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Summary
The popularity of surface wave methods in shallow geophysics and geotechnical engineering is increasing because of

their cost effectiveness in testing hard to sample soils. The soil stiffness profile is obtained with an inversion process starting
from the dispersive behaviour of Rayleigh waves. Typically the experimental dispersion curve is evaluated using a two-sta-
tion procedure based on measuring the phase difference between impulsive signals recorded at two receivers (SASW test).
In this paper a comparison between the results obtained with such approach and those relative to a multistation procedure
based on frequency-wavenumber analysis is presented. The multistation approach introduces important improvements, re-
ducing the testing time and the noise effects.

Both synthetic signals and experimental data have been used for a large spectrum comparison, whose main objecuve is
to establish the differences in the experimental dispersion curves obtained with the two approaches.

Finally the stiffness profiles evaluated from the inversion of the multistation dispersion curve are compared to the 1e-

sults of seismic borehole methods.

1. Introduction

Many relevant problems in Earthquake Geo-
technical Engineering and Soil Dynamics, including
site response analysis and design of vibrating ma-
chine foundations, need a sufficiently accurate eva-
luation of the soil stiffness properties. In particular
the stilfness at very low strains is a fundamental pa-
rameter for every dynamical soil model and its eval-
uation with laboratory test can be problematic. This
aspect 1s particularly important in hard-to-sample
materials such as cohesionless soils, in which obtain-
ing undisturbed samples is difficult and very expen-
sive.

In situ small strain stiffness is often obtained
with seismic methods, which are based on wave
propagation. Boreholes seismic methods such as the
Cross-Hole and the Down-Hole tests are very accu-
rate but costly and time consuming. Non-invasive
surface wave based methods offer an acceptable ac-
curateness without the need for boreholes.

The stiffness profie is estimated with an inver-
sion process using the dispersive properties of sur-
face waves. The main advantage is that Rayleigh and
Love waves can be detected on the ground surface.
Early applications were developed by seismologists
for the characterisation of the Earth’s crust [DormMAN
and Ewing, 1962; Axi and RicHARDS, 1980].

On the engineering side, small scale simplified
applications were proposed for soil and pavement
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characterisation using the Steady State Rayleigh
method [Jongs, 1958].

But the wide spread of surface wave based meth-
ods in geotechnical engineering started from the
middle Eighties, when the researchers of the Uni-
versity of Texas at Austin developed the SASW
(Spectral Analysis of Surface Waves) method. This
method combined a rigorous approach for the in-
version process with a strong testing time reduction
in the field [Nazarian and Stokor, 1984]. Succes-
sively several similar techniques have been pro-
posed for soil characterisation, either based on the
use of active sources or micro-tremors [see Fori,
2000].

In its original configuration the SASW method
uses an impact source and a couple of receivers con-
nected to a signal analyser [Nazarian and STOKOE,
1984]. Such simple test setup has given a strong im-
pulse for the diffusion of the method, but il has
some inherent drawbacks, which are related to the
necessity of repeating the test in several different
configurations and to some difficulties in data inter-
pretation, as it will be explained in Section 2.1.

The use of multistation testing configurations
overcomes most of these limitations. Multistation
detection and analysis of impulsive signals have
been successfully applied for soil characterisation
on large-scale projects [GasrIELs et al., 1987; Mc-
MecHaN and Yebuin, 19817, but they are not com-
monly used for geotechnical applications.

This paper is focused on the comparison be-
tween the multistation approach and the traditional
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two-station approach in determining the dispersion
curve with the SASW method. Both synthetic and
experimental data are used to have a comprehen-
sive picture of the differences between Lhe two
methods for geotechnical site characterisation.

The paper is composed of three main sections:
in the first one both the two-station and the multi-
station methods are presented and brielly dis-
cussed. The second section contains the results of
the numerical simulations, while the last one
presents some case histories in which experimental
data are interpreted using both techniques. Finally
the experimental dispersion curves obtained with
the multistation method have been inverted to yield
the stiffness profiles and the results have been com-
pared with DHT and CHT data.

2. The use of Rayleigh waves for soil characteri-
zation

Rayleigh waves propagate along a free bound-
ary of a medium and mduce motion in a limited
skin-depth that 1s a function of the wavelength. In a
homogenous elastic halfspace, they propagate with
a constant velocity, which is function only of the
elastic parameters. In heterogeneous elastic media
their velocity of propagation is a tunction of fre-
quency and such dependence is strictly related to
the stiffness variation with depth. Hence 1t is possi-
ble with a process of inversion to extract informa-
tion about the stiffness profile from the relationship
between velocity of propagation of Rayleigh waves
and frequency.

