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ABSTRACT: In those engineering projects where external vibrations coming from different
sources in the surroundings (i.e. seismic waves, railway, pile driving, industrial machines,
highway, subway, explosions) are expected, the identification of dynamic characteristics of the
soil (i.e. Damping and wave velocity profiles) is necessary to predict the soil-structure dynamic
interaction. This work focuses on the dissipative properties of the soil, which are expressed in
terms of attenuation or energy absorption coefficient, as it has been determined during
Multichannel SASW (Spectral Analysis of Surface Waves) tests performed at several sites.
From experimental results the variation of the attenuation coefficient with the frequency of
excitation (attenuation curve), as predicted by the visco-elastic theory, has been confirmed. An
attempt has been made to correlate soil nature and conditions to the possible limits of the
attenuation coefficient in the frequency range of SHz+100Hz.

1 INTRODUCTION

In many engineering projects the soil-structure interaction problem is solved where the external
loads are represented by vibrations, which reach the structure travelling through the soil. In
these cases the systems to be identified are the supestructure, the external source of vibrations
and the ground which transmits the vibrations. Several works have been published about the
characteristics of wave propagation and energy attenuation in the case of seismic events (Ga-
zetas and Yegian 1979, Aki and Richards 1980). Nevertheless all these cases deal with a seis-
mological spatial scale, that is different from the geotechnical scale. Other papers (Krylov et al.
2000, Kaynia et al. 2000) are concerned with the vibrations generated by high speed trains and
how the induced waves propagate into the ground from the railway, but there is not much litera-
ture (Barkan 1962) about the correlation among attenuation coefficients (i.e. energy loss due to
material damping) and soil characteristics. This work summarizes the results concerning the en-
ergy attenuation of Rayleigh waves as it has been determined during Multichannel SASW at
different sites.

2 RAYLEIGH WAVES AND MULTICHANNEL SPECTRAL ANALYSIS OF SURFACE
WAVES TEST

2.1 Experimental set-up

The Multichannel SASW test is a non-invasive technique (Roma 2001) that consists in measur-
ing the wave field generated on the free surface by exciting the soil at a surface point (Fig.1 ).
The point source can be either impulsive (i.e. hammer, falling weight) or harmonic (electrome-
chanic shaker) and the receivers (geophones or accelerometers) are placed along a line depart-
ing from the source (Hebeler 2001). More recently environmental noise is used as excitation of
the soil and the receivers are set up in concentric circles, since the source direction is not
known a priori. In this case the method is called Passive Multichannel SASW, to be distin-
guished from the Active Multichannel SASW ( Zywichy 1999). The main aspects to be consid-
ered in the experiments are the span between two consecutive receivers and the time interval of
acquisition, so that aliasing problems can be avoided.
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Figure 1. Scheme of the experiment in situ.

2.2 Theoretical framework for evaluation of attenuation curves

In the Multichannel SASW test the waves involved during the measurement of the wave field
on the free surface of the ground are primarily Rayleigh waves. Rayleigh waves are responsible
for energy transmission at long distances from the source, as it has been recognized during
seismic events (Ewing et al. 1957). The use of dispersive properties of Rayleigh waves in a
multilayered system to identify the shear wave velocity profile and the Q factor is not new for
seismologists (Nolet and Panza 1976, Vuan et al. 1995, Jongmans et al. 1993). During propaga-
tion of Rayleigh waves two distinct phenomena can be discerned: 1) wave dispersion and 2)
wave amplitude attenuation.

