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ABSTRACT

For the seismic and dynamic design of the civilieagring projects a significant role is assumedthoy
geotechnical-seismic characterization of the Jitee new Italian seismic code as well as the Euresahd other
international seismic codes require the seismie diassification made on the basis of the shearwalocity
profile. Among the several techniques of site itigagion the MASW method (Multichannel Analysis Stirface
Waves) and the ReMi method (Refraction Microtrerpaitow the determination of the shear wave velopiofile
and hence the seismic site classification by meétise measurement and the consequent analysie &dyleigh
waves. The article proposes a joint applicatiotath the active MASW and the ReMi to a real caseriter to

compare the two complementary methods.

1 INTRODUCTION 2 SEISMIC LOCAL EFFECTS AND SITE

The interest of both the scientific community and CLASSIFICATION
the professionals towards the MASW method The local seismic classification of a site essdigtia
(Multichannel Spectral Analysis of Surface Waves) consists of determining the category to which tihe s
has been increasing in the last years. belongs on the basis of the main parameters which
The reasons for such an interest are: 1) the influence the site response to earthquakes or more
increased consciousness that the design and thegenerally to external dynamic forces. Currentlyr¢he
comprehension of the structures response to dynamicis an italian code and several international codes,
forces (earthquake, wind, vibrations, explosions,)e which classify the sites on the basis of their raand
can be achieved only by identifying the dynamic their geotechnical characteristics, especially thase
properties and hence by determining the shear wavethe vertical shear wave velocity profile Vs.
velocity profile Vs of the sites by means of a mdp
studied methodology; 2) the need of a relativelyyea 2.1  Italian and European Seismic Codes
technique, which be sufficiently accurate and

overcome  some |ntr|nIS|c Qravybacks of other The seismic classification provided by the new

alternative techniques of investigation. italian seismic code O.P.C.M. n. 3274/2003 and also
by the law D.M. 15/09/2005 “Ex Testo Unico sulle
costruzioni” has been prepared following the same
criteria adopted by the Eurocode 8. As a conseguenc
there exists a satisfactory agreement betweenitde s
categories contemplated by the new ltalian seismic
code and the Eurocode 8 (see Table 1). With the



recent update D.M. 14/01/2008 some modifications 3 SEISMIC SITE CLASSIFICATION BY

have been applied to the criteria for classifyihg t MEANS OF THE MASW METHOD
sites of type A, B, C, D, E, S1, S2. Some new . . . o
conditions have been introduced concerning the 1Nne€ MASW method is a non-invasive investigation

thickness of the soil overlaying the bedrock. These technique (there is no need of boreholes), which
new conditions do not allow to consider some &llows to determine the vertical shear wave vejocit
common sites, which in the authors’ opinion should VS Py measuring the propagation of the surface wave
not be classified as special sites S2 as instead th &t Séveral sensors (accelerometers or geophones) on
referred laws does. As an example according to the the free surface of the site.

new D.M. 14/01/2008 a site where the bedrock is at The main contribution to the surface waves is
depth of 25m should be classified as site S2, 9ven by the Rayleigh waves, which travel through t
independently from its Vs30. upper part of the site at a speed, which is cdedl

The same classification would be valid for a site the stiffness of the ground. , ,
with the Vs30 comprised between 360m/s and 800m/s N @ layered soil Rayleigh waves are dispersive,

and where the bedrock is at a depth of less tham 30 that is Rayleigh waves with different wave length

All these observations have already been evidenced travel with a different speed (both phase and group
in the journal Ingegneria Sismica n.3/2008. velocities) (Achenbach, J.D., 1999, Aki, K. and
Richards, P.G., 1980 ). Dispersion means that the

apparent or effective phase (or group) velocity

2.2 Theimportance of Vs30 depends on the propagating frequency. This

) o circumstance implies that high frequency waves with

The new ltalian seismic code OPCM 3274, as well re|atively short wave lengths contain information
as the Eurocode 8 , if specific investigations raoé about the upper part of the site, instead lowtfesmy

available, determine the seismic design force @ th \aves with longer wave lengths provide information
basis of the seismic zone to which the site belongs apout the deeper layers of the site.