Such inversion process requires the choice of a
reference model for the medium and the obtained
results will be strongly dependent on such a choice.
A horizontally layered elastic model is usually
adopted for soil deposits. The results of a SASW in-
version analysis can be considered reliable only if
there is a sufficient correspondence of the model to
the actual geometry of the soil deposit.

Some techniques based on the acquisition and
analysis of microtremors have been proposed [TokI-
MATsU, 1995], but typical engineering applications
of surface wave methods involve the generation of a
wavefield using a source acting on the ground sur-
face. The source can be either impulsive, as for ex-
ample a sledge-hammer or a weight-drop system, or
controlled, able to reproduce a harmonic input in
the ground. The advantage of the latter option is
the posstbility of increasing the signal to noise ratio
[Rix, 1988], but it requires more sophisticated and
expensive equipment.

The wavefield generated by a source acting on
the ground surface is not uniquely composed of
Rayleigh waves, but also of body waves, which repre-
sent a disturbance. Nevertheless Rayleigh waves typ-
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ically dominate the wavefield because of the follow-

ing physical aspects:

~ a great part of the energy transmitted to the
ground by a point source goes into Rayleigh wa-
ves. For instance for harmonically vibrating cir-
cular footings over an elastic homogeneous half-

space al low frequencies of operation, about 2/3

of the energy goes into Rayleigh waves and the

remaining portion is subdivided between com-

pression and shear waves [RicHarT ¢f al., 1970];
~ the energy attenuation associated to geometri-

cal spreading is lower for Rayleigh waves than

for body waves. For a point source, body waves

in an infinite elastic medium attenuate as 1/r,

while along a [ree surface compression and she-

ar waves attenuate as 1/r? [Ewine et al., 1957).

Rayleigh waves spread along a cylindrical wave-

front and hence their attenuation is proportio-

nal to I/Vr.

For the aforementioned reasons the effects of
body waves are generally sensible only in the nearby
of the source, hence they are usually named near-
field effects.

The particle motion generated by the source is
detected at one or more points on the ground sur-
face and analysed to extract the experimental dis-
persion curve, i.e. the relationship between velocity
of propagation of surface waves and frequency. A
variety of techniques have been proposed for this
pwrpose [see Fort, 2000]. In the following the two-
station procedure of the SASW test and the multista-
tion procedurc based on the {requency-wavenum-
ber analysis are discussed.

2.1. The SASTW method

The typical configuration for the SASW test is
represented in Fig. 1. An impact source creates a
wave-train, which has components in a broad fre-
quency range. The ground motion is detected by a
pair of receivers, which are placed along a straight
line passing from the source, and the signals are
then analysed in the frequency domain. The phase
velocity Vg 15 obtained from the phase difference of
the signals using the following relationship:

) = G M)
in which ©9(w) is the cross-power spectrum phase,
o is the angular frequency and X is the inter-recei-
ver spacing (Fig. 1).

One critical aspect of the above procedure is the
mfluence of signal-to-noise ratio. Indeed the meas-
urement of phase difference is a very delicate task.
The necessary check on the signal to noise ratio is
usually accomplished using the coherence function
[SanramArRINA and Fratra, 1998], whose value is
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Fig. 1 - Two-receiver configuration (SASW test).
Fig. I - Configurazione di prova a due ricevitori (metodo
SASW).

equal to 1 for linearly correlated signals in absence
of noise. Only the frequency ranges having a high
value of the coherence function are used for the
construction of the experimental dispersion curve.
It must be remarked that the coherence function
must be evaluated using several pairs of signals,
leacling to the necessity of repeating the test using
the same receiver setup.

Other important concerns are near-field effects
and spatial aliasing in the recorcled signals. In this
respect, usually a filtering criterion (function of the
testing setup) is applied to the dispersion data
[Gangr et al., 1998]. E.g. only frequencies for which
the following relationship is satisfied are retained:

g <hg (w)y<2D (2)

in which Ag(w) = Ve(w)/f 1s the estimated wavelen-
gth, D is the source-first geophone distance, and X
Is the inter-receiver spacing (Fig. 1). Typically, the
receiver positions are such that X and D are equal,
in accordance to the results of some parametric stu-
dies about the optimal test configuration [SANCHEZ-
SaLINERO, 1987].

