Expl. Geophys., 1991), 518–519.
Gucunski and R. D. Woods, “Instrumentation for SASW testing”, in Recent ad-vances in
instrumentation, data acquisition and testing in soil dynamics, Eds. S. K.Bhatia and G.
W. Blaney, in Geotechnical Special Publication No. 29, pp. 1–16(American Society of
Civil Engineers, 1991).
Gucunski and R. D. Woods, “Numerical simulation of the SASW test”, Soil Dyn. and Earth.
Eng. 11(1992), 213–227.
Gucunski N., Krstic V., Maher M.H. (1998) “Experimental procedures fordetection of
underground objects”, Geotechnical Site Characterization,Robertson & Mayne eds, vol.
1, Balkema, pp. 469-472
Gucunski N., Woods R.D. (1991-a) “Inversion of Rayleigh wave dispersioncurve for SASW
test”, Prooc. 5th Int. Conf. on Soil Dyn. and Earthq. Eng.,Kalsruhe, pp. 127-138
Gucunski N., Woods R.D. (1991-b) “Use of Rayleigh modes in interpretationof SASW test”,
Proc. 2th int. Conf. Recent Advances in Geot. Earthq. Eng.And Soil Dyn.-S.Louis, pp.
1399-1408
Gucunski N., Woods R.D. (1992) “Numerical simulation of SASW test”, SoilDyn.and Earthq.
Eng., vol. 11 (4), Elsevier, pp. 213-227
Gucunski, V. Ganji, and M. H. Maher, “Effects of obstacles on Rayleigh wavedispersion
obtained from the SASW test”, Soil Dyn. and Earth. Eng. 15 (1996),223–231.
Hadidi and N. Gucunski, “Inversion of SASW dispersion curve using numericalsimulation”,
in Symposium on the Application of Geophysics to Engineering and En-vironmental
Problems (Environmental and Engineering Geophysical Society, 2003),1–23.
Haegeman and W. F. Van Impe, “Evaluation of the consolidation progress of aslurry by the
the SASW method”, Ground Improvement 2 (1998), no. 2, 75–79.
Haegeman W., Van Impe W.F. (1997) “Stiffness parameters for soils – SASWexperiences”,
Third Geotech. Eng. Conf. - Cairo
Haegeman W., Van Impe W.F. (1998) “SASW control of a vacuumconsolidation on a sludge
disposal”, Geotechnical Site Characterization,Robertson & Mayne eds, vol. 1, Balkema,
pp. 473-477
Hamilton, “VP /VS and Poisson”s ratios in marine sediments and rocks”, J.Acoust. Soc. Am.
66 (1979), no. 4, 109–110.Bibliography 399
Hardin, B. O. and Drnevich, V.P. (1972), “Shear Modulus and Damping inSoils:
Measurement and Parameter Effects,” Journal of Soil Mechanics andFoundation
Engineering Div., ASCE, Vol. 98 No. SM6, June, pp 603-624.
Hardin, B.O. (1978). “The nature of stress-strain behavior for soils,”Proceedings of the ASCE
Geotechnical Engineering Division SpecialtyConference, Earthquake Engineering and
Soil Dynamics, Vol. 1, pp. 3-91.
238

Hardin, B.O. and Richart, F.E., Jr. (1963). “Elastic wave velocities in granularsoils,” Journal
of Soil Mechanics and Foundation Division, Vol. 89, No. SM1, February, pp. 33-65.
Harkrider (1964) “Surface waves in multilayered elastic media I. Rayleigh andLove waves
from buried sources in multilayered elastic halfspace”, Bulletinof the Seism. Soc. of
Am., vol. 54 (2), pp. 627-679
Haskell, N.H. (1953), “The Dispersion of Surface Waves in MultilayeredMedia.” Bulletin of
the Seismological Society of America, Vol. 43, pp. 17-34.
Havelock, T.H. (1914) “The propagation of disturbances in Dispersive Media”,Cambridge
University Press
Hayashi and H. Suzuki, “CMP analysis of multi-channel surfacewavedata”, in 6th Int. Symp.
(Soc. Expl. Geophys. Japan, 2003), 186..
Hayashi and O. Nishizawa, “Laboratory studies of surface waves using alaser doppler
vibrometer”, in 5th Int. Symp. on Recent Advances in ExplorationGeophysics in Kyoto
(1996), 1–8.
Hayashi, “CMP analysis of multi-channel surface-wave data”, Tech. Report(OYO
Corporation).
Hearn, M. H. Kay, and O. Dixon, “Evaluation of P- and S-wave sources forshallow seismic
reflection”, Expl. Geophys. 22 (1991), 169–174.
Hebeler, G.L.(2001) “Site characterization in Shelby County, Tennessee usingadvanced
surface wave methods”, Master”s thesis. Georgia Institute ofTechnology.
Heisey J.S., Stokoe K.H. II, Meyer A.H. (1982) “Moduli of pavement systemsfrom spectral
analysis of surface waves”, Transp.Res. Rec., vol. 852, pp. 22-31
Heisey, J.S., Stokoe, K.H., Hudson, W.R., and Meyer, A.H. (1982)”Determination of In Situ
Shear Wave Velocities from Spectral-Analysis-of-Surface-Waves.” Research Report
No. 256-2, Center for TransportationResearch, The University of Texas at Austin.
Henley, “Challenges in imaging shallow high resolution seismic data”, in Soc.Expl. Geophys.
71st Ann. Internat. Mtg. (Soc. Expl. Geophys., 2001), 1373–1376.
Hering, R. Misiek, A. Gyulai, T. Ormos, M. Dobroka, and L. Dresen, “A jointinversion
algorithm to process geoelectric and surface wave seismic data. Part I:basic ideas”,
Geophys. Prosp. 43 (1995), no. 2, 135–156.
Hermann R, (2000) of St.Louis University, USA, Personal communication.
Herrmann and D. R. Russell, “Ground roll: Rejection using adaptive phasematchedfilters”,
Geophysics 55 (1990), no. 6, 776–781.
Herrmann and G. I. Al-Eqabi, “Surface wave inversion for shear wave velocity”,in Shear
Waves in Marine Sediments, Eds. J. M. Hovem, M. D. Richardson, andR. D. Stoll, pp.
545–556 (Kluwer Academic Publishers, 1991).
Herrmann R.B. (1994) “Computer programs in seismology”, User”s Manual,S.Louis
University, Missouri (USA)
Herrmann R.B. and Mitchell B.J. (1975) “Statistical analysis and interpretationof surface
wave anelastic attenuation data for the stable interior of NorthAmerica”, Bullettin of
Seismological Society of America, 65
239

Herrmann R.B., Wang C.Y. (1985) “A comparison of synthetic seismograms”,Bullettin of the
Seismological Society of America, vol. 75 (1), pp. 41-56
Herrmann, “Computer programs in seismology”, Version 3.20 (Saint LouisUniversity, 2002).
Heukelom and C. R. Foster, “Dynamic testing of pavements”, J. Struct. Div.SM1 (1960), 1–
28.
Heukelom and C. R. Foster, “Dynamic testing of pavements”, Trans. Am. Soc. Civ. Engrs.
127 (1962),425–457.
Hiltunen and R. D. Woods, “SASW and crosshole test results compared”, inEarthquake
Engineering and Soil Dynamics. II–Recent Advances in Ground-MotionEvaluation
(American Society of Civil Engineers, 1988), 279–289. Proceedings ofthe Specialty
Conference of the Geotechnical Engineering Division.
Hisada Y. (1994) “An efficient method for compunting Green”s functions for alayered halfspace with sources and receivers at close depths”, Bullettin of theSeismological Society
of America, vol. 84 (5), pp. 1456-1472
Hisada Y. (1995) “An efficient method for compunting Green”s functions for alayered halfspace with sources and receivers at close depths (part2)”,Bullettin of the Seismological
Society of America, vol. 85 (4), pp. 1080-1093
Hoar R.J., Stokoe K.H. (1984) “Field and laboratory measurements of materialdamping of
soil in shear”, Proc. 8th World Conf. On Earthq. Eng., vol. 3,pp.47-54
Horike M. (1985) “Inversion of phase velocity of long-period microtremors tothe S-wavevelocity structure down to the basement in urbanized areas”, J.Phys.Earth, vol. 33, pp.
59-96
Hubral and M. Tygel, “Analysis of the Rayleigh pulse”, Geophysics 54 (1989),no. 5, 654–
658.
Hunaidi, “Evolution-based genetic algorithms for analysis of non-destructive surfacewave
tests on pavements”, NDT&E Int. 31 (1998), no. 4, 273–280.
Hunter, B. Benjumea, J. B. Harris, R. D. Miller, S. E. Pullan, R. A. Burns,and R. L. Good,
“Surface and downhole shear wave seismic methods for thick soilsite investigations”,
Soil Dyn. and Earth. Eng. 22 (2002), 931–941.
Idriss, I.M. (1990), “Response of Soft Soil Sites during Earthquakes,”Proceedings, H. Bolton
Seed Memorial Symposium, Vol. 2, pp. 273-289.
Ishihara (1996) Soil Behavior in Earthquake Geotechnics. Oxford UniversityPress, Inc., New
York, NY, pp. 350.
Ishihara, K. (1967), “Propagation of compressional waves in a saturated soil”,International
Symposium on Wave Propagation and Dynamic Properties ofEarth Materials,
Albuquerque, pp. 451-467
Ivanov, C. B. Park, R. D. Miller, J. Xia, and R. Overton, “Modal separationbefore dispersion
curve extraction by MASW method”, in Symposium on the Appli-cation of Geophysics
to Engineering and Environmental Problems (Environmentaland Engineering
Geophysical Society, 2001), 1–11.

