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Abstract: Important progress has been made in the past 20 years in the use of surface-wave testing in soil characteriza-
tion. However, the effect of Poisson’s ratio on the construction of the theoretical dispersion relationships, associated with
the inversion process, has not received enough attention and remains poorly documented. Five ideal profiles with different
degrees of variation of shear-wave velocity with depth and three published case records are considered in this paper to
study the effect of Poisson’s ratio on Rayleigh wave phase velocities. The effect of the variation of Poisson’s ratio on the
evaluation of shear-wave velocity profiles (Vs) is also examined. Poisson’s ratio is generally assumed in surface-wave test-
ing, and therefore the paper also examines the possibility of evaluating its value using a multi-mode inversion process.
The results of surface-wave testing obtained at two experimental sites are then used to illustrate the potential of surface-
wave testing to evaluate the Poisson’s ratio profile in addition to the Vs profile. The impact of Poisson’s ratio in Rayleigh
wave testing is shown to be significantly more important than previously demonstrated. The error resulting from Poisson’s
ratio does not depend solely on the magnitude of the inaccuracy. A multi-mode inversion process is shown to be a useful
tool to determine the Poisson’s ratio profile, leading to a more accurate soil characterization.
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Résumé : Au cours des 20 dernières années, on a réalisé des progrès important dans l’utilisation des essais basés sur les
ondes de surface pour la caractérisation des sols. Toutefois, l’effet du coefficient de Poisson sur la construction des rela-
tions théoriques de dispersion, associées au processus d’inversion, n’a pas reçu suffisamment d’attention et demeure mal
documenté. Dans cet article, cinq profils idéals avec différents degrés de variation de la vitesse des ondes de cisaillement
et trois cas expérimentaux publiées ont été considérés pour étudier l’effet du coefficient de Poisson sur la vitesse de phase
des ondes de Rayleigh. L’article examine également l’effet de la variation du coefficient de Poisson sur l’évaluation des
profils de vitesse des ondes de cisaillement (Vs). En général, la valeur du coefficient de Poisson est assumée dans les essais
basées sur les ondes de surface, et en conséquence, l’article examine aussi la possibilité d’évaluer sa valeur au moyen
d’un processus d’inversion multi-mode. Les résultats des essais d’onde de surface obtenus à deux sites expérimentaux sont
utilisés pour illustrer le potentiel de l’essai d’onde de surface pour évaluer le profil du coefficient de Poisson en plus du
profil de Vs. On montre que l’impact du coefficient de Poisson dans les essais basés sur les ondes de Rayleigh est plus im-
portant que ce qui a été démontré antérieurement. L’erreur résultant du choix du coefficient de Poisson ne dépend pas seu-
lement de la grandeur de l’inexactitude. On montre qu’un processus d’inversion multi-mode est un outil efficace pour
déterminer le profil du coefficient de Poisson menant à une caractérisation plus précise du sol.

Mots-clés : coefficient de Poisson, ondes de surface, ondes de Rayleigh, vitesse des ondes de cisaillement, vitesse des on-
des de compression, analyses modales.

[Traduit par la Rédaction]

Introduction

The elastic properties of soils measured at low strain
(<10–3), such as shear modulus (Gmax), Young’s modulus
(Emax), or Poisson’s ratio (�), are essential parameters for
dynamic response analysis and soil–structure interaction
problems and can play an important role in the study of
liquefaction potential under seismic loading (Youd et al.
2001). These parameters are also useful for the characteriza-
tion of soils in terms of geotechnical and mechanical proper-

ties (Robertson et al. 1995). The shear-wave velocity (Vs) or
shear modulus (Gmax ¼ �V2

s , where r is the mass density)
can be used for in situ evaluation of hard-to-sample deposits
and eventually for identification of bedrock position. It can
also be used to derive in situ density (Stokoe et al. 1994),
stress conditions, or in situ strength and large-strain behavior
of granular soils (Robertson et al. 1995). Poisson’s ratio (�)
or compression-wave velocity (Vp) are good indicators of the
depth of saturation in deposits.