The above filtering criterion assumes that near
fields effects are negligible if the [irst receiver is
placed at least half a wavelength away from the
source, for a given frequency in the spectral analy-
sis. Such assumption Is acceptable in a normally dis-
persive site, i.e. a site having stiffness increasing
with depth, but it can be optimistic for more com-
plex situations [Tokwatsy, 1995]. For this reason
and in order to avoid great loss of data, inversion
methods that take into account near field eflects
have been proposed [RorsseT ef al.; 1991, Ganjt et
al., 1998].

For the aforementioned considerations a single
testing configuration gives information only for a
particular frequency range, which is dependent on
receiver positions. The testis then repeated using a
variety of geometrical configurations which include
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adapting the source type to the actual configura-
tion, i.e. lighter sources (hammers) are used for
high frequencies (small receiver spacing) and heav-
ier ones (weight-drop systems) for low frequencies
(large receiver spacing). Usually five or six setups
are used, moving source and receivers according to
a common-receiver-midpoint scheme [Nazarian
and Stoxok, 1984].

Typically the test is repeated for each testing
configuration in a forward and reverse direction,
moving the source from one side to the other with
respect to the receivers. Such procedure is quite
time consuming, but it is required to avoid the drift
that can be caused by instrument phase shifts be-
tween the receivers, since the analysis process is
basec on a delicate phase difference measurement.
It is also claimed that such expedient can compen-
sate for dipping layers [Nazarian and Stoxor, 1984],
but the model for the inversion process is quite dif-
ferent from the actual geometry and the relative im-
plications on the results are not clear. Some numer-
ical analysis on F.E.M. models have shown the shift
in the dispersion curve caused by dipping layers
[GuUkUNSKI et al., 1996].

Finally, the information collected in several test-
ing configurations is assembled and averaged to es-
timate the experimental dispersion curve at the site,
which will be used for the subsequent inversion
process.

A very ticklish task in the interpretation of the
SASW test is related to the unwrapping of the Cross-
Power Spectrum phase. Indeed it is obtained in a
modulo-27, which is very difficult to interpret and
unsuitable for further processing [PocGiacrLionmt ef
al., 1982]. The passage to an unwrapped (full-phase)
curve is necessary for the computation of time delay
as a function of frequency (see Eq. 1).

Usually some automated algorithms are applied
for this task [Pocoiacriovmr et al., 1982], but external
noise can produce {ictitious jumps in the wrappecd
phase, which drastically damage the results. Not al-
ways the operator can correct such unwrapping er-
rors on the basis of judgement and in any case it is a
subjective procedure, which precludes the automa-
tion of the process. An automated procedure based
on a least-square interpolation of the cross-power
spectrum phase has also been proposed [Nazarian
and Drsar, 1993].

2.2. Multistation approaches

The use of a multistation testing configuration
has some evident advantages because of the greater
amount of simultaneously collected information.

Such information can be profitably used for a
rapid and stable estimation of the dispersion curve,
as will be shown in the following. Moreover using a

13
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multistation scheme and a controlled sweep-sine
source, Rix ¢f al. [2000; 2001] have shown that it is
also possible to infer from surface waves measure-
ments an estimate of the small strain damping ratio
as a function of depth.

The testing setup that will be considered in the
following consists of an impulsive source and an ar-
ray of equally spaced geophones (Fig. 2).

From the field data in the time-space domain,
the dispersion curve for Rayleigh waves can be easily
obtained using a double transform and a picking al-
gorithm, either in the frequency-wavenumber do-
main or in the frequency-slowness domain. A briefl
explanation of the procedure for the frequency-
wavenumber analysis follows.

For a point source acting on the ground surface
in a horizontally layered medium, the particle mo-
rion associated to Rayleigh wave propagation can be
written as the superposition of modal contributions
[Axr and Ricrarps, 19801:

+c0
$(,0) = QL [ 3 Su(@,x) e@h@nge (3

—on M

where m is the mode number and the factor

g G (@)x

S, x) = H{w)- By (@) Ry(w)- T )
X

is a combination of instrument response /(w), source

spectrum P, (w) and path response R, (w) with geo-

: 1 .
metric (represented by the factor T) and material
X

(coefficient ) attenuation. Notice that all the abo-
ve factor are frequency dependent.

The modal wavenumber £, 1s inversely propor-
tional to the modal phase velocity Vg,

®
}7111 (0)) =T (,,
i i 3)

VRm (('0)
The dependence of S, on distance {from the
source is only related to the attenuation phenome-
non. The mfluence of the geometrical attenuation
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Fig. 2 — Multstation conliguration (fk analysis).
Iig. 2 — Configurazione di prova mudticanale (analisi fk).