The italian territory has been divided into 4 seétsm The MASW method can be applied as the active
zones, which are characterized by a peak ground method or the passive method (Zywicki, D.J. 1999) o
acceleration ag for the site of type A, that isface a combination of both active and passive. In thivec

rock or very stiff homogeneous soil (see table 1). method the surface waves are generated by a source
When dealing with sites of type B, C, D E, S1, B2t |gcated at a point on the free surface and then the
seismic motion at the bedrock genera”y is differen wave motion is measured along a linear array of
from the seismic motion at the free surface, depend  sensors. In the passive method the sensors can be
on the intensity and the frequency content of the |gcated in arrays of different geometric shapeedin
seismic imput, on the thickness and the geotechnica cjrcylar, triangle, square, L shape, and the sisc
characteristics of the soil Overlaying the bedrdtla represented by the enviromental noise’ whose
specific analysis of wave propagation is not girection is not known a priori. The active method
performed at the site, then the spectral seismic generally allows to determine an experimental
acceleration at the free surface can be eVaIUt&ed b apparent phase Ve'oocity (Or dispersion Curve)mmit
means of a factor S and a spectral shape proviged b the frequency range 5Hz -70Hz. Hence the active
the seismic code. In the cas of sites of type $13M  method can give information concerning the first
the seismic code requires a specific analysis ef th 30m-35m, depending on the stiffeness of the sie. T
local seismic effects. . ~ passive method generally allows to define an
For the other types of site the classification is experimental apparent phase velocity (or dispersion
defined by means of the equivalent vertical shear curve) whithin the frequency range 5Hz -15Hz.

wave velocity Vs30 within the first significant 30of Hence the passive method can generally provide
the site: information about deeper layers, below 50m,
depending on the stiffness of the site.
_ 30 In the following both the active and the passive
Veso TTh N 1) MASW methods will be explained and the
Z i combination of both will be applied to a real caAs.
1\ Vy passive method the ReMi procedure (Refraction

Microtremors) will be used, since the results pded
where Vsi and hi are the vertical shear wave py the passive MASW and ReMi are equivalent.
velocitiy and the thickness of the i-th layer oé toil The MASW method consists of three steps (Roma,
over the bedrock. 2002): (1) in the first step the experimental appéar
phase velocity (or dispersion curve) is determined
(Figure 2), (2) in the second step the numerical-
theoretical apparent phase velocity (or dispersion



curve) is calculatedrjgure 5), (3) in the last step the
vertical shear wave velocity profile Vs is detersdn

by properly modifying the thickness h, the shear Vs
and compressional Vp wave velocities (or in
alternative to Vp it is possible to modify the Pmig’s
parametery ), the mass densitp of all the layers
considered in the site model, until the optimal chat
between the experimental and the theoretical
dispersion curves is achieveldigure 5). During step

3 the site model and hence the shear wave velocity
profile can be determined by means of a trial anore

or an automatic procedures, or a combination dfi.bot
Usually the number of layers, the Poisson’s paramet

v and the mass density are assigned and
successively the thickness and the shear waveityeloc
of the layers are modified. After the shear wave
velocity profile has been determined, then the
equivalent Vs30 can be calculated and hence the
seismic class of the site can be establiskégli¢ e 6).

It is meaningfull to acquire any additional
information about the geotechnical nature of the, si
so that the existance of the special sites of §pand
S2 can be recognized.

4 THEORETICAL BASIS OF THE MASW
METHOD

layered half-space. For a given frequeindy =2rt0,

the first mode of Rayleigh, named the fundamental
mode, corresponds to the greatest wave number,
which satisfies equation (2). The other smaller evav
numbers which satisfy equation (2) define the highe
modes of Rayleigh. Hence equation (2) for a layered
half-space establishes the existence of severaksnod
of Rayleigh, which for an assigned frequency
propagate at different phase and group velocities.