However, the dynamic elastic parameters need to be accu-
rately determined for use in geotechnical engineering. For
example, when the density index (Id) is evaluated from the
relation proposed by Seed and Idriss (1970), namely:

½1� Id ¼ kV2
s � 25; k ¼ �tot

1:336� 105ð�0mÞ1=2

where �0m is the mean effective stress and �tot is the density
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of material (kg/m3), an error of 10% in Vs produces an error
greater than 25% in Id.

Although crosshole and downhole seismic surveys have
long been used for evaluation of dynamic properties of soil,
spectral analysis of surface waves (SASW), developed in the
early 1980s, has opened the way for Vs profiling without the
need for any boring or sounding. The SASW method (Naza-
rian and Stokoe 1985) involves two steps: (i) determination
of the dispersion curve (phase velocity versus wavelength)
and (ii) transformation of this dispersion curve into a shear-
wave velocity profile using an inversion process. In the first
step, the phase velocity between two sensors located at
given distances from an impact source is evaluated as a
function of frequency or wavelength (�). The test is repeated
for several receiver spacings to cover a wide wavelength
band and in two directions to account for the effects of
deposit variability. Heisey (1982) proposed filtering criteria
suggesting that the acceptable wavelengths must be between
d/2 and 3d (where d is the receiver spacing). An overall dis-
persion curve is then obtained by the application of the same
process for all receiver spacings considered. In the second
step, the average dispersion curve is transformed into a
shear-wave velocity profile (inversion) by comparing the
experimental dispersion curve with the theoretical curve cor-
responding to the fundamental Rayleigh mode calculated for
a horizontally stratified medium consisting of N layers.

Because the measurements are made at the surface with-
out the need for boring or sounding, the SASW method has
generated great interest. However, the method can, in some
cases, be affected by reliability or accuracy problems. In
SASW, the experimental dispersion curve is assumed to be
representative of the fundamental Rayleigh mode only.
However, a number of experimental and analytical studies
have demonstrated that, in some conditions, higher modes
can interfere and even dominate the fundamental Rayleigh
mode and thus significantly affect the dispersion curve,
even if the source and sensor locations in the standard
SASW procedure are designed to minimize the contribution
of the higher modes.

The problem of higher Rayleigh mode contribution to the
dispersion curve in surface-wave testing was identified fairly
early (Jones 1958) but was believed for many years to be
associated only with deposits characterized by an irregular
Vs profile, i.e., a profile where Vs does not increase regularly
with an increase in depth (Tokimatsu et al. 1992; Gucunski
and Woods 1992; Ganji et al. 1998). More recently, how-
ever, detailed numerical analysis of seismic-wave propaga-
tion in response to an impact at the ground surface has
shown that higher Rayleigh modes can contribute to the dis-
persion curve even for deposits with a regular Vs profile and
even when using SASW criteria (Karray 1999). Today, there
is consensus that methods of investigation based on surface
waves should assume that higher Rayleigh modes can con-
tribute to the dispersion curve and that techniques should be
used to separate or eliminate the contribution of these higher
modes before proceeding with inversion (Lefebvre and
Karray 1998; Park et al. 1999; Foti 2000).

The assumed Poisson’s ratio can also be a source of in-
accuracy because it must be assumed in each layer in the in-
version process. It is well known that the effect of Poisson’s
ratio is not very important in an elastic, homogeneous, and

isotropic medium. The ratio (kr) between phase velocity
(VR) and Vs varies from 0.91 for � = 0.20 to 0.95 for � =
0.50 (Richart et al. 1970). A two-layer system, consisting of
a layer of soft material underlain by a stiffer half-space
(Fig. 1) with a shear-wave velocity contrast of 1.5, has been
considered by Nazarian (1984) to study the effect of
Poisson’s ratio on construction of the theoretical dispersion
curve. The results shown in Fig. 1 (using the same example
considered by Nazarian) indicate that over a range of Pois-
son’s ratios of 0.15–0.49, normalized velocities at a given
wavelength vary no more than about 10%. On this basis, it
can be concluded that the Poisson’s ratio does not introduce
a significant error in construction of the dispersion curve if
it is reasonably assumed. Considering the field conditions
that are generally encountered, the homogeneous half-space
(Richart et al. 1970) and the example of Fig. 1 (Nazarian
1984) are, however, not sufficient for a general conclusion
on the effect of � on the theoretical calculation of the dis-
persion curve in the inversion process. The objectives of
this paper are (i) to evaluate the effect of Poisson’s ratio in
the inversion process for conditions similar to those gener-
ally encountered in the field, when Vs varies with depth;
and (ii) to describe how Poisson’s ratio can be evaluated
through Rayleigh wave testing using more than one mode
in the inversion process.