For

can be easily removed by multiplying each contribu-
tion by the square root of the source-receiver dis-
tance and it will be therefore neglected in the fol-
lowing, assuming that such correction is applied on
the original data. As far as the material attenuation
1s concerned, its contribution can be taken out from
the expression of §,,, so that the latter becomes dis-
tance independent.

Hence, applying to (3) a discrete slant stack
transform [Yrimaz, 1987] and successively a discrete
Fourier transform, the fk displacement spectrum
can be written as [TseLENTIS and DeLis, 1998]:

N
F((D,k) _ Z'Sm (CO) . Z e—oc.,.,((u) X, _ez(k~h,,‘(m)) v, (6)

mn n=1

Neglecting the material attenuation contribu-
tion, differentiating the quantity in the square
bracket with respect to k and setting the results
equal to zero, it comes out that the peaks in the dis-
placement spectrum are found for & = £,(w). Fur-
thermore it can be shown that also if the above dif-
ferentiation is conducted including the material at-
tenuation factor the conclusion is the same, i.e. the
accuracy is not conditioned by material attenuation
[ TseLenTis and DeLis, 1998].

Once the modal wavenumbers have been esti-
mated for each frequency, they can be substituted in
Equation 5 to evaluate the modal dispersion curves.

The proof has been outlined considering the
displacement spectrum, however in the usual prac-
tice velocity transducers (geophones) are used,
hence the results are typically reported in terms of
velocity spectra.

Application of the fk analysis procedure is
shown in Fig. 3 using synthetic data. A three-dimen-
sional plot of the velocity spectrum is reported in
Fig. 3-a. The contour plot (Fig. 3b) is a more used
graphical representation because it shows the loca-
tion in the /& plane of the maxima. The phase veloc-
ity of surface waves for a given frequency is evalu-
ated from the location of the maximum in the cor-
responding “slice” of the spectrum (Fig. 3¢). E.g. for
the synthetic data shown in Fig. 3 it is possible to ob-
tain.

.
S A 50 goh s
0.97

The process is repeated over the {requency
range of mterest. In practice the actual range of fre-
quencies is related to the signal-to-noise ratio.
Moreover the upper bound is limited by spatial
aliasing, that can be easily recognised by the wrap-
around of the spectrumn [Yinmaz, 1987].

Similarly it can be shown [McMecran and Yep-
LN, 19817 that the dispersion curve can be obtained
from the spectral maxima in the frequency-slowness

RIVISTA ITALIANA DI GEOTECNICA



INUMERICAL AND EXPERIMENTAL COMPARISON BETWEEN TWO-STATION AND MULTISTATION METHODS. ..

particle velocity, m/s
=3 - A
on — [ N [eal w

Y
o
[N}

frequency, Hz wavenumber, rad/m

150

frequency (Hz)

o . 1 L 1 L r

0 0.5 1 15 2 2.5 3
wavenumber (rad/m)

3 T — T T T T

frequency = 50 Hz

2.5F W

n
T
L

patticle velocity, m/s
mi

iy
T
'

0.5 1

0 0.5 1 15 2 25 3
wavenumber, rad/m

Fig. 3 — Example of fk analysis of surface waves on synthe-
tic data: a) fk spectrum (3D plot) b) fk spectrum (contour
plot) ¢) tk spectrum at frequency=50Hz.

Fig. 3 — Esempio di analisi [k delle onde superficiali su dati
sintetici: a) spettro fk (rappresentazione 3D) b) spettro fk (curve
di livello) ¢) spettro fk per frequenza=50Hz.
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domain. The equivalence of the two procedures is a
consequence of the Fourier Slice Theorem [San-
TAMARINA and Fratra, 1998).

It is important to point out that the above multi-
station procedures are directly founded on the dis-
persive nature of surface waves, hence they are less
affected by near-field effects than the two-station
analysis. Indeed the energy related to different
events (reflected waves, back-scattered waves,
ground roll, etc.) is located in different portions of
the two dimensional space of the transformed vari-
ables [DovLk, 1995]. This aspect has been confirmed
by some comparative numerical simulations [Forr,
2000].

The length of the testing array strongly aflects
the results that can be obtained using {k analysis of
surface waves. If'a long receiver array is used, modal
dispersion curves can be easily obtained experimen-
tally and used for the inversion process [GABRIELS et
al., 1987], but for shorter receiver arrays it is neces-
sary to deal with mode superposition effects [Fort et
al., 2000].