The wave dispersion phenomenon occurs when the several harmonic components of a whole
disturbance separate during propagation, because of their different energy or group speeds
(Lighthill 1964). As a consequence of dispersion the apparent phase velocity of Rayleigh
waves varies with the frequency of excitation. For the particular case of a homogeneous half-
space dispersion does not happen and the apparent phase velocity is constant with frequency
and it is equal to the apparent group velocity. On the basis of the dispersion phenomenon the
shear wave velocity profile can be inferred by means of the so called uncoupled inversion pro-
cedure (Roma 2002). The attenuation phenomenon concerns both the geometrical attenuation of
wave amplitude, due to the shape of the spreading wave-fronts, and the material attenuation of
the wave field, caused by energy losses associated to interparticle friction. The material at-
tenuation is strictly linked to the damping ratio profile and also coupling exists between disper-
sion and attenuation phenomena accordingly to the principle of causality, as it is stated by the
Kramers-Kroning relation (Aki and Richards 1980, Lai 1998). Nevertheless at very small de-
formation level (ycyc]ic§5-10’6+5-10’5 Vucetic 1994), the coupling effects between attenuation
and dispersion (i.e. between wave velocity and damping ratio) can be neglected and results
from uncoupled method and coupled method are comparable (Roma 2003). In the following,
reference will be done only to the uncoupled method.

From the wave field measurements the experimental displacement transfer function (system re-
sponse to harmonic excitation) Tey,(r,m) of the site is calculated. If the particle accelerations are
measured, then the experimental displacement transfer function of the system is (Lai et al.
2002):

Texp(r’w) = _M(;’O)).Cz(a)) )
w -Cl(a))

where o is the circular frequency of excitation, r is the distance from the source, M(r,®) is the
ratio of the particle acceleration measured at the receiver to the input force measured at the



source. Ci(®) and C,(w) are the frequency-dependent calibration factors of the accelerometers
used to detect the particle motion and the accelerometer placed on the shaker, respectively. The
factor C,(w) also includes the mass of the armature of the shaker.

The theoretical expression of the displacement transfer function Ty,..(r,®) of the system is:

U (r,a),t) —i-¥(r,m) 2
Ttheo(r’w)z;z-W:G(”’w)'e e @

where F, is the magnitude of the exciting force, U,(r,m,t) is the vertical displacement, G(r,®) is
the geometric spreading function of Rayleigh waves, y(r,m) is the apparent phase of the wave
train, which contains all Rayleigh waves. It should be noted that near field effects due to P and
S waves are not considered and only Rayleigh waves are taken into account in the theoretical
formulation. Also the contribution of higher modes of Rayleigh is ignored in the apparent phase
y(r,m), so that only the fundamental mode appears in the phase y(r,w)=k r(®)-r and (2) be-
comes:

—i~1<; (@)r
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To estimate the complex apparent wavenumber:

o)~ imylo) “
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that appears in equation (3), the distance between the experimental end the theoretical system
response has to be minimized at each frequency ®:

i=N

2

i=1
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where the subindex i refers to the i-th receiver.

In the coupled method both the apparent phase velocity Vr(®) and the apparent attenuation co-
efficient a r(®) in equation (4) are searched at each frequency m, whereas in the uncoupled
method the shear wave velocity profile is evaluated in the first step of the inversion procedure.
Hence in the second step the apparent phase velocity Vr(®) is known and only the apparent at-
tenuation coefficient o r(®) remains to be determined. The optimisation problem stated by
equation (5) has been solved by means of the Levenberg Marquardt non-linear inversion algo-
rithm (Press et al. 1992, Rix et al. 1999).

In Figure 2 the comparison between the experimental (circles) and the theoretical (dots) abso-
lute value of the vertical displacements is illustrated at the frequencies between 15Hz and
21.25Hz for the investigated site Mud A (see section 3).

In the diagram of Figure 2 the oscillating behaviour of both the responses due to the superposi-
tion of all the Rayleigh modes can be noted. This aspect assumes relevance when dealing with
inversely dispersive sites, especially at frequencies greater than the cut-off frequency of the sec-
ond mode of Rayleigh. In fact below the cut-off frequency of the second mode of Rayleigh only
the fundamental mode exists and the Geometrical Spreading Rayleigh function G(r,®m) reduces
to a constant factor proportional to 1/Vr that governs the geometrical attenuation law of the
Rayleigh waves through a homogeneous half-space (Roma et al. 2002). From the at-
tenuation coefficients a r(®) determined at each frequency o the attenuation curve can
be obtained, in which the variation of the attenuation with frequency is plotted (see Fig.
10).
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Figure 2: Experimental (circles) and the theoretical (dots) absolute value of the vertical dis-
placements at site Mud A.