The physical interpretation of such a mathematical
model is explained by the observation of the

dispersion phenomenon, that is during the propagati

of a wave train made of several simple Rayleigh

waves, the several waves separate or disperse with
increasing time and distance, since they travel at
different velocities-(Figure 1).

In addition to the dispersion phenomenon Rayleigh
waves are subject to attenuation of their amplitude
caused by both geometric attenuation and dissgpativ
attenuation. Geometric attenuation is due to tloe fa
that the same energy is distributed to a cylindric
surface, which increases with distance from the
source. The dissipative attenuation is caused by
energy dissipation when particles oscillate around
their equilibrium positions during the wave
propagation (Roma V. 2003).

The MASW method is based on the measurement and4.2  Apparent or Effective Dispersion Curve

analysis of Rayleigh waves propagating through a
layered hlf-space.

4.1 Dispersion and Attenuation of Rayleigh Waves

The existance of propagating of the Rayleigh waves
into a layered half-space is searched by settiragto

the Rayleigh dispersion relation R(f,k). The Rayfei
dispersion relation correlates the geometric and
mechanical properties of the n layers of the layere
half-space with the frequency f and the wave number
k:

RS h,v, 0.k F)=0 ,i=1(n+]) ()

More details can be found in (Roma V. 2007, Roma
V. 2001).

The search of the roots of the equation (2) can be
performed by maintaining the frequency at a value f
and searching the wave numbers k which satisfy the
equation (2). For a layered half-space the Dispersi
relation (2) is multivalue, that is for a given walof
frequency more than one wave number k may satisfy
the relation (2). Each root of the equation (2yegi

by a couple of values (f, k) represents a sim@ee

or mode of Rayleigh, which can propagate through th

The measurement of the surface waves along the
sensors on the free surface of the ground gives th
wave motion in the time-space domalfigure 1).

The perturbation generated by the point source
contains all the several Rayleigh modes (Sv and P
waves attenuates after few meters from the point
source), which form a whole wave train and canmot b
discerned nearby the point source. The dispersion o
the Rayleigh modes can be completely observed only
at an adequate distance from the point source (this
distance is greater than about 100m in practice).

4.2.1 Experimental Dispersion Curve

When the wave field is transformed from the time-
space domain into the frequency-wave number or
equivalently into the frequency-phase velocity doma
in order to show the dispersion relation equati®h (
then it is observed that it is not possible toidgatish
among the sevaral Rayleigh modes as it is predicted
by theory. Instead of the several Rayleigh modes,
generally, only a unique apparent, also said effect
dispersion curve is observabléigure 2). The
experimental apparent dispersion curve obtaineah fro
the wave motion measured in field is the resulthef



interaction among all the several modes of Rayleigh
also included the geometric array of sensors uged f
the measurement. In fact the geometric configuraitin

concept that wave train of all the modes of Rayieig
can be considered as a unique complex perturbation,
where all the modes of Rayleigh form a unique wave

the sensors may influence the value of the apparentphase.

dispersion curve at certain frequencies (Roma V.
2001,b, Roma V. et al. 2002).

Depending on the geometric (thicknesses) and
mechanical (Vs, Vpp) of the ground layers, some
modes of Rayleigh can appear as predominant with

respect to the other modes at certain frequencies.

Usually when the stiffness of the layers increases
gradually with depth, then the first or fundamental
mode of Rayleigh becomes predominant at every
frequency.

Nevertheless several stratigraphies exist withf stif
layers trapped between softer layers, or vicewsitta

soft layers trapped between stiffer layers, or more
generally with a strong stiffness contrast between

consecutive layers, where higher modes of Rayleigh
become predominant at certain frequencies. It may
occur that at any frequencies there is not
predominance of a unique mode, but two or more

5 THE REMI METHOD

The ReMi (Refraction Microtremors) method has
been developped by Louie (Louie, 2001). It consists
of three steps, the same as the MASW method: the
first step concerns the determination of the
experimental dispersion curve of Rayleigh waves; th
second step coincides with the calculation of the
numerical apparent dispersion curve and the thegd s
consists of inverting the apparent disprsion cunve
order to find the vertical shear wave profile o 8ite.