240

Jackson, “Interpretation of inaccurate, insufficient and inconsistent data”, Geo-phys. J. Roy.
Astr. Soc. 28 (1972), 97–109.
Jackson, “Marginal solutions to quasi-linear inverse problems in geophysics:The edgehog
method”, Geophys. J. Roy. Astr. Soc. 35 (1973), 121–136.
Jeng, J.-Y. Tsai, and S.-H. Chen, “An improved method of determining nearsurfaceq”,
Geophysics 64 (1999), no. 5, 1608–1617.Bibliography 401
Joh, Sung-Ho, (1996). “Advances in interpretation and analysis techniques forspectralanalysis-of-surfacewaves (SASW) Measurements,” Ph.D.Dissertation, Univeristy of
Texas at Austin, December.
Johnson D.H., Dudgeon D.E. (1993) “Array signal processing”, Prentice-Hall,Upple Saddle
River (N.J.)
Jolly and J. N. Mifsud, “Experimental studies of source-generated seismicnoise”, Geophysics
36 (1971), no. 6, 1138–1149.
Jones and E. N. Thrower, “An analysis of waves in a two-layer composite plateand its
application to surface wave propagation experiments on roads”, J. SoundVib. 2 (1956),
no. 3, 328–335.
Jones R.B. (1958) “In-situ measurement of the dynamic properties of soil byvibration
methods”, Geotechnique, vol. 8 (1), pp. 1-21
Jones R.B. (1962) “Surface wave technique for measuring the elastic propertiesand thickness
of roads: theoretical development”, British J. of AppliedPhysics, vol. 13, pp. 21-29
Jones, “A vibration method for measuring the thickness of concrete road slabs insitu”, Mag.
Concrete Res. 7 (1955), no. 20, 97–102.
Jongmans D. (1991) “Near-source pulse propagation: application toQdetermination”,
Geophys. Prospect., vol. 39, pp. 943-952
Jongmans D., Campillo M. (1993) “The determination of soil attenuation bygeophysical
prospecting and the validity of measured Q values for numericalsimulations”, Soil
Dynamics and Earthquake eng., vol. 12, Elsevier, pp. 149-157
Jongmans, D. and Demanet, D. (1993) “The Importance of Surface Waves inVibration Study
and the use of Rayleigh Waves for Estimating the DynamicCharacteristics of Soils.”
Engineering Geology, Vol. 34, pp. 105-113.
Julia, C. J. Ammon, R. B. Herrmann, and A. M. Correig, “Joint inversion ofreceiver function
and surface wave dispersion observations”, Geophys. J. Internat.143 (2000), 99–112.
Kupper,
“Theoretische
Untersuchung
¨uber
Geophonen”,Geophys. Prosp. 6 (1958), 194–256.

die

Mehrfachaufstellung

von

Kalinski and K. H. Stokoe II, “In situ estimate of shear wave velocity usingborehole spectral
analysis of surface waves tool”, J. Geotech. and Geoenv. Eng. 129(2003), no. 6, 529–
535.
Kalinski, “Nondestructive characterisation of damaged and repaired areas ofa concrete beam
using the SASW method”, in Innovations in nondestructive testingof concrete, Eds. S.
Pessiki and L. Olson, pp. 111–136 (American Concrete Institute,1994).

241

Kalinski, K. H. Stokoe II, Y. L. Young, and J. M. Roesset, “In situ log(Gmax)-log(_0) using a
borehole SASW tool”, in Pre-failure deformation characteristics ofgeomaterials, Eds.
M. Jamiolkowski, R. Lancellotta, and D. L. Presti, pp. 371–378(Balkema, 1999).
Kausel and Manolis (1999) “Wave motion in earthquake engineering”, WitPress
Kausel and Roesset (1981) “Stiffness matrices for layered soils, Bulletin of theSeismological
Society of America”, Vol 71(6), pp. 1743-1761.
Keilis-Borok,VI (1989) “Seismic surface waves in a laterally inhomogeneoushearth kluver”
Academic Publishers,UK,pp342
Keiswetter and D. W. Steeples, “A field investigation of source parameters forthe
sledgehammer”, Geophysics 60 (1995), no. 4, 1051–1057.402 Bibliography
Kennet , “The inversion of surface wave data”, Pure Appl. Geophys. 114 (1976), 747–751.
Kennet, B.L.N. and Kerry,N.J. (1979) “Seismic
halfspace”Geophys.J.R.Astr.Soc.,57,557-583

waves

in

a

stratified

Kennett B.L.N. (1974) “Reflections, rays and reverberations”, Bullettin of theSeismological
Society of America, vol. 64 (6), pp. 1685-1696
Kennett B.L.N. (1979) “Seismic waves in stratified half space”, Geophysical J.Royal Astron.
Soc., vol. 57, pp. 557-583
Kennett, “Reflections, rays and reverberations”, Bull. Seism. Soc. Am. 64(1974), no. 6, 1685–
1696.
Kennett, B.L.N. (1983) “Seismic Wave Propagation In Stratified Media”,Cambridge
University Press, 342 pp.
Kerry, “Synthesis of seismic surface waves”, Geophys. J. Roy. Astr. Soc. 64(1981), 425–446.
Kim and H. C. Park, “Evaluation of ground densification using spectral analysisof surface
waves (SASW) and resonant column (RC) tests”, Can. Geotech. J. 36(1999), no. 2,
291–299.
Klein, T. Bohlen, F. Theilen, and B. Milkereit, “OBH/OBS versus OBC registrationfor
measuring dispersive marine Scholte waves”, in 62nd Conf. and Tech. Exhib.(EAGE,
2000), 1–4.
Knapp and D. W. Steeples, “High-resolution common-depth-point reflectionprofiling: Field
acquisition parameter design”, Geophysics 51 (1986), no. 2, 283–294.
Knopoff L (1954) “Seismic wave velocities” Bull. Seism. Soc. Amer. vol42,pp307-308
Knopoff, “A matrix method for elastic wave problems”, Bull. Seism. Soc. Am. 54(1964), no.
1, 431–438.
Knopoff, “Green”s function for eigenvalue problems and the inversion of Love
wavedispersion data”, Geophys. J. 4 (1961), 161–173.
Knopoff, “Observation and inversion of surface-wave dispersion”, Tectonophysics 13(1972),
no. 1–4, 497–519.
Knopoff, L. (1952) “On Rayleigh Wave Velocities” Bulletin of theSeismological Society of
America, Vol 42, pp. 307-308.

242

Kolokolow A.A. (1999) “Fresnel formulas and the principle of causality”,Physics-Uspaki,
42(9)
Korschunow, “On surface-waves in loose materials of the soil”, Geophys. Prosp. 3(1955), no.
4, 359–380.
Kosik, “Propagation of a nonlinear seismic pulse in an anelastic homogenousmedium”,
Geophysics 58 (1993), no. 7, 949–963.
Kovach, “Seismic surface waves: some observations and recent developments”,Phys. Chem.
Earth. 6 (1965), 251–314.
Kramer S.L. (1996) “Geotechnical Earthquake Engineering”, Prentice Hall,NewYork
Kuzmich A., Dogariu A., Wang L.J, Milonni P.W. and Chiao R.Y. (2001)”Signal Velocity,
Causality and quantum Noise in Superluminal LightPropagation”, Phys. Lett. 86, 3925
Lai and G. J. Rix, “Simultaneous inversion of Rayleigh phase velocity andattenuation for
near-surface site characterization”, Report No. GIT-CEE/GEO-98-2(Georgia Institute of
Technology, School of Civil and Environmental Engineering,1998).
Lai C.G. (1998) “Simultaneous inversion of Rayleigh phase velocity andattenuation for nearsurface site characterization”, PhD Diss., Georgia Inst. ofTechn., Atlanta (Georgia,
USA)
Lai C.G., Lo Presti D.C.F., Pallara O., Rix G.J. (1999) “Misura simultanea delmodulo di
taglio e dello smorzamento intrinseco dei terreni a piccoledeformazioni”, Atti convegno
ANIDIS (in Italian)
Lai C.G., Rix G.J. (1999) “Inversion of multi-mode effective dispersioncurves”, Pre-Failure
Deformation Characteristics of Geomaterials,Jamiolkowski M., Lancellotta R. and Lo
Presti D. eds, Balkema, Rotterdam,pp. 411-418
Lai, G. J. Rix, S. Foti, and V. Roma, “Simultaneous measurement and inversionof surface
wave dispersion and attenuation curves”, Soil Dyn. and Earth. Eng. 22(2002), 923–930.
Lai, S. Foti, and G. J. Rix, “Analysis of uncertainty is surface wave testing”,J. Geotech. and
Geoenv. Eng. (2002).
Lamb H. (1904) “On the propagation of tremors over the surface of an elasticsolid”, Philos.
Trans., vol. CCIII, pp. 1-42 References 227
Lana, O. Caselles, J. A. Canas, J. Badal, L. Pujades, and M. D. Mart´ınez, “Anelasticstructure
of the Iberian Peninsula obtained from an automated regionalizationalgorithm and
stochastic inversion”, Tectonophysics 304 (1999), 219–319.
Lancellotta R. (1987) “Geotecnica”, Zanichelli
Lancellotta R. (1995) “Geotechnical Engineering”, A.A.Balkema
Lancellotta R., Calavera J. (1999) “Fondazioni”, McGraw-Hill
Langer, G. Nunnari, and L. Occhipinti, “Estimation of seismic waveform
governingparameters with neural networks”, J. Geophys. Res. 101 (1996), no. B9,
20,109–20,118.