3 INVESTIGATED SITES
3.1 Description of the sites

The above illustrated method has been applied to several sites while performing the Multichan-
nel SASW test for determining the shear wave velocity profile and the damping ratio profile.
The results refer to very small strain level, since the maximum shear strain measured during
SASW test is nearly y=(1+5)-10” (Roma 2003).

3.1.1 Site S16

This site is located in Germantown near Memphis, Tennessee (U.S.) at approximately 100m
to the south of Nonconnah Creek river and is part of the Memphis-Shelby County Hazard Map-
ping Project as the other sites in the Memphis area which are reported in Table 8. Unfortunately
the stratigraphic profile is not available for this site. Nevertheless the site is within the flood-
plain of Nonconnah Creek and it can be inferred that the surface soils are of young geologic
age. The only sure information is the existence of a surficial layer of very cracked clay, recog-
nized during the experiment (Hebeler 2001). Also the water table position has been estimated at
a depth of approximately 3.5m. On this site the Multichannel SASW method has been applied
to identify the shear wave velocity Vs and the shear damping ratio Ds profiles (see Table 1,
Fig.3).

The site is normally dispersive and belongs to the class B, according to the Eurocode 8.



Table 1, Figure 3 : Shear wave velocity Vs and shear damping ratio Ds profiles at site S16.

(Il:l) (IX/SS) (10)/:) Shear wave velocity Vs Shear :Jam!)ing Ratio
3.5 190 5.0 (mls) (Slte 316) Ds (A)) (Slte 316)
3 245 5.1
5 280 51 0 200 400 600 800 4 45 5 55 6
3.5 280 5.1 0 _ 0 L|
55 375 | 5.1 | E -101 E -10
9.5 480 | 51 | £ -20 g 20
7.7 595 5.1 % -30 2 -30 -
Half-space | 795 5.1 -40 40

3.1.2 Site Houston Levee Park

The site is located in the alluvial deposits of Wolf river in Germantown near Memphis, Ten-
nessee (U.S.). The ground consists of alternating layers of clayey silt and sands down to a depth
of about 10m, where the stiff clay of Jackson Formation is encountered, which reaches a depth
greater than 20m. The water table depth is Sm (Schneider and Mayne 1999). In Table 2 and
Figure 4the shear wave velocity Vs and the shear damping ratio Ds profiles inverted by means
of Multichannel SASW method are presented.

Table 2, Figure 4: Shear wave velocity Vs and shear damping ratio Ds profiles at site Hous
ton Levee Park.

Shear wave velocity Vs Shear Damping Ratio Ds
h Vs Ds (m/s) (Site Houston (%) (Site Houston Leeve
o
(I;) (III;_/SS) ( 42) Leeve Park) Park)
2 200 5.7
2 240 | 6.0 0150 250 3%0 45 5 55 6 6.5
2 285 = -_ T
611 E 40 g ©?
3 29 1 61] g 51 £ 20
3 315 [ 61 | & 3 2 |
3 325 6.1 © -40 T -40
Half-space 355 6.1

As in the case of the site S16, the site Houston Levee Park belongs to the class B of the Euro-
code 8. The site is normal dispersive with a regular profile, since stiffness monotonically in-
creases with depth.