In the ReMi method the experimental dispersion eurv
is obtained passing from the (t-x) domain gathened

site to the (p-f) domain by means of a p-tau
transformation, or slantstack and a successiveiéour
transform. Following the indications given by Louie

modes have the same energy. Under these conditiongLouie, 2001) the p-tau transformation can be emitt

the apparent dispersion curve does not coincide wit

any mode of Rayleigh, since the apparent dispersion

curve is the combination of all the predominant
modes.

4.2.2 Theoretical-Numerical Dispersion Curve

The theoretical apparent or effective dispersion

as:

A(p,tau) :_[A(x,t =tau + px)dx
g 3

where the slope of the line p = dt/dx is the ingep$

the apparent velocity Va in the x direction.

The next step takes each p-tau trace in A(p,tau)
equation (3) and computes its complex Fourier

have been determined (Figura 4). To reach this

purpose several methods exist, such as the Roma’s

method and the Lai and Rix method (Roma V. 2001,b,
Roma V. 2007,b).
It can be demonstrated that the theoretical apparen

F.(p, f)= IA( p,tau)e 2P ™ gtau
tau
(4)

The power spectrum S(p,f) is the magnitude squared

dispersion curve determined by the Roma’s procedure Of the complex Fourier transform:

coincides with the theoretical effective dispersion
curve determined by Lai and Rix procedure, if prope
conditions about the smoothness of the dispersion

curve are respected (Roma V. 2000, Roma V. 2007,b).

The theoretical apparent dispersion curve detemhine
by Roma’s procedure is calculated in the same nranne
followed in determining the experimental dispersion
curve. The only diversity concerns the way in which
the spectrum (f-k) of the wave field is obtainedheT
experimental (f-k) spectrum is obtained by a 2D
Fourier transform of the time-space wave field,
instead the numerical (f-k) spectrum is obtained by
only 1D Fourier transform, applied to the Green’s
function of the layered halfspace.

Alternatively the numerical apparent dispersion
curve can be determined by using the Lai and Rix
procedure (Lai, 1998), which is based on the playsic

Sa(p. f) =Fa(p, ) Fa(p, )
(5)

where the * denotes the complex conjugate.

This completes the transform of a record from
distance-time (x-t) into p-frequency (p-f) space.

The ray parameter p for these records is the hatato
component of slowness (inverse velocity) along the
array. This means that once the spectrum and the
experimental dispersion curve in the (p-f) domain
have been evaluated, then it is straightforward to
calculate the experimental dispersion curve in(the

f) domain.



5.1 Picking the Experimental Dispersion Curve

In his article Louie explains that the experimental
dispersion curve should be obtained from the
spectrum in the (p-f) domain by picking not the

maxima of the spectrum , but the lower edge of the 6

lowest-velocity, but still reasonable peak ratioe H
says that the reason for such a procedure is hieat t
arrays are linear and do not record an on-lingerigd
source, so some noise energy will arrive obliquaelg

appear on the slowness-frequency images as peaks at

apparent velocities Va higher than the real in-line
phase velocity v :

V a=v/cos(a) = 1/p (6)
Where
a=cos -1 (vp) (7

with “a” being the propagation angle off the line
direction.

Louie also mentions that picking the lower bound
of the spectrum will exclude noise and higher modes
of Rayleigh, hence only the fundamental mode of
Rayleigh will form the experimental dispersion ceirv
It is also said that if it is known that the source
direction aligned with the array (i.e. a=0), thdre t
maxima of the spectrum must be picked instead ef th
lower bound.

In the authors’ opinion Louie’s considerations
about the direction a of the source are valid dntlye
spectrum in the (p-f) domain is calculated using th
horizontal component of the Rayleigh wave field.
Since the Rayleigh waves form an ellipse shaped
wave motion during propagation, the wave motion can
be decomposed into the vertical and the horizontal
components. The direction of the source *“a”
influences the intensity of the horizontal compdnen
projected along the array direction, but not theioa!
component.