Description of the procedures
Transforming a dispersion curve into a shear-wave velo-

city profile (inversion) using the Rayleigh wave testing
method consists of comparing the experimental dispersion
curve with one that is theoretically constructed for a hori-
zontally stratified medium consisting of N layers. Each layer
is assumed to be isotropic, homogeneous, and characterized
by thickness (h), mass density (�), Poisson’s ratio (�), and
shear-wave velocity (Vs). The process is repeated until the
computed and experimental curves match.

Theoretical dispersion
The first step in the inversion process involves the con-

struction of the theoretical dispersion curves (Rayleigh
modes in the case of multi-modal inversion). The dispersion
problem consists of determining function roots and can be
formulated, for a given stratified medium, by the equation

½2� Dð�; c; fXgÞ ¼ 0;

X ¼ fVs1
; h1; �1; �1; . . . . . . ; Vsn ; hn; �n; �ng

where � is the wavelength, c is the phase velocity, and D is
the dispersion function and can be constructed using differ-
ent techniques (Haskell 1953; Knopoff 1964; Dunkin 1965;
Aki and Richardson 1980; Kausel and Roësset 1981). The
optimization of Knopoff’s method for computer application
by Schwab (1970) is used in this study. For a given frequen-
cy or wavelength, the first root of the dispersion function
corresponds to the fundamental Rayleigh mode, and the nth
root to the (n – 1)th mode. In this study, the roots of the
function D are determined using the secant method. In fact,
the process began by bracketing the first root (fundamental
mode) of the function D corresponding to the lower wave-
length using a simple transformation, c1 = 0.93krVsmin and
c2 = 0.96krVsmin. The term Vsmin corresponds to the lower
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shear-wave velocity in the medium; and the ratio kr, be-
tween c and Vs, varies from 0.91 for � = 0.2 to 0.95 for � =
0.50 (Richart et al. 1970). It should be noted that the pro-
cess is applied for the geological model only and for c
lower than the shear-wave velocity of the half-space. The
nth root for the same Rayleigh mode is then bracketed using
the (n – 1)th root. The process is repeated for the other roots
of higher modes (Karray 1999).

Multi-mode inversion
To evaluate the shear-wave velocity profile and the corre-

sponding compression-wave velocity or Poisson’s ratio pro-
file, the fundamental Rayleigh mode is first inverted by
assuming a Poisson’s ratio for each layer considered. The
theoretical first Rayleigh mode or the available higher mode
is then evaluated and compared to the experimental mode.
The process is then repeated with a new compression-wave
velocity profile until the theoretical and experimental modes
match.

The automated inversion process developed by Karray
(1999) has been used in this study. In this procedure, the
minimization of the difference between the theoretical and
experimental dispersion curves proceeds not only in terms
of phase velocity but also in terms of the shape of the dis-
persion curves, allowing more rapid convergence and also
better detection of the weaker or stronger layers at given
depths (Karray 1999). The inversion is accomplished by
linearization [�’]iteration of the system at each step of the
process.

The difference (phase and shape) between the experimen-
tal and theoretical modes, Dc’, is minimized using the sim-
plex method (Nelder and Mead 1964). Convergence is
controlled by the least-squares criteria. The intermediate

solution is also controlled at each step. Thus, when an inter-
mediate solution leads to a difference, Dc (phase only) con-
taining an opposite sign, this solution is penalized. The
solution is accepted when the difference between the exper-
imental and theoretical modes, Dc, is lower than 1% for all
the wavelengths considered in the process.