3. Numerical simulations

A comparative numerical analysis has been per-
formed using Rayleigh waves synthetic seismo-
grams, which have been generated using a compu-
ter code by R.B. Herrmann and his co-workers of
S.Louis University [HErrMANN, 1996]. The impact
source has been modelled as an impulsive vertical
point source and the corresponding seismograms
have been evaluated at a given number of detection
points on the ground surface along a straight line
passing through the source.

Three profiles have been analysed: Case A rep-
resents a normally dispersive medium, with soil
stiffness increasig with depth without strong im-
pedance jumps; in Case B a stiff top layer is placed
above a normally dispersive medium, generating an
inversely dispersive system; finally Case 3 1s de-
signed to simulate the presence of a stiff bedrock be-
low a homogenous soil. The above profiles repre-
sent typical subsoll conditions that can be found in
geotechnical engineering problems.

For the two-station SASW method, 5 receiver
configurations have been used considering respec-
tively the following values of the inter-receiver spac-
ing: I m, 2m, 5 m, 10 m and 20 m. The phase ve-
locity has been evaluated using Equation 1 and the
information has been filtered according to the crite-
rion of Equation 2.

The multistation fk analysis has been applied on
a set of 24 synthetic traces with inter-receiver spac-
ing equal to 1m. The use of 24 traces is related to
the usual number of channels of common commer-
cial seismographs.
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3.1. Case A

The geometrical and mechanical parameters
are reported in Tab. 1 and the shear velocity pro-
file is represented in Fig. 4. This two-layer over
halfspace system represents a normally dispersive
medium with respect to Rayleigh wave propaga-
tion (recalling that a wave is defined normally dis-
persive il its phase velocity is decreasing monoton-
ically for increasing frequency [SHERIFF and
GeLparT, 1995]).

In such normally dispersive media, in which the
stiffness increases with depth without strong imped-

Tab. I - Case A: geometry and mechanical properties.
Tab. I - Caso A: geometria e proprietd meccamiche degl stata.

Thickness Vs Ve Density
(m) (m/s) ©(m/s) (l\g/m:‘)
5 350 600 1800
10 400 700 1800
0 450 800 1800
Shear Wave Velocity (m/s)
300 350 400 450 500
0 — T T
5
10
15

Depth(m)

Fig. 4 — Case A: shear wave velocity profile.
Fig 4 - Caso A: profilo di velocita delle onde di taglo.
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frequency, Hz

Fig. 5 — Case A: estimated dispersion curve.
Fig. 5 — Caso A: stima della curva di dispersione.
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ance jumps, the fundamental mode generally dom-
inates surface wave propagation and the higher
mode effects can be neglected when interpreting
SASW tests [Gukunski and Woons, 1992; Tokimatsu,
1995]. Indeed the dispersion data obtained analys-
ing each pair of synthetic seismogramns, as described
above, are distributed in a narrow band close to the
funcdamental mode dispersion curve (Fig. 5). In this
case the {k analysis gives directly an estumate of the
fundamental mode, which corresponds to an aver-
age of the two-receiver data (Fig. 5). Hence [or both
methods the inversion process can be performed us-
ing a fundamental mode analysis.

3.2. Case B

To explore the effects ol a stiff surface layer, the
same stiffness profile of case A has been used adding
a top layer as stiff’as the halfspace. The same proce-
dure of generating and analysing the synthetic seis-
mograms has been used also for this case. The pro-
file parameters are reported in Table II and the
shear wave velocity profile is shown in Fig. 6.

Several researchers [Gukunskl and Woobs,
1992; Toximatsu, 1995] have already shown the
strong influence of higher modes for inversely dis-
persive mecia. [t is important to observe (Fig. 7)
that in this case higher mode influence 1s sensible as
frequency increases. Indeed the asymptotic value of
the phase velocity for increasing frequency is
strongly related to the first layer stiffness. Such as-
ymptotic behaviour can be obtained only with a con-
tinuous switch of dominating mode trom the funda-
mental one towards higher ones.

Botl the two-station method and the multista-
tion fk analysis yield a dispersion curve, which is de-
termined by mode superposition (Fig. 7). Following
the suggestion of Tokmiarsu [1995], we will refer to
such phase velocity as apparent velocity of Rayleigh
waves. It can be shown that, over long distances, the
difference of group velocity between modes produces
a mode separation effect and, using the fk analysis, it
is possible to obtain the dispersion curves of several
distinct modes [Gasrigis ef al., 1987; Fotief al., 2000,

As for case A, also in this case the multistation [k
analysis produces a unique estimate in comparison
to the sparse values that are obtained using the two
station procedure over several receiver pairs.