3.1.3 Sites Mud A and B

These two sites are located in different places of the man-made Mud Island in Downtown
Memphis, Tennessee (U.S.). The Mud Island was formed prevalently by hydraulic filling and
partly by natural sedimentation from the Mississippi River. The profile of both sites is consti-
tuted by alternating layers of silt and loose sand down to a depth of at least 25m, where a more
dense layer of sand exists. The water table is at a depth of 8m. As for the other sites the SASW
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test has been performed and the resulting shear wave velocity Vs and the shear damping ratio
Ds profiles are summarized in Tables 3,4 and Figures 5,6 below.

Table 3,Figure 5:Shear wave velocity Vs and shear damping ratio Ds profiles at site Mud A.

Vs Ds

h Shear wave velocity Vs Shear Damping Ratio
(o) (If:(;) () (m/s) (Site Mud X) Ds (% (Site Mud A
1 155 | 14
1 160 | 11 100 200 300 400 0 05 1 15
0.8 165 0.7 0 ‘ 0 _'_'_,:.
1 175 | 04 | E -10 1 i‘L E 5 r
1 145 | 02 | £ 20 £ -10
i 60 | 0.1 | & .30 I\ﬁ g 5 ‘
2 165 | 0.07 40 -20
3.2 160 | 0.05
2 175 1 0.05
3 1830 | 0.05
3 200 | 0.05
4 225 1 0.05
4 250 | 0.05
Half-space 390 0.05

This site shows an essentially normally dispersive profile, with very low values of shear damp-
ing ratio Ds, compared to the other sites.

Table 4,Figure 6: Shear wave velocity Vs and shear damping ratio Ds profiles at site Mud B.

h V/s ](;S Shear wave velocity Vs Shear Damping Ratio Ds
(11115) (‘1‘19;) (1 05) (mis) (Site Mud B) (%) (Site Mud B)
;2 }gg ii 150 300 450 600 1.01.52.0253.035
. , 0
25 170 [ 18 | = z 13 -
5 165 | 33 | €~ =
£ -20 | £ -20 1
6 190 |35 ] & g -30 -
7 280 | 35 | © I ° 40
10 225 | 35 -40
Half-space 665 3.5

The profile is slightly inversely dispersive, because there are some soft layers trapped between
stiff layers. The shear damping ratio Ds is low.

3.1.4 Site Pisa Tower

This site is definitely the most investigated of all, because of the importance of the Leaning
Tower of Pisa. The MSASW test has been performed near the Lupa monument. In Table 5 the



stratigraphy of the site is briefly described (Lo Presti et al. 2002). The upper part of the site
(from 3 m a.s.l. down to 0 m a.s.l. ) is formed by a heterogeneous silty-clayey soil containing
archaelogical remains. Below this man-made stratum there is the horizon A, consisting of strata
of silt and sand of various thickness (from 0 m a.s.l. to -7.5 m a.s.l.). From -7.5 m a.s.l. to- 40 m
a.s.l. there are the clays of the horizon B and below -40m a.s.l. there is the horizon C made of
sands. The phreatic water level within the horizon A varies between 1m and 1.5m below the
free surface.

Table 5, Figure 7: geotechnical profile with wave velocity Vs and shear damping ratio Ds pro-
files at site Pisa Tower.

h Vs Ds layer Thickness description
(m) | (mis) | (%) (m)
1.5 190 4.35 | Man-made 3 Silt and clay
1.5 170 3.9 Horizon A 7.5 Silt and sand
3 175 3.25 | Horizon B 32.5 Clay and sand
2.5 150 23 Horizon C 20 sand
3 140 2.35 Shear wave velocity Vs Shear Damping Ratio
5 200 2.3 (m/s) (Site Pisa Tower) Ds (%) (Site Pisa
5 250 23 Tower)
Half-space 300 2.3 100 200 300
0 ‘ 2.00 2.50 3.00 3.50
B r':' = 0
£ 10 |_|_ EE’ -10
§' -20 A ‘é -20 -
30 © =30

3.1.5 Site Jackson County Landfill

The site is located in the Jackson County Landfill near Amagon in Arkansas (U.S.). At the mo-
ment of the SASW test the ground consisted of a cracked surficial layer of clay, which overlays
a medium to dense thick layer of sand. There is no information about the ground water table.