Hence if only the vertical component of the wave
field is measured and successively analyzed to
calculate the spectrum, then the direction of thece
“a” does not influence the spectrum itself.

This implies that the picking for the apparent
experimental dispersion curve should be done taking
the maxima of the spectrum, in the same way it is
done in the MASW procedure.

This consideration can be proved to be valid in the
example shown in the following. We have overlapped
the experimental dispersion curve obtained with the
active MASW method with the spectrum in the (p-f)
domain provided by the ReMi method. As it can be
observed Kigure 4) the peaks of the MASW (f-k)
spectrum coincide better with the maxima of the

REMI (v-f) spectrum rather than the lower edgehsf t
spectrum.

APPLICATION OF BOTH MASW AND
REMI TO A REAL CASE

The active MASW method allows to obtain
information within the frequency range 10Hz-
100Hz, hence it provides information within the
first 30m of the site. Instead the ReMi
(Refraction Microtremors) method allows to
obtain information within the frequency range
1Hz-15Hz, depending on the available
environmental noise, hence it can give
information about layers deeper than 30m,
potentially down to 100m, as it is stated by Louie
(2001). In this regard the ReMi method is
equivalent to the passive MASW. By combining
the information gained with the active MASW
and the ReMi methods it is possible to cover the
whole frequency range of interest in the seismic
site characterization 1Hz-100Hz , reaching
depths greater than the 30m which are required
by the international codes to evaluate the Vs30.
The site is located near the Eurocentre of Pavia.
Both the active MASW and the ReMi tests have
been performed.
The parameters of the active MASW teats:

¢ Geophones interspace = 1m

* Source type = hammer

« Delta time of acquisition = 0.5ms

e Source location 2m from

geophone
* Total time of acquisition =4 s
e Number of geophones = 24

first

The data has been processed by means of the
software MASW (www.masw.it).

In Figure 1 it is shown the time-space vertical
wave motion, instead ifigure 2 the (f-k) spectrum
and the experimental dispersion curve are illustrat

For the same site the parameters of the ReMi test
are:

¢ Geophones interspace = 1m

* Source type = environmental noise

« Delta time of acquisition = 2ms

* Total time of acquisition = 32s

e Number of geophones = 24

In Figure 3 the environmental noise is reported,
measured during 32s of acquisition.

In Figure 4 the (f-v) spectrum obtained with
ReMi method is shown, together with the
experimental dispersion curve calculated with the
active MASW method. In this case the total length o



the geophones array used for the ReMi test isdimit
to 24m, so the minimum frequency containing useful
information is 5Hz. Anyway it can be observed that
there is very good agreement between the MASW and
ReMi methods, if the maxima of the spectrum are
considered in ReMi procedure, instead of the lower
edge of the spectrum as sugested by Louie (2001).

In Figure 5 is illustrated the comparison between
the experimental and the numerical dispersion @jrve
with a relative error of 12%. IRigure 5 the final Vs
profile is shown, with the shadow zone which
represents the associated error of the most prebabl
Vs profile.

According to this Vs profile the Vs30 is equal to
490m/s and following the Eurocode 8 and the OPCM
3274 the site is classified as typeBdure 6).
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Table 1. Seismic site classification according to
O.P.C.M. n. 3274/2003, D.M. 15/09/2005 and

Eurocode 8.

Ground
type

Description of stratigraphic profile

Parameters

Vs 30 (l]]/S)

.
Nspr
(blows/30cm)

¢y (kPa)

Rock or other rock-like geological
formation, including at most 5 m of
weaker material at the surface

> 800

Deposits of very dense sand, gravel, or

very stiff clay, at least several tens of m
in thickness, characterised by a gradual
increase of mechanical properties with

depth

360 — 800

> 50

> 250

Deep deposits of dense or medium-
dense sand, gravel or stiff clay with
thickness from several tens to many
hundreds of m

180 — 360

15-50

70 - 250

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

<180

<15

<70

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

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

<100

(indicative)

10 - 20

Deposits of liquetiable soils, of
sensitive clays, or any other soil profile
not included in types A — E or S|
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