Impact of Poisson’s ratio on phase velocity

Analytical solutions
The dispersion relation for a Gibson half-space, which is

defined as a compressible half-space of constant density and
with a shear modulus increasing linearly with an increase in
depth (G ¼ �V2

s ¼ G0ðmzþ 1Þ, where G is the shear modu-
lus, z is the depth, and G0 ¼ �Vs0

), has been derived for var-
ious values of Poisson’s ratio by Vardoulakis and Vrettos
(1988) and can be written using the formula:

½3� cð�Þ � Vs0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:568ðvþ 1:5Þm�þ 2:857

ð3:6� �Þ

r
;

� � 0:88ð3:6� �Þ
ð1:5þ �Þ

c

mVs0

� �

where m is a measure of nonhomogeneity, m = 0 corre-
sponds to a homogeneous half-space; and Vs0

is the shear-
wave velocity at the surface of the medium. Equation [3] is
applicable for � varying between 0.25 and 0.50 and for
small values of �. Based on this equation, the difference �
(in %) in phase velocity between � = 0.49 and 0.33, for a
Gibson half-space, can be expressed as

½4� � � 100 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:364m�þ 0:919

0:318m�þ0:874

r !

Equation [4] indicates that the error that can be intro-
duced in construction of the dispersion curve depends on
the wavelength and the degree of nonhomogeneity of the
medium. For example, for a wavelength � = 1 m, the error
introduced between � = 0.49 and 0.33 is about 5.2% for m =
4 and 3.7% for m = 1. For a wavelength � = 4 m, the error
is about 6.4% and 5.2%, respectively. Although the model
of eq. [3] cannot be applied for large �, this example only
serves to show that the error produced by the Poisson’s ratio
increases with an increase in wavelength and the degree of
nonhomogeneity of the medium.

Parametric study — ideal cases
This parametric study documents the impact of Poisson’s

ratio on construction of the dispersion curve, and ultimately,
on the inversion process.

To parametrically study the effect of Poisson’s ratio on
construction of the theoretical dispersion curve, five illus-
trative systems composed of eight layers underlain by a stiff
half-space are considered. Case 1 represents a non-dispersive
soil profile, while cases 2–5 represent soil profiles where
the shear-wave velocity increases linearly with the incre-
ase in depth according to the following formula:
Vs ¼ Vs0

þ Dvz, where Dv is the rate of increase of Vs
with depth, with Dv = 2, 4, 8, and 16 m�s–1/m, respec-
tively. The shear-wave velocity at the free surface of the
medium (Vs0

) is 50 m/s in all cases. A constant density �

Fig. 1. Effect of Poisson’s ratio on dispersion curve (recalculated
from the same data used by Nazarian (1984)).

626 Can. Geotech. J. Vol. 45, 2008

# 2008 NRC Canada



of 1900 kg/m3 is considered for all the layers and for the
half-space.

Theoretical dispersion curves are evaluated for the differ-
ent profiles, assuming values of Poisson’s ratio of 0.20,
0.33, and 0.49. According to Sharma et al. (1990) and
Davidovici (1985), these values represent the lower, aver-
age, and higher (saturated soil) values of � that can be en-
countered in different soil material (Table 1). In each case,
the Poisson’s ratio is the same for all the layers and also for
the half-space. The percentage of difference between phase
velocities calculated for � = 0.33, which is taken as the
reference value, and those evaluated for � = 0.20 and 0.49
are presented in Fig. 2 as a function of wavelength, normal-
ized using the total height of the media (Ht).

For the homogeneous nondispersive media (Dv = 0, case
1), the relative difference in phase velocities is about 2%
and does not change with wavelength, as indicated in
Richart et al. (1970). In cases of dispersive soils, phase velo-
city is affected by wavelength as well as by degree of Vs in-
crease with the increase in depth (Dv).