Table 6, Figure 8: Shear wave velocity Vs and shear damping ratio Ds profiles at site Jackson
County Landfill.

h V/s {;s Shear wave velocity Vs Shear Damping Ratio
(';1) (IIIESS) g 7‘2 (mls) (Site Jackson) Ds (%) (Site Jackson)
2 165 1.1
3 210 0.9 100 200 300 0.0 1.02.0 3.04.0
. 0 T 0 —] T
2 220 | 08 | = 4 - E -10
3 20 | 08 | S [ Pt
s -20 £ -20 A
3 215 [ 08 | B 2 45|
3 215 | 08 | ® %07 S 0
4 220 | 0.8 -40
4 235 0.8
4 255 0.8
5 270 0.8
Half-space 285 0.8
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3.1.6 Site Treasure Island

This site is located in the San Francisco Bay and is on an artificial island made of hydraulic
filling. The profile consists of a surficial layer of gravelly sand over 10m of loose, fine-to-
medium sand, underlain by 12m-18m of soft clay. The water table is approximately at the depth
of 1.5m. The SASW test has been conducted by Lai and Rix (Rix, Lai, Spang 1999) and the re-
sults give information down to a depth of 15m. The shear wave velocity profile below the depth
of 15m has been taken from other references (Lanzo G.and Silvestri F. 1999). The stratigraphy
is presented in Table 7 and Figure 9.

Table 7, Figure 9: Shear wave velocity Vs and shear damping ratio Ds profiles at site
Treasure Island.

h Vs Ds . .
(m) (m/s) (%) Shear wave velocity Vs Shear Damping
18 145 0.6 (m/s) (Site Treasure Ratio Ds (%) (Site
1.7 130 2 Island) Treasure Island)
1.5 135 1.8
73 145 1 100 150 200 250 300 0.0 1.0 20
- 0 I E— - 0
3.5 155 0.5 E .10 | E 10| ——
15 265 | 025 || & -30 g -30
60 250 | 025 || © 40 ! © 40
Half-space 1000 | 0.25
Table 8: sites which have been analysed.
Site Location description Water table | Vsz) | Ds3y | Ds; Class
depth (m) | (m/s) | (%) | (%)
S16 Memphis, Cracked super- 3.5 314 | 5.1 5.0 B
Tennessee ficial layer of
(U.S) clay
Houston Memphis, Superficial 5 289 | 59 4.6 B
Levee Park Tennessee layer of clayey
(U.S) silt over layer
of sand over a
halfspace of
stiff clay
Mud A Memphis, Loose sedi- 5 198 | 0.1 1.2 C
Tennessee mentary layers
(U.S) of silt and sand
Mud B Memphis, Loose sedi- 8 200 | 2.6 1.5 C
Tennessee mentary layers
(U.S) of silt and sand
Pisa Tower Pisa (Italy) layers of man- 3 206 | 2.5 | 4.35 B
made ground,
silt, sand and
clay
Jackson Amagon, Ar- | Very stiff su- | Not available | 210 | 0.9 | 3.75 B
County Land- | kansas (U.S.) | perficial layer
fill of clay over
medium to
dense sand
Treasure Is- San Fran- Loose fine-to- 1.5 160 | 0.3 0.6 C
land cisco, Cali- medium sand
fornia (U.S.) on soft clay
(bay mud)




In Table 8 the list of the investigated sites is reported, with a summary of the site description,
the water table position, the averaged shear wave velocity Vs;, and shear damping ratio Dssg
within the depth of 30m from the free surface:

VS30:Z(hi)/ E(hi/VSi), DS30:E(hi)/ Z(hl/DSI) (6, 7)

where h; is the thickness of the i-th layer and Ds;, has been defined as done for Vsso. Also the
class of the soil has been evidenced according to EC 8 classification for local site effects

The results obtained at the above specified sites compare well with other investigations, which
specify a range for shear damping ratio Ds at very small deformations for different soils (see
Table 9).