243

Lee and S. C. Solomon, “Simultaneous inversion of surface-wave phase velocityand
attenuation: Rayleigh and Love waves over continental and oceanics paths”, Bull.Seism.
Soc. Am. 69 (1979), no. 1, 65–95.
Lefebvre G., Karray M. (1999) “New developments in in-situ characterizationusing Rayleigh
waves”, Proc. 51st Canadian Geotechnical Conf.
Leslie and B. Evans, “The cause and effects of multilayer-generated guidedwaves”,Expl.
Geophys. 31 (2000), no. 4, 543–551.
Levander, “Fourth-order finite-difference p − sv seismograms”, Geophysics 53(1988), no. 11,
1425–1436.
Levenberg K. (1944) “A method for the solution of certain nonlinear problemsin least
squares”, Quart. Appl. Math.,2
Levin, “The effect of geophone arrays on random noise”, Geophysics 54 (1989),no. 11, 1466–
1473.
Li, “Elimination of higher modes in dispersive in-seam multimode love waves”,Geophys.
Prosp. 45 (1997), 945–961.
Lighthill, M.J. (1964) “Group Velocity”, J.Inst.Maths Applics, 1, 1-28
Lines and S. Treitel, “Tutorial: A review of least-squares inversion and itsapplication to
geophysical problems”, Geophys. Prosp. 32 (1984), 159–186.404 Bibliography
Liu and J. M. Stock, “Quantitative determination of uncertainties in seismicrefraction
prospecting”, Geophysics 58 (1993), no. 4, 553–563.
Liu, B. Luke, and C. Calder´on, “A scheme to generate starting models for interpretationof
shallow surface wave data”, in Symposium on the Application of Geophysicsto
Engineering and Environmental Problems (Environmental and Engineering
GeophysicalSociety, 2002), 1–11.
Liu, C.-D. Tsai, and T.-T. Wu, “Inversion of the elastic parameters of a layeredmedium”, J.
Acoust. Soc. Am. 97 (1995), no. 3, 1687–1693.
Liu, D. M. Boore, W. B. Joyner, D. H. Oppenheimer, R. E. Warwick,W. Zhang, J. C.
Hamilton, and L. T. Brown, “Comparison of phase velocities fromarray measurements
of Rayleigh waves associated with microtremor and results calculatedfrom borehole
shear-wave velocity profiles”, Bull. Seism. Soc. Am. 90 (2000),no. 3, 666–678.
Lo Presti D., Jamiolkowski M., Pepe M. (2002) “Geotechnical Characterisationof the subsoil
of the Pisa Tower”, International Workshop on Characterisationand Engineering
Properties of Natural Soils, Singapore
Lomax and R. Snieder, “Finding sets of acceptable solutions with a genetic algorithmwith
application to surface wave group dispersion in Europe”, Geophys. Res.Lett. 21 (1994),
no. 24, 2617–2620.
Long and T. Toteva, “Differential surface-wave interpretation of temporalchanges in
velocity”, in Soc. Expl. Geophys. 72nd Ann. Internat. Mtg. (Soc. Expl.Geophys., 2002),
1559–1562.
Long, A. H. Kocaoglu, and J. Martin, “Shallow S-wave structure can be interpretedfrom
surface-wave group-velocity tomography”, in Symposium on the Appli-cation of
244

Geophysics to Engineering and Environmental
Engineering Geophysical Society, 2000), 39–45.

Problems

(Environmentaland

Lou and J. A. Rial, “Application of the wavelet transform in detecting multipleevents of
microearthquake seismograms”, Geophys. Res. Lett. 22 (1995), no. 16,2199–2202.
Louie, “Faster, better: Shear-wave velocity to 100 meters depth from refractionmicrotremor
arrays”, Bull. Seism. Soc. Am. 91 (2001), no. 2, 347–364.
Love, A.E.H. (1892) “Mathematical Theory of Elasticity”“, CambridgeUniveristy, 643 pp.
Luco J.E., Apsel R.J. (1983) “On the green functions for a layered half-space.Part I”, Bullettin
of the Seismological Society of America, vol. 73 (4), pp.909-929
Luke and J. E. Brady, “Application of seismic surface waves at a pre-Columbiansettlement in
Honduras”, Archaeol. Prospect. 5 (1998), 139–157.Bibliography 405
Luke and K. H. Stokoe II, “Application of SASW method underwater”, J.Geotech. and
Geoenv. Eng. 124 (1998), no. 6, 523–531.
Luke B.A. (1994) “In situ measurements of stiffness profiles in the seafloorusing the SpectralAnalysis-of-Surface-Waves (SASW) method”, PhD Diss.,Un. of Texas at Austin
Luke, B. Lee, S. Joong-Aug, K. H. Stokoe II, and S. G. Wright, “Influence ofhigher modes
and test geometry on SASW measurements underwater”, in Soc. Expl.Geophys. 66th
Ann. Internat. Mtg. (Soc. Expl. Geophys., 1996), 851–854.
Luke, B.A. and Stokoe, K.H., II (1998), “Application of SASW MethodUnderwater,” Journal
of Geotechnical and Geoenvironmental Engineering,Vol. 124, No. 6, June, pp. 523-531
Luke, C. Calder´on-Mac´ıas, R. C. Stone, and M. Huynh, “Non-uniqueness in inversionof
seismic surface-wave data”, in Symposium on the Application of Geophysicsto
Engineering and Environmental Problems (Environmental and Engineering
GeophysicalSociety, 2003), 1–6.
Lysmer and L. A. Drake, “A finite element method for seismology”, in Methods
incomputational physics, Ed. B. A. Bolt, pp. 181–216 (Academic Press, 1972).
Muller, “The reflectivity method: a tutorial”, J. Geophys. 58 (1985), 153–174.
Mackenzie, P. K. H. Maguire, P. Denton, J. Morgan, and M. Warner, “Shallowseismic
velocity structure of the Chicxulub impact crater from modelling of Rgdispersion using
a genetic algorithm”, Tectonophysics 338 (2001), 97–112.
Mahtab A., Stanton K.L., Roma V. “Environmental Impacts of Blasting for Stone Quarries
near Bay of Fundy”, 6th Bay of Fundy Workshop, September 29-October 2, 2004,
Cornwallis Park, Nova Scotia.
Malagnini L., Herrmann R.B., Biella G., de Frando R. (1995) “Rayleigh wavesin quaternary
alluvium from explosive sources: determination of shear-wavevelocity and Q structure”,
Bull. of Seism. Soc. of A., vol. 85, pp. 900-922
Malagnini, “Velocity and attenuation structure of very shallow soils: Evidence fora
frequency-dependent Q”, Bull. Seism. Soc. Am. 86 (1996), no. 5, 1471–1486.
Malagnini, R. B. Herrmann, A. Mercuri, S. Opice, G. Biella, and R. de Franco,”Shear-wave
velocity structure of sediments from the inversion of explosion-inducedRayleigh waves:

245

comparison with cross-hole measurements”, Bull. Seism. Soc. Am.87 (1997), no. 6,
1413–1421.
Malagnini, R. B. Herrmann, G. Biella, and R. de Franco, “Rayleigh waves inQuaternary
alluvium from explosive sources: Determination of shear-wave velocityand Q
structure”, Bull. Seism. Soc. Am. 85 (1995), no. 3, 900–922.
Malischewsky, Surface waves and discontinuities (Elsevier Scientific PublishingCompany,
1987).
Mallick and L. N. Frazer, “Practical aspects of reflectivity modelling”, Geophysics52 (1987),
no. 10, 1355–1364.
Mancuso C. (1992) “Misura in sito delle proprietà dei terreni mediante provedinamiche”, Tesi
di Dottorato (PhD Diss.), Un. Federico II, Napoli (in Italian)
Mancuso C. (1995) “Aspetti metodologici ed applicazione della tecnicasperimentale SASW”,
Rivista Italiana di Geotecnica, vol. 24, AGI, pp. 271-287 (in Italian)
Mari, “Estimation of static corrections for shear-wave profiling using the dispersionproperties
of Love waves”, Geophysics 49 (1984), no. 8, 1169–1179.
Marquardt D.W. (1963) “An algorithm for least squares estimation of nonlinearparameters”,
J.Soc.Indus.Appl.Math. 2.
Mars and H. A. Pedersen, “Separation of dispersive waves and phase velocity
enhancement”,in Soc. Expl. Geophys. 62nd Ann. Internat. Mtg. (Soc. Expl.
Geophys.,1992), 1223–1226.406 Bibliography
Mart´ınez, X. Lana, J. Olarte, J. Badal, and J. A. Canas, “Inversion of Rayleighwave phase
and group velocities by simulated annealing”, Phys. Earth. Plan. Int. 122(2000), 3–17.
Matthews M.C., Hope V.S., Clayton C.R.I. (1996) “The use of surface wavesin the
determination of ground stiffness profiles”, Geotechnical Eng., vol.119, Proc. Inst. Civ.
Eng, pp. 84-95
Matthews, V. S. Hope, and C. R. I. Clayton, “The use of surface waves in thedetermination of
ground stiffness profiles”, Proc. Instn. Civ. Engrs. Geotech. Engrg.119 (1996), no. Apr,
84–95.
Mayne and G. J. Rix, “gmax −qc relationships for clays”, Geotechnical TestingJournal 16
(1993), no. 1, 54–60.
Mayne, P.W. (2000c) “USGS-CERI Memphis-Shelby County Seismic Hazardmapping
Project: Site Response Data”,
Mayne, P.W. et al. (2000b) “Seismic CPT Soundings at Wolf River inMemphis,Tennessee”,
McCann, E. M. Andrew, and C. McCann, “Seismic sources for shallow reflectionsurveying”,
Geophys. Prosp. 33 (1985), 943–955.
McMechan G.A., Yedlin M.J. (1981) “Analysis of dispersive waves by wavefield
transformation”, Geophysics, vol. 46, pp. 869-874
Meier R.W., Rix, G.J. (1993) “An initial study of surface wave inversion usingartificial neural
networks”, Geotech. Testing J., ASTM, pp. 425-431