The relative difference in phase velocity with respect to
� = 0.33 varies significantly with wavelength, especially
for Dv = 8 and 16 m�s–1/m. The difference converges, at a
normalized wavelength lower than 0.2, to the difference
obtained for the nondispersive media. Beyond �/Ht = 0.2,
the relative difference increases quasi-linearly with normal-
ized wavelength and reaches a maximum (5%–15%) at a
value of �/Ht varying between 2 and 3. At a value of �/
Ht greater than 2 or 3, the relative difference remains con-
stant or decreases slowly with an increase in wavelength,
depending on the value of Dv. It is interesting to note that
the relative difference between � = 0.20 and 0.33 varies in
approximately the same manner with wavelength, as that
between 0.33 and 0.49 for Dv, equal to 2 and 4 m�s–1/m,
respectively, and differs for Dv = 8 and 16 m�s–1/m. For
Dv = 16 m�s–1/m, the maximum difference is reached at a
normalized wavelength of about 2 for � = 0.20 and about
3 for � = 0.49.

The difference between the examples presented in this
study and those dealt with by Nazarian (1984) is the degree
of variation of shear-wave velocity with depth (Dv). Results
for the two layers of Nazarian’s example are reproduced in
Fig. 2 for comparison purposes and are between Dv = 0 and
2 m�s–1/m. It should be noted that the increase in velocity
with an increase in depth simply due to the mean effective
overburden stress (ð�0v0Þ1=4) can be greater than 8 m�s–1/m in

the first 10 m. For example, for a given density index, Id, of
75% and � of 2000 kg/m3, the increase in velocity between
9 and 10 m depth in the same soil deposit, according to
eq. [1], is 8.14 m�s–1/m in nonsaturated soil and 6.8 m�s–1/m
in saturated soil. The average value of Dv between the first
and the tenth metre is 15.2 m�s–1/m in the case of nonsatu-
rated soil and 12.76 m�s–1/m in the case of saturated soil.

To appreciate the importance of the parameter Dv, the rel-
ative difference in phase velocity with respect to � = 0.33 is
presented in Fig. 3 as a function of Poisson’s ratio for differ-
ent values of Dv (i.e., 0, 2, 4, 8, and 16 m�s–1/m) and for
normalized wavelengths (�/Ht) of 1 and 2. The typical
values of � given in Table 1 (Davidovici 1985; Sharma et
al. 1990) for different soil materials are also illustrated in
Fig. 3. The relative difference varies quasi-linearly with the
Poisson’s ratio, with a rate that increases proportionally with
the degree of nonhomogeneity of the media (Dv). In fact, for
large values of Dv and � (Dv = 16 m�s–1/m and �/Ht = 2), the
difference seems to converge to a maximum of about 12%
for � = 0.50 and about 23% for � = 0.10.

Case records
To illustrate the effect of Poisson’s ratio on construction

of the theoretical dispersion curve, three experimental
shear-wave velocity profiles from the literature are consid-
ered (Fig. 4). The first profile (case 1) was obtained by
Addo and Robertson (1994) at Richmond Dykes (Blundell
Road) in Richmond, B.C. The second case (case 2) was pub-
lished by Stokoe et al. (1994), and the third (case 3) was
evaluated according to the relation proposed by Hardin and
Drnevich (1972) to reflect only the effective overburden
stress (ð�0Þ1=4). In the first case, the shear-wave velocity in-
creases slowly with an increase in depth at a rate of approx-
imately 3 m�s–1/m in the first two layers and 6 m�s–1/m in
the deeper layers. In the second case, Vs increases by
more than 25 m�s–1/m in the first 4 m and by 16 m�s–1/m
between 4 and 20 m. In the third case, Vs increases at a
rate of 16 m�s–1/m between 0 and 4 m and decreases rap-
idly at a given depth (3 m�s–1/m).

The theoretical dispersion curves are evaluated for Pois-
son’s ratios of 0.20, 0.33, and 0.49, and the relative differ-
ences with the reference value of 0.33 are presented in
Fig. 5.

As indicated by the parametric study (Fig. 2), the differ-
ence in phase velocity related to Poisson’s ratio becomes
more important as the degree of Vs increases with an in-

Table 1. Typical values of Poisson’s ratio (�), after Sharma et al. (1990) and Davidovici (1985).