Table 9: range of shear damping ratio Ds (in %) for different soils at very small deformations
(Bowles 1996)

Soil type Stewart & Campanella Others
(1993)
Clay 1.0+5 1.7+7
Silt - 2.5
Alluvium - 3.5+12
Sand 0.5+2 1.7+6

It can be observed that energy dissipation of travelling waves is generally low for silt and in-
creases for sand, clay and alluvial soils.

Following the method explained in section 2, the variation of the energy absorption coefficient
a r(f) as a function of frequency f has been plotted in Figure 10 for all the above analysed sites.

Attenuation coefficient (1/m)

0,35

Energy absorption Curves for Rayleigh Waves

0,3 1 / —<—S816
—=— HoustonLeveePark
025 |Upper Bound /.

—Oo— Pisa Tower
Average Curve |

’ = —aA—Mud A
Mud B
0,2 -

Upper Bound
Lower Bound
Average

—+&— JacksonCountyLandfill

—e— Treasure Island

|—‘Lower Bound |

0 20 40 60 80 100 120
Frequency (Hz)

Figure 10. Attenuation coefficient a of Rayleigh waves for different sites.

The attenuation coefficient a is strictly correlated to damping ratio Ds (Rix et al. 1999), so it is
expected that to high values of Ds correspond high values of attenuation coefficient a. Shear
damping ratio Ds depends on the site characteristics such as soil nature, strain level vy, overcon-
solidation ratio OCR, degree of saturation, confining pressure, plasticity index IP for cohesive
soils, void ratio e, friction angle ¢’ for non cohesive soils. For sands and gravelly soils it has
been found (Seed et al. 1986) that shear damping ratio Ds increases if void ratio e , friction an-
gle ¢’, degree of saturation, OCR and confining pressure decrease. For clays other researchers
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(Vinale et al. 1996) have observed that Ds increases if plasticity index IP increases and if OCR
decreases.

Unfortunately only few of the presented sites have been adequately investigated by means of
laboratory and in situ tests, so at this stage of knowledge the available information is not suffi-
cient to clarify the link of the attenuation curves with factors such as overconsolidation ratio
OCR, degree of saturation, plasticity index IP, void ratio e, friction angle ¢’ and confining
pressure.

Nevertheless the following conclusions can be inferred. As a general trend common to all the
sites the attenuation of surface waves increases as the frequency of the vibration increases. This
result was expected, since at higher frequencies the number of oscillations of the particles
around their equilibrium configuration increases. If it is considered that during transmission the
mechanical wave loses energy at each cycle, the total amount of dissipated energy depends on
the number of cycles per unit of time, that is the frequency of the wave. The range of frequen-
cies that has been considered is between SHz and 100Hz. In Figure 10 two curves have been in-
troduced, which delimit the upper and the lower bounds of all the attenuation curves at the sev-
eral sites and a third curve has been plotted, which is the average of the upper bound and the
lower bound curves. The average curve is representative of the trend of the average attenuation
coefficient Olayerage, Which within the above specified frequency range varies essentially linearly
from 0,,;,=0.025-1/m at f=5Hz t0 0;,x=0.15-1/m at f=100Hz.. From Figure 10 two distinct trends
can be distinguished inside the belt delimited by the upper and lower bounds curves. The first
trend is characterized by attenuation curves near the lower bound curve with low values of the
attenuation coefficient o.. This behaviour is common to the three sites Mud A, Mud B and
Treasure Island. All the other analysed sites belong to the second trend, characterized by higher
values of the attenuation coefficient o. The first distinction among the three sites Mud A, Mud
B and Treasure Island and the other sites is that the former group of sites is represented by arti-
ficial islands, which have been recently formed by hydraulic filling of silt and sand. On the con-
trary the remaining sites are naturally formed soils. The different dynamic behaviour between
the two groups of sites can be also explained in terms of shear damping ratio Ds; of the superfi-
cial layer, rather than of the averaged shear damping ratio Ds;, within the first 30m of ground.
In fact the sites Mud A, Mud B and Treasure Island shows shear damping ratio Ds; less than
2.0% on the free surface, where surface waves and Rayleigh waves mainly propagate.