246

Meju, Geophysical data analysis: Understanding inverse problem theory andpractice (Soc.
Expl. Geophys., 1994). Course Notes Series, No.6.
Menke, W. (1989) “Geophysical Data Analysis: Discrete Inverse Theory”,Academic Press,
289 p.
Menzies B., Matthews M. (1996) “The continuous surface-wave system: amodern technique
for site investigation”, Special Lecture: Indian Geot. Conf.,Madras
Menzies, “Near-surface site characterisation by ground stiffness profilingusing surface wave
geophysics”, in Instrumentation in Geotechnical En-gineering. H. C. Verma
Commemorative Volume, Eds. K. R. Saxena andV. M. Sharma, pp. 43–71 (Oxford &
IBH Publishing Co. Pvt. Ltd., 2001).
Michaels and R. B. Smith, “Surface wave inversion by neural networks (radialbasis functions)
for engineering applications”, J. Env. and Eng. Geophys. 2 (1997),no. 1, 65–76.
Miller, C. B. Park, J. M. Ivanov, J. Xia, D. R. Laflen, and C. Gratton,”MASW to investigate
anomalous near-surface materials at the Indian refinery inLawrenceville, Illinois”,
Open-File Report 2000-4 (Kansas Geological Survey,2000).
Miller, J. Xia, and C. B. Park, “Love waves: A menace to shallow shear wavereflection
surveying”, in Soc. Expl. Geophys. 71st Ann. Internat. Mtg. (Soc. Expl.Geophys.,
2001), 1377–1381.
Miller, J. Xia, and D. W. Steeples, “Shallow seismic reflection does not alwayswork”, in Soc.
Expl. Geophys. 68th Ann. Internat. Mtg. (Soc. Expl. Geophys., 1998),852–855.
Miller, J. Xia, C. B. Park, and J. M. Ivanov, “Multichannel analysis of surfacewaves to map
bedrock”, The Leading Edge 18 (1999), no. 12, 1392–1396.
Miller, J. Xia, C. B. Park, J. Ivanov, and E. Williams, “Using MASW to mapbedrock in
Olathe, Kansas”, in Soc. Expl. Geophys. 69th Ann. Internat. Mtg. (Soc.Expl. Geophys.,
1999), 433–436.
Miller, S. E. Pullan, D. W. Steeples, and J. A. Hunter, “Field comparisonof shallow seismic
sources near Chino, California”, Geophysics 57 (1992), no. 5,693–709.
Miller, S. E. Pullan, J. S. Waldner, and F. P. Haeni, “Field comparison ofshallow seismic
sources”, Geophysics 51 (1986), no. 11, 2067–2092.
Misiek, A. Liebig, A. Gyulai, T. Ormos, M. Dobroka, and L. Dresen, “A jointinversion
algorithm to process geoelectric and surface wave seismic data. Part II:applications”,
Geophys. Prosp. 45 (1997), no. 1, 65–85.
Mitchell B.J. (1975) “Regional Rayleigh Wave Attenuation in North America”,J.Geophysical
Research, vol. 80, pp. 4904-4916
Mokhtar, R. B. Herrmann, and D. R. Russell, “Seismic velocity and Q modelfor the shallow
structure of the Arabian shield from short-period Rayleigh waves”,Geophysics 53
(1988), no. 11, 1379–1387.
Monk, “Lena: A seismic model”, The Leading Edge 21 (2002), no. 5, 438–444.
Muyzert and R. Snieder, “The influence of errors in source parameters on phasevelocity
measurements of surface waves”, Bull. Seism. Soc. Am. 86 (1996), no. 6,1863–1872.

247

Nakanishi, “Surface wave tomography: velocity and Q”, in Seismic tomographytheory and
practice, Eds. H. M. Iyer and K. Hirahara, pp. 92–132 (Chapman andHall, 1993).
Nazarian and K. H. Stokoe II, “Nondestructive testing of pavements using surfacewaves”,
Trans. Res. Rec. 993 (1984), 67–79.408 Bibliography
Nazarian and K. H. Stokoe II, “Use of surface waves in pavement evaluation”, Trans. Res.
Rec. 1070 (1986),132–144.
Nazarian and M. R. Desai, “Automated surface wave method: field testing”, J.Geotech. Eng.
119 (1993), no. 7, 1094–1111.
Nazarian S., Desai M.R. (1993) “Automated surface wave method: fieldtesting”, J.
Geotechnical Eng., vol. 119 (7), ASCE, pp. 1094-1111
Nazarian S., Stokoe II K.H. (1984) “In situ shear wave velocities from spectralanalysis of
surface waves”, Proc. 8th Conf. on Earthquake Eng. - S.Francisco,vol. 3, Prentice-Hall,
pp. 31-38
Nazarian, K. H. Stokoe II, and R. C. Briggs, “Nondestructively delineating changesin
modulus profiles of secondary roads”, Trans. Res. Rec. 1136 (1987), 96–107.
Nazarian, K. H. Stokoe II, and W. R. Hudson, “Use of spectral analysis of surfacewaves
method for determination of moduli and thicknesses of pavement systems”,Trans. Res.
Rec. 930 (1983), 38–45.
Nazarian, K. H. Stokoe II, R. C. Briggs, and R. Rogers, “Determination of pavementlayer
thicknesses and moduli by SASWmethod”, Trans. Res. Rec. 1196 (1988),133–150.
Nazarian, S. (1984) “In Situ Determination of Elastic Moduli of Soil Depositsand Pavement
Systems by Spectral Analysis of Surface Waves Method.”Ph.D. Dissertation, The
University of Texas at Austin.
Nazarian, S. and Stokoe, K.H. II, (1984) “Use of Surface Waves in PavementEvaluation.”
Transportation Research Record, Vol. 1070, pp. 132-144.
Nazarian, S., Baker, M., and Crain, K. (1995). “Use of seismic pavementanalyzer in pavement
evaluation,” Transportation Research Record 1505,pp.1-8.
Nazarian, S., Yuan, D., and Baker M.R. (1994). “Automation of spectral analysis of surface
waves method,” Dynamic Geotechnical Testing II, ASTMSTP1213, pp 88-100.
Nolet and G. F. Panza, “Partitioned waveform inversion and two-dimensional structure under
thenetwork of autonomously recording seismographs”, J. Geophys. Res. 95 (1990),no.
B6, 8499–8512.
Nolet G. and Panza G.F. (1976) “Array analysis of seismic surface waves:limits and
possibilities”, Pure and applied Geophysics, 114.
Nolet, “Imaging the upper mantle with partitioned non-linear waveform inversion”,in Seismic
tomography theory and practice, Eds. H.M. Iyer and K. Hirahara, pp. 248–264
(Chapman and Hall, 1993).
Novotn´y, “Methods of computing the partial derivatives of dispersion curves”,Pure Appl.
Geophys. 114 (1976), 765–775.
Ojo and R. F. Mereu, “Athe effect of random velocity fluctuations on the traveltimes and
amplitudes of seismic waves”, Geophys. J. Roy. Astr. Soc. 84 (1986), no. 3,607–618.
248

Oliver, “A summary of observed seismic surface wave dispersion”, Bull. Seism.Soc. Am. 52
(1962), no. 1, 81–86.
OPCM 3274 20.3.2003: “Primi elementi in materia di criteri generali per la classificazione
sismica del territorio nazionale e di normative tecniche per le costruzioni in zona sismica”
e successive modificazioni e integrazioni.
Ozalaybey, M. K. Savage, A. F. Sheehan, J. N. Louie, and J. N. Brune, “Shear-wavevelocity
structure in the northern Basin and Range provinces from the combinedanalysis of
receiver functions and surface waves”, Bull. Seism. Soc. Am. 87 (1997),no. 1, 183–
199.Bibliography 409
Panza, F. Romanelli, and F. Vaccari, “Realistic modelling of waveforms inlaterally
heterogeneous anelastic media by modal summation”, Geophys. J. Internat.143 (1900),
340–352.
Parasnis, Principles of applied geophysics (Chapman and Hall, fourth ed.,1986).
Park and D. S. Kim, “Evaluation of the dispersive phase and group velocitiesusing harmonic
wavelet transform”, NDT&E Int. 34 (2001), 457–467.
Park, C.B., Miller, R.D., and Xia, J. (1999) “Multimodal Analysis of HighFrequency Surface
Waves.” The Symposium on the Application ofGeophysics to Engineering and
Environmental Problems, ConferenceProceedings, March 14-18, Oakland, CA, 115121.
Park, J. Ivanov, R. D. Miller, J. Xia, and N. Ryden, “Seismic investigationof pavements by
MASW method–geophone approach”, in Symposium on the Appli-cation of
Geophysics to Engineering and Environmental Problems (Environmentaland
Engineering Geophysical Society, 2001), 1–9.
Park, N. Ryden, R. Westerhoff, and R. D. Miller, “Lamb waves observedduring MASW
surveys”, in Soc. Expl. Geophys. 72nd Ann. Internat. Mtg. (Soc.Expl. Geophys., 2002),
1400–1403.
Park, R. D. Miller, and H. Miura, Optimum field parameters of anMASW survey, in Buturi
Tansa
Gakkai
(Soc.
Expl.
Geophys.
Japan,
2003).www.terrajp.co.jp/OptimumFieldParametersMASWPark.pdf.
Park, R. D. Miller, and J. Ivanov, “Filtering surface waves”, in Symposium onthe Application
of Geophysics to Engineering and Environmental Problems (Environmentaland
Engineering Geophysical Society, 2002), 1–10.
Park, R. D. Miller, and J. Xia, “Detection of higher mode surface waves over unconsolidated
sediments bythe MASW method”, in Symposium on the Application of Geophysics to
Engineeringand Environmental Problems (Environmental and Engineering Geophysical
Society,2000), 1–9.
Park, R. D. Miller, and J. Xia, “Higher mode observation by the MASW method”, in Soc.
Expl. Geophys.69th Ann. Internat. Mtg. (Soc. Expl. Geophys., 1999), 524–527.
Park, R. D. Miller, and J. Xia, “Imaging dispersion curves of surface waves on multi-channel
record”, in Soc.Expl. Geophys. 68th Ann. Internat. Mtg. (Soc. Expl. Geophys., 1998),
1377–1380.