Type of material Sharma et al. Davidovici
Saturated clay 0.40–0.5 0.5
Nonsaturated clay 0.10–0.3
Medium clay — 0.40–0.45
Sandy clay 0.20–0.30 0.35–0.4
Silt 0.30–0.35 —
Sand, gravelly sand 0.30–0.40 0.25–0.30
Silty sand, clayey sand — 0.30–0.35
Rock 0.10–0.40 —
Concrete 0.15 —
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crease in depth (Dv). The difference in phase velocity, as
compared with that for � = 0.33, varies from 2.5% to 8.5%
for case 1, from 5% to 18% for case 2, and from 2.5% to
10% for case 3 (Fig. 5). In fact, the variation in the degree
of Vs increase with an increase in depth (Dv) in the same
profile seems to play a leading role in the variation of phase
velocity with variation of Poisson’s ratio. When the rate of
Vs increase is important in the upper layers, the effect of
the Poisson’s ratio becomes more important. The difference

in case 3 (Dv = 3 m�s–1/m at 2Ht/3) is about 10% at a nor-
malized wavelength of 3 (Fig. 5), as compared with 7% in
the ideal case for Dv = 4 m�s–1/m (Fig. 2). In case 2, the
difference reaches a maximum of 18% (for � = 0.49) at a
normalized wavelength of 2 (Fig. 5) compared with 10% in
the ideal case for Dv = 16 m�s–1/m (Fig. 2). The reverse
effect is also true, as demonstrated by case 1 with a differ-
ence of 8.5% at a normalized wavelength of 3 (Fig. 5) com-
pared with approximately 10% in the ideal case with Dv =

Fig. 2. Effect of Poisson’s ratio on dispersion curve for different shear-wave velocity rates (m).

Fig. 3. Variation of relative difference of phase velocities with � for �/Ht = 1 and 2.
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6 m�s–1/m (Fig. 2). This is explained by the fact that near-
surface layers have an important effect on the dispersion
curve even at large wavelengths because of the nature of
the Rayleigh waves, which decay exponentially with an in-
crease in depth.

Impact of Poisson’s ratio on shear-wave
velocity

Figure 6a shows the shear-wave velocity profiles deter-
mined for the same experimental dispersion curve (R-0,
Fig. 6c) but for three different values of � of 0.20, 0.33,
and 0.49. It should be noted that the thickness of the layer
increases with an increase in depth (0.5 m for the first four
layers, 1.33 m for the fifth layer, and 1.66 m for the last
four layers overlaying the half-space). Relative differences
between the profiles evaluated with � = 0.20 and 0.49 and
the profile evaluated with � = 0.33 (Fig. 6a) are shown in
Fig. 6b.

In both cases (� = 0.20 and 0.49), the relative variation of
Vs, as compared with that for � = 0.33, is important at cer-
tain depths (variation >15%–20%). In fact, the relative
difference varies in a fairly regular way for � = 0.49 com-
pared with that for � = 0.20 (Fig. 6b). This implies that the
problem of inversion varies in a nonlinear way with the var-
iation of Poisson’s ratio. Thus, even if there is a difference
of about 5%–15% in terms of Vs, for a Poisson’s ratio of
0.49, the form of the Vs profile is preserved in general.
However, the use of a Poisson’s ratio of 0.20 instead of
0.33 leads to a more important difference in Vs, which varies
with depth by between 0% and 30%, and thus induces a dis-
tortion in the shape of the Vs profile. Distortion in the shape

of the profile with variation of Poisson’s ratio can lead to
problems of interpretation. Figure 6a shows the existence of
a stiffer layer between depths of 1.0 and 3.5 m if a value of
0.20 is retained for �. However, this zone does not exist if a
Poisson’s ratio of 0.49 or 0.33 is used. This example shows
that the solution of the inversion process using only the
fundamental Rayleigh mode can lead to a different solution
depending on the choice of � profile.