The values of a reported in Figure 10 are in good agreement with results obtained by Barkan
(Barkan 1962), who made an extensive campaign of experimental measurements of vibrations
produced by real machines. His investigations cover several types of soils in different condi-
tions at frequencies ranging between 10Hz and 30Hz (see Table 10). From Barkan’s results it
can been inferred that energy absorption is lower in frozen and organic soils.

Table 10: attenuation coefficient a for several soil types and conditions at frequencies in the
range 10Hz+30Hz

Soil description a
(1/m)
Yellow water-saturated fine-grained sand 0.100
Yellow water-saturated fine-grained sand in a frozen state 0.060
Gray water-saturated sand with laminae of peat and organic silt 0.040
Clayey sands with laminae of more clayey sands and of clays with some sand 0.040
and silt, above ground-water level
Heavy water-saturated brown clays with some sand and silt 0.040+0.120
Marly chalk 0.100
Loess and loessial soils 0.100

3.2 Utility of the attenuation coefficient o

In order to better comprehend the usefulness of the attenuation coefficient o for engineering
purposes, consider the problem of determining the amplitude of vibrations generated by any




source (i.e. railway, traffic, industrial machine, subway, workings, explosions) on buildings and
structures foundations placed at a distance x from the source.

In a simplified analysis the contribution of higher modes of propagation can be omitted and
only the fundamental mode is considered. This is true for homogeneous sites or for normally
dispersive sites, where ground stiffness increases with depth. Under this assumption the vibra-
tion amplitude on the free surface A(x) at a distance x (for example x=10m) from the source on
the free surface can be expressed as:

AX)=A(x0)-(x0/x)" - 4™ (8)

where A(xo) is the known amplitude at the distance xo from the source (for example
A(x0)=10mm at xo=0.1m).

If the dominant frequency fiean (say firean=50Hz for an industrial machine) of the exciting source
is known and no specific tests on the ground dynamic properties have been performed at the
site, then the corresponding value of the attenuation coefficient O, can be evaluated from the
average curve of the Figure 10 (at fi,cai=50HZ Olea=0.075-1/m) and the amplitude at a distance
x=10m can be approximately estimated equal to 0.5mm. If the dominant frequency of the excit-
ing source is fi...=5Hz (i.e. train, tram), then Olye,;=0.025-1/m and for the same A(xo0)=10mm at
x0=0.1m, the vibration amplitude at a distance x=10m is equal to 0.8mm.

If the frequency spectrum of the source is available, then the frequency response of the ground
at the distance x can be calculated by applying equation (8) to each frequency component.

4 CONCLUSIONS

The variation of the attenuation coefficient o0 within the frequency range SHz+100Hz (attenua-
tion curve) has been determined for several sites, for which shear wave velocity Vs and shear
damping ratio Ds profiles have been reported, together with available information on stratigra-
phy. By considering the attenuation curves of all the analysed sites an upper and a lower bound
curves have been determined. From the upper and lower bounds an average curve has been de-
termined, which is a pragmatic tool to do approximate, but immediate predictions of the degree
of vibration transmission through the surface of the soil. Also an attempt has been made to as-
sociate the frequency dependent value of the attenuation coefficient o to the soil nature and
conditions. Unfortunately only few of the presented sites have been adequately investigated by
means of laboratory and in situ tests, so additional efforts are needed to gain more knowledge
about the link of the attenuation curves with factors such as strain level, overconsolidation ratio
OCR, degree of saturation, plasticity index IP, void ratio e, friction angle ¢’ and confining
pressure.
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