249

Park, R. D. Miller, and J. Xia, “Multi-channel analysis of surface waves usingVibroseis
(MASWV)”, in Soc. Expl. Geophys. 66th Ann. Internat. Mtg. (Soc. Expl.Geophys.,
1996), 68–71.
Park, R. D. Miller, and J. Xia, “Multichannel analysis of surface waves”, Geophysics 64
(1999), no. 3, 800–808.
Park, R. D. Miller, and J. Xia, “Offset and resolution of dispersion curve in multichannel
analysis of surfacewaves (MASW)”, in Symposium on the Application of Geophysics
to Engineeringand Environmental Problems (Environmental and Engineering
Geophysical Society,2001), 1–6.410 Bibliography
Park, R. D. Miller, J. Xia, and J. Ivanov, “Multichannel analysis of underwatersurface waves
near Vancouver, B.C., Canada”, in Soc. Expl. Geophys. 70th Ann.Internat. Mtg. (Soc.
Expl. Geophys., 2000), 1303–1306.
Parker, “Understanding inverse theory”, Ann. Rev. Earth Planet. Sci. 5 (1977),35–64.
Passier and R. K. Snieder, “Using differential waveform data to retrieve localS velocity
structure or path-averaged S velocity gradients”, J. Geophys. Res. 100(1995), no. B12,
24,061–24,078.
Pedersen, J. I. Mars, and P.-O. Amblard, “Improving surface-wave groupvelocity
measurements by energy reassignment”, Geophysics 68 (2003), no. 2, 677–684.
Pilant and L. Knopoff, “Inversion of phase and group slowness dispersion”, J.Geophys. Res.
75 (1970), no. 11, 2135–2136.
Pilant, Elastic waves in the earth (Elsevier Scientific Publishing Company,1979).
Poran, J. A. Rodriguez-Ordo˜nez, and T. Satoh, “A new interpretation techniqueof surface
wave measurements for geotechnical profiling”, in Symposium on the Ap-plication of
Geophysics to Engineering and Environmental Problems (Environmentaland
Engineering Geophysical Society, 1996), 711–721.
Prakash and Puri (1988), “Foundations for machines: analysis and design”, J.Wiley and Sons.
Press and M. Ewing, “Ground roll coupling to atmospheric compressional waves”,
Geophysics 16(1951), no. 3, 416–430.
Press and M. Ewing, “Low-speed layer in water-covered areas”, Geophysics 13(1948), no. 3,
404–420.
Press and M. Ewing, “Propagation of explosive sound in a liquid layer overlying a semiinfiniteelastic solid”, Geophysics 15 (1950), no. 3, 426–446.
Press W.H., Teukolsky S.A., Vetterling W.T., Flannery B.P. “NumericalRecipies in FortranThe Art of Scientific Computing”, Cambridge (UK),Cambridge Univerity Press, 2nd
Edition
Pujol “Elastic wave propagation and generation in seismology”, (book onpreparation),
University of Memphis, USA, Personal communication.
Pujol, (2001), University of Memphis, USA, Personal communication.
Roesset, D. Chang, and K. H. Stokoe II, “Comparison of 2–D and 3–D modelsfor analysis of
surface wave tests”, in Proceedings 5th Int. Conf. on Soil Dyn. andEarth. Eng.
(Karlsruhe University, 1991), 111–126.
250

Rayleigh, Third Baron (Strutt, John William) (1885), “On Waves PropagatedAlong the Plane
Surface of an Elastic Solid,” Proceedings of the LondonMathematical Society, Vol. 17,
pp. 4-11.
Reklaitis G.V., Ravindran A., Ragsdell K.M. (1996) “EngineeringOptimization Methods and
Applications”, John Wiley and Sons, New York
Richart, F.E Jr., Hall, J.R. Jr., and Woods, R.D. (1970) “Vibrations of Soils andFoundations”,
Prentice Hall, Inc., New Jersey.
Ricker, “The form and nature of seismic waves and the structure of seismograms”,Geophysics
5 (1940), no. ???, 348–366.
Rix and C. G. Lai, “Simultaneous inversion of surface wave velocity and attenuation”,in
Geotechnical Site Characterization. Proceedings of the 1st InternationalConference on
Site Characterization-ISC”98, Eds. P. K. Robertson and P. W. Mayne(A. A. Balkema,
1998), 503–508.
Rix and E. A. Leipski, “Accuracy and resolution of surface wave inversion”, inRecent
advances in instrumentation, data acquisition and testing in soil dynamics,Eds. S. K.
Bhatia and G. W. Blaney, in Geotechnical Special Publication No. 29,pp. 17–32
(American Society of Civil Engineers, 1991).
Rix and K. H. Stokoe II, “Stiffness profiling of pavement subgrades”, Trans.Res. Rec. 1235
(1989), 1–9.
Rix G, Hebeler G., Lai G., Orozco C., Roma V. (2001)”Recent Advances insurface Wave
Methods for Geotechnical Site Characterization”, XVInternational Conference on Soil
Mechanics and Geotechnical Engineering,Istanbul 27-31 Agosto
Rix G., Lai G., Foti S., Roma V.(2001) “ Simultaneous Measurement andInversion of Surface
Wave Dispersion and Attenuation Curves”, SDEE 2001( Soil Dynamics and Earthquake
Engineering ), Philadelphia, November
Rix G.J. (1988) “Experimental Analysis of Factors Affecting the Spectral-Analysis-ofSurface-Waves Method.” Ph.D. Dissertation, The University ofTexas at Austin, pp. 315.
Rix G.J. (2000-a) “Site Characterization Using Surface Waves”, Short CourseNotes.
Rix G.J., Lai C.G. (1998) “Simultaneous inversion of surface wave velocity and attenuation”,
Geotechnical Site Characterization, Robertson & Mayneeds, vol. 1, Balkema, pp. 503508
Rix G.J., Lai C.G., Wesley Spang A.W. Jr (1999b) “In situ measurement ofdamping ratio
using surface waves”, J. Geotech.and geoenvir. Eng., ASCE
Rix, “Evaluation of in situ effective shear modulus from dispersion measurments”,J. Geotech.
Eng. 118 (1992), no. 7, 1122–1125. Discussion.
Rix, C. G. Lai, and S. Foti, “Simultaneous measurement of surface wave dispersionand
attenuation curves”, Geotechnical Testing Journal 24 (2001), no. 4,350–358.
Rix, G. L. Hebeler, and M. C. Orozco, “Near-surface vs profiling in the NewMadrid Seismic
Zone using surface-wave methods”, Seis. Res. Lett. 73 (1998), no. 3,380–392.

251

Rix, K. H. Stokoe II, and J. M. Roesset, “Experimental determination ofsurface wave mode
contributions”, in Soc. Expl. Geophys. 60th Ann. Internat. Mtg.(Soc. Expl. Geophys.,
1990), 447–450.
Robertsson, A. Pugin, K. Holliger, and A. G. Green, “Effects of near-surfacewaveguides on
shallow seismic data”, in Soc. Expl. Geophys. 65th Ann. Internat. Mtg.(Soc. Expl.
Geophys., 1995), 1329–1332.
Robinson, “Spectral approach to geophysical inversion by Lorentz, Fourier,and Radon
transforms”, Proc. IEEE 70 (1982), no. 9, 1039–1054.412 Bibliography
Rodi, P. Glover, T. M. C. Li, and S. S. Alexander, “A fast, accurate methodfor computing
group-velocity partial derivatives for Rayleigh and Love waves”, Bull.Seism. Soc. Am.
65 (1975), no. 5, 1105–1114.
Roesset J.M., Chang D.W., Stokoe K.H. (1991) “Comparison of 2-D and 3-Dmodels for
analysis of surface wave tests”, Prooc. 5th Int. Conf. on SoilDyn. and Earthq. Eng.,
Kalsruhe, vol. 1, pp. 111-126
Roesset, D. Chang, K. H. Stokoe II, and M. Aouad, “Modulus and thickness ofthe pavement
surface layer from SASW tests”, Trans. Res. Rec. 1260 (1990), 53–63.
Roesset, E. Kausel, V. Cuellar, J. L. Monte, and J. Valerio, “Impact of weightfalling onto the
ground”, J. Geotech. Eng. 120 (1994), no. 8, 1394–1412.
Roma V. (2000) “Equivalence of different types of point source in evaluatingthe Apparent
Geometric Dispersion Relation of Rayleigh Waves” InternalReport N.1/2001, 2001.
Dynamics Research Group, Department OfStructural Engineering Technical University
of Turin (Politecnico di Torino)
Roma V. (2001) “Automated Inversion of Rayleigh Geometrical Dispersion Relation for
Geotechnical Soil Identification”, 3rd WCSC (World Conference on Structural Control),
Como, April 2002
Roma V. (2001) “Soil Properties and Site Characterization by means of Rayleigh Waves”,
PhD Thesis, Politecnico di Torino
Roma V. (2003) “Soil properties and Site Characterization through Rayleigh Waves”,
Deformation Characteristics of Geomaterials, IS Lyon, 22-24 Settembre 2003
Roma V. (2004) “Dynamic Soil Identification by means of Rayleigh Waves”, XI Convegno
Nazionale di Ingegneria Sismica in Italia, Genova
Roma V.(2007) “Caratterizzazione geotecnica sismica dei suoli con il metodo MASW “, XII
Convegno Ingegneria Sismica in Italia (accettato per pubblicazione)
Roma V.(2007) “Impatto ambientale causato da vibrazioni prodotte da treni ad
alta velocità “, XII Convegno Ingegneria Sismica in Italia (accettato per pubblicazione)
Roma V., Hebeler G., Rix G.J., Lai C.G. (2002) “Geotechnical Soil Characterisation using
Fundamental and Higher Rayleigh Modes Propagation in Layered Media “, 12th ECEE
(European Conference Earthquake engineering), London, September 2002
Roma V., Lancellotta R., Rix G.J. (2001) “Rayleigh Waves in Horizontally Stratified Media:
Relevance of Resonant Frequencies”, WASCOM 2001 (Wave Stability in Continuous
Media), Porto Ercole, June 2001