The implications of the above results on the in-
version process must be carefully evaluated. 1t is im-
portant Lo point out thal, independently on the pro-
cedure used to estimate the experimental disper-
sion curve, a fundamental mode approach can not
be used. Indeed for an inversely dispersive medium,
the higher modes play a strong role in the propaga-
tion of surface waves and their influence can not be
neglected. Hence for an accurate evaluation of soil
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Tab. IT — Case B: geometry and mechanical properties.
Tab. 11 - Caso B: geometria e proprieta meccaniche degh strat.

Thickness Vy Vp Density
(m) (m/s) (m/s) (kg/m"’)
3 450 800 1800
5 350 600 1800
10 400 700 1800
o 450 800 1800
Shear Wave Velocity (m/s)
300 350 400 450 500
0 ’7 T T ]
5 |
10 r
E sl
5
o 20
a
25
30
35

Fig. 6 — Case B: shear wave velocity profile .
Fig. 6 — Caso B: profilo di velocita delle onde du taglio.
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Fig. 7 — Case B: estimated dispersion curve.
Fig. 7 — Caso B: stima della curva di dispersione.

parameters, an inversion process based on a consist-
ent definition of the apparent phase velocity must
be used [Lar, 1998].

3.3. Case C

The last synthetic profile represents the typical
case of a soil layer over a bedrock (see Tab. III and
Fig. 8). In this case the stiffness is increasing with
depth and hence the profile is normally dispersive.
Nevertheless the strong impedance jump makes
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higher modes significantly influent on the appar-
ent phase velocity. In particular the second mode
is importanl in the low frequency range (Fig. 9), in
opposition to the situation of case B in which
higher modes were influent in the high frequency
range (Fig. 7). Hence also i this case it is necessary
to consider mode superposition in the interpreta-
tion. The comparison between the two methods of
analysis lead to the same conclusions of the previ-
ous cases.

4. Experimental results

Some case histories are presented in the follow-
ing to validate the conclusions obtained with the
synthetic data. The case histories have been selected

Tab. II1 - Case C: geometry and mechanical properties.
Tab. 111 — Caso C: geometnia e proprieta meccamche degl strati.

Thickness 'S Vp Density
(m) (m/s) (ny/s) (kg/m")
10 300 500 1800
oo 900 1550 1800
Shear Wave Velocity (m/s)
200 400 600 800 1000
0 T T T . T :
5
10
g
— 15 |
5
g 20 -+
25 |

Fig. 8 — Case C: shear wave velocity profile.
Fig. 8 — Caso C: profilo di velocita delle onde di taglio.
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Fig. 9 — Case C: estimated dispersion curve.
Fig. 9 - Caso C: stuma della curva di dispersione.
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such that the real subsoil conditions are similar to
the fictitious profiles used for the numerical simula-
tions.

Data have been collected using a 24 channels
seismograph Mark6é (by ABEM Ltd) and 24 vertical
geophones (4.5 Hz natural frequency). The main
purpose of this paper is to compare the experimen-
tal dispersion curves that are obtained using two-
station and multstation methods. Nevertheless for
the sake of completeness also the stiffness profiles,
which are obtained from the inversion of the exper-
imental dispersion data, are presented and com-
pared to the results of borehole Lests.

The dispersion curves of the multistation fk
analysis have been used for the mversion process,
assuming a horizoutally layered linear elastic model
for the soil. Such a model is characterised by 4 pa-
rameters for each layer (e.g. thickness, density,
shear modulus and Poisson ratio), except for the
lowermost halfspace, which has no fixed thickness.
As usual in soil characterization using surface waves
data, density and Poisson ratio of each layer have
been assumed a-priori, on the basis of general infor-
mation on the specific site. Such procedure is gen-
erally accepted because it has been shown that such
system parameters have a minor influence on the
dispersion curve [Nazarian, 1984].

Obviously, in the comparison of surface waves
and borehole tests results, the inherent diiferences
in volume of tested soil must be kept in mind. In-
deed the cross-hole measurement is made between
very close points, the surface wave test measures the
average properties over a section of several tens of
meters and the down-hole method measures aver-
age soil properties along depth. This aspect obvi-
ously affects the resolution that can be expected
from each one of the above methods. Clearly the
surface wave method has a lower resolution, e.g. it is
not able to detect thin layers at great depth. Never-
theless it has several advantages related to time, cost
and possibility of testing the soil without any drilling
and casing disturbance.