Figure 6c shows the dispersion curves for the fundamental
mode (R-0) used in the inversion process to obtain the pro-
files of Fig. 6b. Figure 6c also shows the dispersion curves
for the first higher Rayleigh mode determined for each set
of Vs profiles obtained with different values of � (Fig. 6a).
Figure 6c shows the difference between the fundamental
and first higher mode change with the variation of Poisson’s
ratio profile. Thus, the determination from the field records
of at least one higher Rayleigh mode, in addition to the
fundamental mode, would make it possible to evaluate the
Poisson’s ratio profile and eventually determine an accurate
and optimal solution.

Evaluation of Poisson’s ratio
The correct isolation of the fundamental Rayleigh mode

(R-0) is important to determine a reliable shear-wave velo-
city profile. However, this is not sufficient to arrive, in the
inversion process, at a Vs profile, which could be considered
an optimal solution because it varies with the choice of �, as
demonstrated in Figs. 6a and 6b. However, the determina-
tion of a higher Rayleigh mode (R-n), or at least part of it,
in addition to R-0, could help evaluate the compression-
wave velocity or the Poisson’s ratio profile. A method for
the isolation of the fundamental and higher Rayleigh modes
contributing to the field records is described later in the text.

Multi-mode dispersion relations
The records are first analyzed using the multiple filter

technique proposed by Dziewonski et al. (1969). The multi-
ple filter technique is used to examine the energy distribu-
tion in a time–frequency domain and provides information
about the different groups of waves participating in the tests.
The technique consists of the filtration of the field records
for a narrow frequency band centred around !n, where !n is
the central frequency of the filter, and the computation of
the local maximums of the envelope of the filtered signals.
The multiple filter technique is a suitable method to evaluate
the group velocity dispersion curve of the different Rayleigh
modes in surface-wave records (Lefebvre and Karray 1998)
and eventually to verify the dominance of the fundamental
mode. The group velocity, Vg, corresponds to the propa-
gation velocity of the maximum energy and is related to the
phase velocity, Vph, as follows:

½5� Vg ¼ Vph � �dVph=d�

If the fundamental mode is not dominant throughout the
frequency range of interest, it must be isolated to obtain a
representative phase velocity dispersion curve. The time-
variable filter technique can be used to isolate the fun-
damental and also the existing higher Rayleigh modes
(Lefebvre and Karray 1998). The purpose of the time-
variable filter is to strongly reduce or eliminate the energy

Fig. 4. Typical shear-wave velocity profiles.
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Fig. 5. Relative difference of phase velocity for the different typical shear-wave velocity profiles of Fig. 4.

Fig. 6. (a) Shear-wave velocity profiles calculated for the same fundamental Rayleigh mode (Fig. 6c) and for different values of �.
(b) Relative difference between shear-wave velocities for different values of �. (c) Fundamental and first Rayleigh modes corresponding to
the set of Vs profiles (Fig. 6a) and the corresponding Poisson’s ratio.
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of any mode or wave type that does not belong to the select-
ed wave group. If the group velocity or travel-time disper-
sion relationship of a given mode is known (multiple filter
technique), it is possible to design a filter such that only the
energy of the selected group is transmitted.

Experimental sites
SASW test records at two experimental sites are used to

illustrate the separation of Rayleigh modes and their use in
a multi-mode inversion process.

Saint Alban site
The SASW tests were performed in November 1990 on a

soft Champlain Sea deposit in Saint Alban, Que., 80 km
west of Québec City on the north shore of the St. Lawrence
River (Lefebvre et al. 1994). The soil profile consists of
0.3 m of topsoil; 1.2–1.5 m of weathered clay crust; 8.0 m
of soft silty clay, becoming more silty with depth; 4.0 m of
clayey silt with sand; and a deep layer of dense sand (La
Rochelle et al. 1974). The water table was reported at a
depth of 0.75 m. The tests, conducted according to the
SASW configuration (Nazarian 1984) with receiver spacings
of 4, 8, and 16 m, were initially analyzed by Lefebvre et al.
(1994), assuming that the fundamental Rayleigh mode was
dominant. Reanalysis of the field records, using the multiple
filter and the time-variable filter techniques, indicates that
the participation of the first higher modes, in this case, is
not very important. Figure 7 compares the fundamental and
first higher modes determined by the filtration techniques
with the dispersion points obtained according to the SASW
criteria. The filtered dispersion curve representing the funda-
mental mode coincides approximately with that of unfiltered
SASW for wavelengths greater than 5 m. For wavelengths
less than 5 m, however, the SASW dispersion points are
affected by the first higher Rayleigh mode.