252

Roma V., Pescatore M.(2005): “Environmental impact caused by high speed train vibrations”,
International Geotechnical Conference: Soil-structure interaction:calculation methods
and engineering practice, 26-28 May, St. Petersburg
Roma, V. and Mahtab, M. A.(2004) “Use of Rayleigh Waves as Reference for Determining
Setback Distances for Explosions near Shorelines”, Poster Session, 6th Bay of Fundy
Workshop, September 29-October, Cornwallis Park, Nova Scotia.
Roth and K. Holliger, “Inversion of source-generated noise in high-resolutionseismic data”,
The Leading Edge 18 (1999), no. 12, 1402–1406.
Roth, K. Holliger, and A. G. Green, “Guided waves in near-surface seismic
surveys”,Geophys. Res. Lett. 25 (1998), no. 7, 1071–1074.
Ryden, C. Park, P. Ulriksen, and R. Miller, “Branching of dispersion curves insurface wave
testing of pavements”, in Symposium on the Application of Geophysicsto Engineering
and Environmental Problems (Environmental and Engineering GeophysicalSociety,
2002), 1–11.
Sanchez-Salinero,
Analytical
investigation
of
seismic
methods
used
engineeringapplications (Ph.D. thesis, University of Texas at Austin, 1987).

for

Sacchi, SeismicLab: Tools to read/write and process SEGY data with Matlab(1998).
http://rubble.phys.ualberta.ca/˜sacchi/SEISMIC LAB/index.html.
Sachse, W. and Pao, Y. H. (1978), “On the determination of phase and groupvelocities of
dispersive waves in solids”, Journal of Applied Physics, Vol. 49,pp. 4320-4327.
Sambridge and G. Drijkoningen, “Genetic algorithms
inversion”,Geophys. J. Internat. 109 (1992), 323–342.

in

seismic

waveform

Sambridge and K. Mosegaard, “Monte Carlo methods in geophysical inverse problems”,Rev.
Geophys. 40 (2002), 3–1–3–30.Bibliography 413
Sambridge, “Geophysical inversion with a Neighbourhood Algorithm–I. Searchinga
parameter space”, Geophys. J. Internat. 138 (1999), 479–494.
Sànchez-Salinero I. (1987) “Analytical investigation of seismic methods usedfor engineering
applications”, PhD Diss., Un. of Texas at Austin
Sanchez-Salinero, I., Roesset, J.M. and Stokoe, K.H., II (1986). “AnalyticalStudies of Body
Wave Propagation and Attenuation,” GeotechnicalEngineering Report GR86-15,
Department of Civil Engineering, TheUniversity of Texas at Austin.
Sanchez-Salinero, J. M. Ro˜esset, K.-Y. Shao, K. H. Stokoe II, and G. J. Rix,
“Analyticalevaluation of variables affecting surface wave testing of pavements”,
Trans.Res. Rec. 1136 (1987), 86–95.
Sanchez-Salinero, J. M. Roesset, and K. H. Stokoe II, “Near-field effects on determinationof
propagation velocities of body waves”, in Soc. Expl. Geophys. 56th Ann.Internat. Mtg.
(Soc. Expl. Geophys., 1986), 129–131.
Santamarina, J. C. and Cascante, G. (1996), “Stress anisotropy and wavepropagation – A
micromechanical view”, Canadian Geotechnical Journal,Vol. 33, pp. 770-782.
Santamarina, J. C. and Fratta, D. (1998) “Introduction to Discrete Signals andInverse
Problems in Civil Engineering”, ASCE Press, Reston, 327p.
253

Santamarina, J.C., Klein, K. and Fam, M. (2000). Soils and Waves, John Wileyand Sons, In
Print, Chichester, 530 p.
Satoh T., Poran C.J., Yamagata K., Rodriguez J.A. (1991) “Soil profiling bySpectral Analysis
of Surface Waves”, Proc. 2th int. Conf. Recent Advances inGeot. Earthq. Eng. and Soil
Dyn.-S.Louis, pp. 1429-1434
Scales and L. Tenorio, “Prior information and uncertainty in inverse problems”,Geophysics
66 (2001), no. 2, 389–397.
Scales and R. Snieder, “To Bayes or not to Bayes?”, Geophysics 62 (1997),no. 4, 1045–1046.
Scales, P. Docherty, and A. Gersztenkorn, “Regularisation of nonlinear inverseproblems:
imaging the near-surface weathering layer”, Inverse Problems 6 (1990),1–131.
Scherbaum, K.-G. Hinzen, and M. Ohrberger, “Determination of shallow shearwave velocity
profiles in the Cologne, Germany area using ambient vibrations”, Geo-phys. J. Internat.
152 (2003), 597–612.
Schmeissner, K. T. Spikes, and D. W. Steeples, “Recording seismic reflectionsusing rigidly
interconnected geophones”, Geophysics 66 (2001), no. 6, 1838–1842.
Schneider, J.A. (1999) “Liquefaction Response of Mid-America SoilsEvaluated by Seismic
Cone Tests”, Master”s Thesis, School of Civil andEnvironmental Engineering, Georgia
Institute of Technology, Atlanta, GA,August, 273 pp.
Schwab and L. Knopoff, “Surface-wave dispersion computations”, Bull. Seism.Soc. Am. 60
(1970), no. 2, 321–344.
Schwab, F., and Knopoff, L. (1971) “Surface Waves on Multilayered AnelasticMedia”,
Bullettin of the seismological society of America, Vol.61,n4
Schwab, F., and Knopoff, L. (1972) “Fast Surface Wave and Free ModeComputations.”
Methods of Computational Physics, Vol. 11, Ed. Bolt, B.A.,Academic Press, New York
, NY pp. 87-180.
Seed H.B., Wong R.T., Idriss I.M., Tokimatsu K. “Moduli and damping factorsfor dynamic
analyses of cohesionless soils” Report EERC 84-14 Universityof California, Berkeley
Seed, H. B. and Idriss, I. M. (1971). “Simplified procedure for evaluating soilliquefaction
potential,” Journal of the Soil Mechanics and Foundations Div.,ASCE, Vol. 97, SM9,
pp. 1249-1273.
Seed, H. B., Idriss, I. M., and Arango, I. (1983). “Evaluation of liquefactionpotential using
field performance data,” Journal of Geotech. Engrg., ASCE,Vol. 109, No. 3, pp. 458482.
Sezawa and K. Kanai, “Discontinuity in the dispersion curves of rayleigh waves”,Bull.
Earthq. Res. Inst. 13 (1935), 237–244.
Sezawa, “Dispersion of Rayleigh waves propagated on the surface of stratifiedbodies and
curved surfaces”, Bull. Earthq. Res. Inst. 3 (1927), 1–18.
Shapiro and M. H. Ritzwoller, “Monte-Carlo inversion for a global shear velocitymodel of the
crust and upper mantle”, Geophys. J. Internat. 151 (2002), 88–105.414 Bibliography

254

Shapiro and S. K. Singh, “A systematic error in estimating surface-wave
groupvelocitydispersion curves and a procedure for its correction”, Bull. Seism. Soc.
Am.89 (1999), no. 4, 1138–1142.
Shapiro, S. K. Singh, D. Almora, and M. Ayala, “Evidence of the dominanceof higher-mode
surface waves in the lake-bed zone of the Valley of Mexico”, Geophys.J. Internat. 147
(2001), 517–527.
Shearer, Introduction to seismology (Cambridge University Press, 1999).
Sheriff R.E., Geldart L.P. (1995) “Exploration seismology”, University Press,Cambridge
Sheriff, Encyclopedic dictionary of exploration geophysics (Soc. Expl. Geophys.,third ed.,
1991).
Sheu, K. H. Stokoe II, and J. M. Roesset, “Effect of reflected waves in SASWtesting of
pavements”, Trans. Res. Rec. 1196 (1988), 51–61.
Shibutani, M. Sambridge, and B. Kennett, “Genetic algorithm inversion for receiverfunctions
with application to crust and uppermost mantle structure beneathEastern Australia”,
Geophys. Res. Lett. 23 (1996), no. 14, 1829–1832.
Shtivelman, “Using surface waves for estimating shear wave velocities in the
shallowsubsurface onshore and offshore Israel”, Eur. J. Env. and Eng. Geophys. 4
(1999),15–35.
Silvestri and Lanzo, (1999) “Risposta Sismica Locale”, Hevelius Edizioni
Snoke and M. Sambridge, “Constraints on the s wave velocity structure ina continental shield
from surface wave data: Comparing linearized least squaresinversion and the direct
search Neighbourhood Algorithm”, J. Geophys. Res. 107(2002), no. B5, ESE 4.
Somigliana,C (1917-1918) “Sulle onde di Rayleigh” Atti accad.scienza diTorino,vol
53,pp618-628
Sommerfeld A., “Mechanics of Deformable Bodies” Academic Press, Inc. NewYork, 1950
Song, J. P. Castagna, R. A. Black, and R. W. Knapp, “Sensitivity of nearsurfaceshear-wave
velocity determination from Rayleigh and Love waves”, in Soc.Expl. Geophys. 59th
Ann. Internat. Mtg. (Soc. Expl. Geophys., 1989), 509–512.
Spang, A.W., (1995) “In Situ Measurements of Damping Ratio Using SurfaceWaves,
Master”s Thesis, School of Civil and Environmental Engineering,Georgia Institute of
Technology, Atlanta, GA, September.
Spikes, D. W. Steeples, C. M. Schmeissner, R. Prado, and M. Pavlovic, “Varyingthe effective
mass of geophones”, Geophysics 66 (2001), no. 6, 1850–1855.
Starostenko and A. N. Zavorot”ko, “A Fortran-77 program for solving systemsof linear
equations by the method of minimal discrimination of unknown quantities:A procedure
of stable inversion of geophysical data”, Comput. and Geosci. 2 (1996),no. 1, 3–
13.Bibliography 415
Steeples and R. D. Miller, “Avoiding pitfalls in shallow seismic reflectionsurveys”,
Geophysics 63 (1998), no. 4, 1213–1224.
Steeples, G. S. Baker, and C. Schmeissner, “Toward the autojuggie: Planting72 geophones in
2 sec”, Geophys. Res. Lett. 26 (1999), no. 8, 1085–1088.
255