4.1. Site A

The test site is located in Saluggia (VC) in the
northern part ol Italy, close to the Dora Baltea River
and it is part of a large flat area of fluvial sediments.
The soil is composed basically of gravels and grav-
elly sands, with the presence of fine sand and clayey
silt, in the form of lenses. The water table is at very
shallow depth, between 2 and 3 meters below the
ground surface. The results of a CH test at the site
are available from a previous geotechnical survey.

The data have been collected using two differ-
ent test arrangements having respectively receiver
spacing equal to 1 m and 3 m and with the source-

Fori

first geophone spacing equal to the inter-receiver
spacing. For both testing configurations, impact
sources have been used, respectively a 6kg sledge-
hammer and a 130kg weight-drop system (height
3m above Lhe ground level). The two configurations
have been chosen to investigate respectively the
high and the low frequency ranges. An example of
estimated fk spectrum is reported in Fig. 10. For the
two-station procedure the signal pairs at the follow-
ing inter-receiver distance have been used: 1 m, 2
m, 5m, 10 m and 20 m.

Experimental dispersion curves obtained with
the two-station and with the multistation approach
are reported in Fig. 11. The conclusions of the nu-
merical simulations are substantially conlirmed by
the experimental data: the multistation dispersion
curves represent the central values of the results ob-
tamed with the two-station approach.

The dispersion curve obtained by the fk analysis
of the two shot gathers (Fig. 11) shows that in the
frequency range in which there is an overlap of in-
formation the agreement is very good, confirming
that the estimate is stable. Globally the frequency
range between 8 and 68 Hz is explored. For low fre-
quencies (below 15Hz) only information from the 3
m gather are available, while for high frequencies
{(above 35H7) the other gather supplies the informa-
tion.

The experimental dispersion curve implicitly
contains the information reiative to the geometry
and the mechanical parameters of the soil deposit.
An iversion process based on the fundamental
mode has been used in this case, because the site 1s
clearly normally dispersive and only the fundamen-
tal mode has been recovered from the analysis of
the seismic gathers. The starting profile for the in-
version process has been selected on the basis of ap-
proximate procedures for the estimate of the shear

0 . .
0 1 2 3

wavenumber (rad/m)
Fig. 10— Site A: fk spectrum (receiver spacing: hm; source:
sledge-hammer).
Fig. 10 - Sito A: spettro fk (spaziatwra ricevitori: 1m; sorgente:
mazza 6kg).
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wave velocity as a function of depth [Ganj1 el al.,
1998; Foti, 2000].

The numerical dispersion curve, corresponding
to the final iteration of the inversion procedure,
shows a good agreement with the experimental one
(Fig. 12).

The resulting shear wave velocity profile is com-
pared to the results of the cross-hole test in Fig. 13.
Clearly the surface wave based test pay the lack of
resolution if compared to the borehole measure-
ment, nevertheless it is important to note that the
average stifiness has been successfully estimated.

4.2. Sile B

In the second testing site a stiff top layer (a bitu-
minous road pavement) is present over a natural
soll. Unfortunately no detailed information from
other tests are available for this site and hence a
comparison is not possible. A later excavation has
shown the presence of bedrock at a quite shallow
depth.

Since in this case the depth of interest for the
survey was less than in the previous case, a testing
configuration having a short receiver spacing (0.5
m) has been selected. The source used for this sur-
vev was the 6 kg hammer, which was stroke at 1 m
and at 5 m from the hrst receiver. For the two-sta-
tion procedure the signal pairs at the {ollowing in-
ter-receiver distance have been used: | m, 2 m, 4 m,
6 m and 8 m.

The presence of the stff top layer makes this
profile inversely dispersive and the obtained exper-
imental dispersion curve (Fig. 14) must be consid-
ered as the superposition of several modes of prop-
agation.

In this case a different approach musi be used
for the inversion process. A numerical estimate of
the apparent velocity that is associated to mode su-
perposition can be derived from the numerical anal-
ysis of the wavefield generated by a point source at
short distances from the source itself. An iterative
inversion procedure based on such esumate has
been used Lo obtain the shear wave velocity profile
(Fig. 16). The numerical apparent phase velocity
corresponding to the profile is compared with the
experimental one in Iig. 15.