Steeples, G. S. Baker, C. Schmeissner, and B. K. Macy, “Geophones on aboard”, Geophysics
64 (1999), no. 3, 809–814.
Stokoe II and S. Nazarian, “Use of Rayleigh waves in liquefaction studies”, inMeasurement
and use of shear wave velocity for evaluating dynamic soil properties,Ed. R. D. Woods,
pp. 1–17 (American Society of Civil Engineers, 1985).
Stokoe II and Santamarina, (2000) “Seismic-Wave-Based Testing inGeotechnical Engineering
“, Melbourne
Stokoe II, S. G. Wright, J. A. Bay, and J. M. Ro˜esset, “Characterization ofsites by SASW
method”, in Geophysical characterization of sites, Ed. R. D. Woods,pp. 15–25 (A. A.
Balkema, 1994). ISSMFE Technical Committee#10.
Stokoe K.H. II, Nazarian S., Rix G.J., Sanchez-Salinero I., Sheu J., Mok Y.(1988) “In situ
seismic testing of hard-to-sample soils by surface wavemethod”, Earthq. Eng. and Soil
dyn. II - Recent adv. in ground-motion eval. -Park City, ASCE, pp. 264-277
Stokoe K.H. II, Wright S.G., J.A. Bay, J.M. Roesset (1994) “Characterizationof geotechnical
sites by SASW method”, Geophysical Characterization ofSites (ISSMFE TC#10) by
R.D. Woods, Oxford & IBH Publ., pp. 15-25
Stokoe, K. H., II, Darendeli, M. B., Andrus, R. D. and Brown, L. T. (1999)”Dynamic soil
properties: laboratory, field and correlation studies,”Proceedings, Second International
Conference on Earthquake GeotechnicalEngineering, Sêco e Pinto, Editor, A.A.
Balkema Publishers/Rotterdam &Brookfield, Netherlands, Vol. 3, pp. 811-845.
Stokoe, K.H., et al., (1994), “Characterization of Geotechnical Sites by SASWMethod” in
Geophysical Characterization of Sites, Edited R. D. Woods,International Science
Publisher, New Hampshire
Stokoe, K.H., II and Nazarian, S. (1985), “Use of Rayleigh Waves inLiquefaction Studies,”
Proceedings, Measurement and Use of Shear WaveVelocity for Evaluating Dynamic
Soil Properties, J. GeotechnicalEngineering Division, ASCE, May, pp. 1-17.
Street, R. (1999), “Shear Wave Velocities of the Post-Paleozoic Sediments inthe Memphis,
Tennessee, Metropolitan Area” Final Technical Report U.S.Geological Survey National
Earthquake Hazards Reduction Program, AwardNumber 1434-HQ-98-GR-0014, US
Government Printing Office,Washington, DC, August 15.
Street, R. (2000) “USGS-DERI Memphis-Shelby County Seismic Hazardmapping Project:
Site Response Data”,
Street, R., and Nuttli, O. (1984) “The Central Mississippi Valley Earthquakesof 1811-1812,”
in Proceedings of the Symposium on “The New MadridSeismic Zone,” U.S. Geological
Survey Open-File Report 84-770, p. 33-63.
Stump, M. A. H. Hedlin, D. C. Pearson, and V. Hsu, “Characterization of miningexplosions at
regional distances: Implications with the International MonitoringSystem”, Rev.
Geophys. 40 (2002), no. 4, 2.
Suzuki, K. Hayashi, and D. Nobuoka, “Application of the surface wave method todelineate
two-dimensional shallow subsurface structure”, in Symposium on the Appli-cation of
Geophysics to Engineering and Environmental Problems (Environmentaland
Engineering Geophysical Society, 2001), SSM–2.
256

Szelwis and A. Behle, “Shear-wave velocity of the weathering zone from multimodalRayleigh
waves”, in Soc. Expl. Geophys. 54th Ann. Internat. Mtg. (Soc. Expl.Geophys., 1984),
721–723.
Takeuchi and M. Saito, “Seismic surface waves”, in Methods in computationalphysics, Ed. B.
A. Bolt, pp. 217–294 (Academic Press, 1972).
Takeuchi, J. Dorman, and M. Saito, “Partial derivatives of rayleigh wave phasevelocity with
respect to physical parameter changes within the Earth”, J. Geophys.Res. 69 (1964), no.
16, 3429–3441.
Tatham, “Surface-wave dispersion applied to the detection of sedimentarybasins”, Geophysics
40 (1975), no. 1, 40–55.416 Bibliography
Tatham, D. V. Goolsbee, W. F. Massell, and H. Roice Nelson, “Seismic
shearwaveobservations in a physical model experiment”, Geophysics 48 (1983), no.
6,688–701.
Thomson, W.T. (1950), “Transmission of Elastic Waves Through a StratifiedSolid,” Journal
of Applied Physics, Vol. 21, pp. 89-93.
Tittmann and J. M. Richardson, “Estimation of surface-layer structure fromRayleigh-wave
dispersion. iii. Sparse data case - interpretation of experimental data”,J. Appl. Phys. 49
(1978), no. 10, 5242–5249.
Tokimatsu and A. Uchida, “Correlation between liquefaction resistance and shearwave
velocity”, Soils and Foundations 30 (1990), no. 2, 33–42.
Tokimatsu K. (1995) “Geotechnical site characterisation using surface waves”,Prooc. 1st Int.
Conf. on Earth. Geotechn. Eng., IS-Tokio , pp. 36
Tokimatsu K., Kuwayama S., Tamura S., Miyadera Y. (1991) “Vsdetermination from steady
state Rayleigh Wave mwthod”, Soils andFoundations, vol. 31 (2), Jap. Soc. Soil Mech.,
pp. 153-163
Tokimatsu K., Shinzawa K., Kuwayama S. (1992a) “Use of short-periodmicrotremors for Vs
profiling”, J. Geotechnical Eng. , vol. 118 (10),ASCE,pp. 1544-1558
Tokimatsu K., Tamura S., Kojima H. (1992b) “Effects of multiple modes onRayleigh wave
dispersion characteristics”, J. Geotechnical Eng., vol. 118(10), ASCE, pp. 1529-1543
Tokimatsu, “Geotechnical site characterization using surface waves”, in Earth-quake
Geotechnical Engineering, Ed. K. Ishihara, pp. 1333–1368 (Balkema, 1997).
Tokimatsu, K. and Uchida, A. (1990). “Correlation between liquefactionresistance and shear
wave velocity,” Soils and Foundations, Vol. 30, No. 2,pp. 33-42.
Tokimatsu, K. Shinzawa, and S. Kuwayama, “Use of short period microtremorsfor VS
profiling”, J. Geotech. Eng. 118 (1992), no. 2, 1544–1558.
Tokimatsu, S. Kuwayama, S. Tamura, and Y. Miyadera, “VS determination fromsteady state
Rayleigh wave method”, Soils and Foundations 31 (1991), no. 2, 153–163.
Tokimatsu, S. Tamura, and H. Kojima, “Effects of multiple modes on Rayleighwave
dispersion characteristics”, J. Geotech. Eng. 118 (1992), no. 2, 1529–1543.
Tolstoy (1973) “Wave propagation”, McGraw-Hill, New York

257

Trampert and J. H. Woodhouse, “Global anisotropic phase velocity maps forfundamental
mode surface waves between 40 and 150 s”, Geophys. J. Internat. 154(2003), 154–165.
Tselentis G-A., Delis G. (1998) “Rapid assessment of S-wave profiles from theinversion of
multichannel surface wave dispersion data”, Annali diGeofisica,vol. 41, pp. 1-15
Tuomi and D. R. Hiltunen, “Reliability of the SASWmethod for determinationof the shear
modulus of soils”, in Uncertainty in geologic environments: from theoryto practice
(Uncertainty 96), Ed. ???, pp. 1225–1238 (American Society of CivilEngineers, 1996).
Turner, “Aliasing in the tau−p transform and the removal of spatially aliasedcoherant noise”,
Geophysics 55 (1990), no. 11, 1496–1503.Bibliography 417
Udias, Principles of seismology (Cambridge University Press, 1999).
Ulrych, M. D. Sacchi, and A.Woodbury, “A Bayes tour of inversion: A tutorial”,Geophysics
66 (2001), no. 1, 55–69.
Van der Veen and A. G. Green, “Land streamer for shallow seismic data
acquisition:Evaluation of gimbal-mounted geophones”, Geophysics 63 (1998), no.
4,1408–1413.
Van Heijst, R. Snieder, and R. Nowack, “Resolving a low-velocity zone withsurface-wave
data”, Geophys. J. Internat. 118 (1994), 333–343.
Vardoulakis and C. Vrettos, “Dispersion law of Rayleigh-type waves in a
compressibleGibson half-space”, Int. J. Num. and Anal. Meth. Geomech. 12
(1988),639–655.
Vardoulakis and V. Dougalis, “On surface waves in a Gibson half-space”, in Pro-ceedings 1st
Int. Conf. on Rec. Adv. in Geotech. Earth. Eng. and Soil Dyn., 1 (1981),557–559.
Vasco, L. R. Johnson, and O. Marques, “Resolution, uncertainty and wholeEarth
tomography”, J. Geophys. Res. 108 (2003), no. B1, ESE 9.
Viktorov I.A. (1967) “Rayleigh and Lamb Waves: physical theory andapplications”, Plenum
Press, New York
Virieux, “P − SV wave propagation in heterogeneous media: velocity-stress finitedifference
method”, Geophysics 51 (1986), no. 4, 889–901.
Vrettos and B. Prange, “Evaluation of in situ effective shear modulus from
dispersionmeasurments”, J. Geotech. Eng. 116 (1990), no. 10, 1581–1585.
Vrettos and B. Prange, “Evaluation of in situ effective shear modulus from dispersion
measurments”,J. Geotech. Eng. 118 (1992), no. 7, 1125–1127. Closure.
Vrettos, “Simple inversion procedure for shallow seismic refraction
continuouslynonhomogenous soils”, Soil Dyn. and Earth. Eng. 15 (1996), 381–386.

in

Vucetic M. (1994) “Cyclic threshold shear strains in soils”, J. GeotechnicalEng. , vol. 120
(12) , ASCE, pp. 2208-2228
Vucetic, M.L., and Dobry, R. (1991) “The effects of soils plasticity on cyclicresponse.”
Journal of Geotechnical Engineering, Vol. 117, No. 1, ASCE, pp.898-907.
Wang L.J (2001) “Superluminal Light Propagation and Causality”, TimesHigher Education
Sopplement
258

Wang L.J, Dogariu A.and Kuzmich A. (to be published) “Superluminal LightPulse
Propagation at a negative Group Velocity”, in Coherence and QuantumOpt. Eds. J.H.
Eberly, N.P.Bigelow, C.R. Stroud and E.Wolf
Wang, “A simple orthonormalization method for stable and efficient computationof Green”s
functions”, Bull. Seism. Soc. Am. 89 (1999), no. 3, 733–741.
Watkins, J. Lysmer, and C. L. Monismith, “Nondestructive pavement evaluationby the wave
propagation method”, Report No. TE-74-2 (University of California,Berkeley, 1974).
Wattrus, “Inversion of ground roll dispersion for near-surface shear-wave velocityvariations”,
in Soc. Expl. Geophys. 59th Ann. Internat. Mtg. (Soc. Expl. Geophys.,1989), 946–
948.418 Bibliography
Wenzel and K.-J. Sandmeir, “Reflectivity method for dipping layers”, J. Geophys.Res. 93
(1988), no. B12, 15046–15056.
Whiteley, R. Fell, and J. P. MacGregor, “Vertical seismic shear wave profiling(VSSP) for
engineering assessment of soils”, Expl. Geophys. 21 (1990), 45–52.
Whitham, G.B. (1980), “Linear and Non Linear Waves”, J. Wiley & sons, NewYork
Whitham, Linear and nonlinear waves (John Wiley & Sons, Inc., 1974).
Wiggins, “The general linear inverse problem: Implication of surface wavesand free
oscillations for earth structure”, Rev. Geophys. and Space Phys. 10 (1972),no. 1, 251–
285.
Williams T.P., Gucunski N. (1995) “Neural networks for backcalculation ofmoduli from
SASW test”, J. of Computing in Civil Eng. , vol. 9 (1), ASCE,pp. 1-8
Wilmanski K., Edelman I., Radkevich E. (1999) “Surface waves at the freeinterface of a
saturated porous medium”, Preprint n513, WIAS in Berlin
Wolf (1985) “Dynamic soil-structure interaction” Prentice-Hall
Wolf (1994) “Foundation vibration analysis using simple physical models”Prentice-Hall
Wolf J.P. and Pius Obernhuber (1982) “Free-field response from inclined SVand P waves and
Rayleigh waves”, Earthquake Engineering and StructuralDynamics, Vol.10
Woods, R.D. (1994). “Borehole methods in shallow seismic exploration,”Geophysical
Characteristics of Sites, ISSMFE, Technical Committee 10 forXIII ICSMFE,
International Science Publishers, New York, pp. 91-100.
Xia, R. D. Miller, and C. B. Park, “Advantages of calculating shear-wave velocityfrom
surface waves with higher modes”, in Soc. Expl. Geophys. 70th Ann. Internat.Mtg.
(Soc. Expl. Geophys., 2000), 1295–1298.
Xia, R. D. Miller, and C. B. Park, “Estimation of near-surface shear-wave velocityby
inversion of Rayleigh waves”, Geophysics 64 (1999), no. 3, 691–700.
Xia, R. D. Miller, C. B. Park, and G. Tian, “Determining Q of near surfacematerials from
Rayleigh waves”, J. Appl. Geophys. 51 (2002), 121–129.
Xia, R. D. Miller, C. B. Park, and G. Tian, “Inversion of higher frequency surface waves with
fundamental and highermodes”, J. Appl. Geophys. 52 (2003), 45–57.

259

Xia, R. D. Miller, C. B. Park, and J. A. Hunter, “Estimation of shear wave velocityin a
compressible Gibson half-space by inverting Rayleigh wave phase velocity”, inSoc.
Expl. Geophys. 67th Ann. Internat. Mtg. (Soc. Expl. Geophys., 1997), 1917–1920.
Xia, R. D. Miller, C. B. Park, and J. A. Hunter, “Evaluation of MASW techniquein
unconsolidated sediments”, in Soc. Expl. Geophys. 69th Ann. Internat. Mtg. (Soc.Expl.
Geophys., 1999), 437–440.Bibliography 419
Xia, R. D. Miller, C. B. Park, E. Wightman, and R. Nigbor, “A pitfall in shallowshear-wave
refraction surveying”, in Soc. Expl. Geophys. 69th Ann. Internat. Mtg.(Soc. Expl.
Geophys., 1999), 508–511.
Xia, R. D. Miller, C. B. Park, E. Wightman, and R. Nigbor, “A pitfall in shallow shear-wave
refraction surveying”, J. Appl. Geophys. 51(2002), 1–9.
Xia, R. D.Miller, C. B. Park, J. A. Hunter, J. B. Harris, and J. Ivanov, “Comparingshear-wave
velocity profiles inverted from multichannel surface wave with boreholemeasurements”,
Soil Dyn. and Earth. Eng. 22 (2002), 167–258.
Yamada and K. Yomogida, “Group velocity measurement of surface waves by thewavelet
transform”, J. Phys. Earth 45 (1997), 313–329.
Yamanaka and H. Ishida, “Application of genetic algorithms to an inversion ofsurface-wave
dispersion data”, Bull. Seism. Soc. Am. 86 (1996), no. 2, 436–444.
Yilmaz O. (1987) “Seismic data processing”, Soc. of Expl. Geoph. , Tulsa
Yilmaz, Seismic data analysis: Processing, inversion and interpretation of seis-mic data, in
Investigations in geophysics, No.10 Vol. 1 (Soc. Expl. Geophys., 2001).
Yoshizawa and B. L. N. Kennett, “Non-linearwaveform inversion for surface waveswith a
neighbourhood
algorithm
application
to
multimode
dispersion
measurements”,Geophys. J. Internat. 149 (2002), 118–133.
Young and J. J. Hill, “Seismic attenuation spectra in rock mass characterization;a case study
in open-pit mining”, Geophysics 51 (1986), no. 2, 302–323.
Yuan and S. Nazarian, “Automated surface wave method: inversion technique”,J. Geotech.
Eng. 119 (1993), no. 7, 1112–1126.
Yoon SungSoo, “Array-Based Measurements of Surface Wave Dispersion and Attenuation
Using Frequency-Wavenumber Analysis”, PhD Thesis, Georgia Institute Technology,
July 2005
Zahradn´ık and V. Bucha, “Masking effects of subsurface layerson shallow reflecting
horizons”, J. Seis. Expl. 7 (1998), 73–79.
Zerwer, G. Cascante, and J. Hutchinson, “Parameter estimation in finite elementsimulations
of Rayleigh waves”, J. Geotech. and Geoenv. Eng. 128 (2002), no. 3,250–261.
Zhang, L. S. Chan, and C. Mok, “Stacked dispersion image of surface waves”,in Symposium
on the Application of Geophysics to Engineering and EnvironmentalProblems
(Environmental and Engineering Geophysical Society, 2002), 1–10.
Zhang, L. S. Chan, J. Jia, K. Tam, and R. Huang, “Anisotropy induced dispersionbehaviors of
Rayleigh waves”, in Soc. Expl. Geophys. 72nd Ann. Internat. Mtg.(Soc. Expl.
Geophys., 2002), 1404–1407.
260

Zhdanov, “Tutorial: Regularization in inversion theory”, CWP-136 (Center forWave
Phenomena, Colorado School of Mines, 1993).420 Bibliography
Ziolkowski and K. Bokhorst, “Determination of the signature of a dynamite sourceusing
source scaling, Part 2: Experiment”, Geophysics 58 (1993), no. 8, 1183–1194.
Zywicki D., Rix G.J. (1999) “Frequency-wavenumber analysis of passivesurface waves”,
Proc. Symp. on the Appl. of Geophysics to Environm. andEng. Problems, Oakland, pp.
75-84
Zywicki, D.J. (1999) “Advanced Signal Processing Methods Applied toEngineering Analysis
of Seismic Surface Waves.” Ph.D. Dissertation,Georgia Institute of Technology.

261