4.3. Suite C

Site C is located in the Tuscany region, in the
central part of Italv. The geology of the area is such
that the presence of a quite sufl soil was expected at
shallow depth below a softer layer (about 10m}) [Fik-
rING, 2000]. A DH survey has been performed after
the surface wave test.
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Two test setups have been used with inter-re-
ceiver spacing respectively of 1 m and 2 m. For the
two-station analysis the signal pairs at the following
inter-receiver distance have been selected: 2 m, 5 m,
10 m, 12 m, 16 m and 24 m.
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Fig. 14 - Site B: experimental dispersion curve.
Fig. 14 - Suto B. curva di dispersione sperimeniale.
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Fig. 15 — Site B: experimental vs. numerical dispersion
curve.
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Fig. 16 - Site B: shear wave velocity profile.
Fig. 16 - Suto B: profilo di velocita delle onde di taglio.

Forti

The experimental dispersion curves obtained
with the two-station and the multistation methods
are reported in Fig. 17. For a case in which a soil
over a bedrock is considered, mode superposition
causes an increment of the apparent phase velocity
with respect to the fundamental mode value in the
low frequency range (see Fig. 9). Thus also in this
case a consistent inversion method requires higher
modes 1o be considered, otherwise the estimated
stiffness of the lower layers would be strongly over-
estimated. The results of the inversion process are
reported in Fig. 18 and Fig. 19. This example shows
the necessity of considering mode superposition
also in normally dispersive sites, if’ abrupt changes
in stiffness are present.

The obtained stiffness profile compares well
with DHT results below 3 m (note moreover that the
results of the DH'T" cannot be considered accurate in
the first meters because of induced disturbance in
boring and casing the borehole).

5. Conclusions

Surface waves based methods are increasing
their popularity, which is due mainly to the possibil-
ity of testing undlisturbed soils avoiding the costs re-
lated to boreholes. In this paper a wide spectrum
comparison between two-station and multistation
methods has been presented, considering both syn-
thetic and experimental data. The obtained disper-
sion curves can be considered practically equivalent
for the purposes of the inversion process aimed at
estimating the stiffness profile.

Nevertheless the fk analysis tmplies a reduced
number of testing and interpretation steps with re-
spect to the two-station method, resulting in a con-
siderable saving of time. The testing time in situ is
strongly reduced because only one or two lesting
configurations are required. Moreover it must be
considered that the fk analysis is less influenced by
external noise, which often prevent two-station data
to be correctly interpreted, and, as a consequence,
there is much less necessity of stacking experimen-
tal signals. For instance it must be considered that
the experimental data presented in this paper have
been obtained with a single shot for the fk analysis,
while the traditional two-station interpretation re-
quires a minimum of 3-5 stacks {or each testing con-
figuration.

The data processing is much faster and it re-
quires only a very limited operator judgement re-
sulting in a strong automation of the process. This
is also due to the fact that fk analysis yields directly
a single dispersion curve, with no need for averag-
ng.
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Finally, the stiffness profiles obtained from the
inversion of surface wave data show a satisfactory
agreement with bore-hole test results.
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Confronto numerico e sperimentale tra il
metodo a due stazioni e il metodo multi-
stazione nell’analisi spettrale delle onde
superficiali

Sommario

Tnetodi di indagine geofisica basati sulla propagazione delle
onde di Rayleigh consentono una ricostruzione sufficientemente
dettagliata delle variaziont di nigidezza con la profondita. Essi st
stanno recentemente diffondendo nell’ambito della geofisica
applicata e dell’tngegneria geotecnica, per effetto dei vantaggi
economict ed ingegneristict derivanti dalla possibilita di evitare
Jfori di sondaggio.

Nel metodo SASW. che rappresenta la variante pri diffisa
i ambito geolecnico di tali metodi, 1 dati sperimentali vengono
collezionati i sito con una configuraxione di prova a die
ricevilori ed analizzati con una procedura basata sulla differenza
di fase tra 1 segnall.

Nel presente articolo viene presentato un confronto ad amplo
spettro tra tale metodo e una metodologia di prova a pity ricevilort
basata sull'analisi nel dominio frequenza-nwmero d’onda.
Quest’ultima consente una notevole riduzione det tempi di
acquisizione ed interpretazione e presenta il vantaggio di essere
meno sensibile all’influenza del rumore di fondo.

Il confronto viene effeltuato utilizzando simulazion:
numeriche della prova e dati sperimentali riguardanti differenti
profili di rigidezza, riportando le differenze in leymini di curva
di dispersione sperimentale.

Infune il profilo di rigidezza corrispondente all’inversione dei
dati relativi alle onde superficiali viene confrontato con i risultati
di frove sismiche in foro, evidenziando Uaffidabilita dex visultan
ottenuti.
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