In Lefebvre et al. (1994), a Poisson’s ratio of 0.3 was
erroneously considered for the entire deposit, assuming at
the time that this parameter did not have a significant effect
on construction of the theoretical dispersion curve. The
dispersion curves of the fundamental and first higher Ray-
leigh modes, computed using the multiple filter and time-
variable filter techniques, are compared in Fig. 8 with those
evaluated theoretically for two shear-wave velocity profiles:
(i) one obtained by the inversion of the fundamental Ray-
leigh mode using a Poisson’s ratio of 0.20 for the first metre
and 0.49 below that, and (ii) the second with � = 0.30 as
used by Lefebvre et al. The experimental filtered first higher
mode is in good agreement, in the available range of fre-
quencies (17–35 Hz), with the theoretical mode obtained
with the proposed Poisson’s ratios (� = 0.20 and 0.49). The
theoretical mode obtained with a constant Poisson’s ratio of
0.30 also agrees with the experimental filtered mode
between frequencies of 22 and 35 Hz, but differs slightly
for frequencies between 17 and 22 Hz (� between 3.5 and
5.0 m).

Even if the contribution of higher Rayleigh modes is not
very important in this case, the scatter associated with the
participation of the first mode at short wavelengths results
in an average dispersion curve that has a different shape
from that of the filtered dispersion curve (Fig. 7), which

affects the shear-wave velocity profiles. To dissociate the
effect of Poisson’s ratio from the multi-mode problem, the
Vs profile obtained by Lefebvre et al. (1994) is compared in
Fig. 9 with the profiles obtained using the filtered dispersion
curves with the proposed Poisson’s ratios that with � = 0.30.
The profile of Lefebvre et al. and that obtained in this study
for the same Poisson’s ratio (� = 0.30) show an important
difference in the first 3 m of the deposit, and even at greater
depth, due to the multi-mode problem only. The difference
produced by the Poisson’s ratio is not very important at
depths of between 0 and 4 m because the dispersion curve
does not vary significantly with variation of the Poisson’s
ratio at short wavelengths (Fig. 2). At depths greater than
4 m, however, the difference in shear-wave velocity pro-
duced by the Poisson’s ratio becomes important and varies
between 10% and 30%.

Bersimis-II site
SASW tests were performed in November 1991 on an

embankment located at the Bersimis-II site on the north
shore of the St. Lawrence River. The dyke was 15 m in height
with a crest 5.5 m wide, slopes of 2H:1V, and a core of
compacted clay. The SASW test was performed on the dyke
crest with receiver spacings of 4, 8, 16, 32, and 64 m.

Reanalysis of the SASW records obtained at the Bersimis-
II site using the filtering techniques described earlier in the
text indicates an important participation of the higher Ray-
leigh modes (Fig. 10). The fundamental (R-0), first (R-1),
and second (R-2) higher modes evaluated using the multiple
filter and time-variable filter techniques are compared in
Fig. 10 with the experimental points before filtration. At

Fig. 7. Comparison between SASW dispersion point sites and the
filtered fundamental and first higher mode for the Saint Alban site.
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wavelengths greater than 6 m, the filtered R-0 dispersion
curve coincides approximately with the average established
by the experimental points before treatment, indicating a
dominance of the fundamental mode. For wavelengths less
than 6 m, the velocities of the fundamental mode are lower
than the untreated values, indicating a significant participa-
tion of higher Rayleigh modes.

In this case, the determination of the fundamental Ray-
leigh mode and an important part of the first higher mode
allows for good evaluation of the Poisson’s ratio profile and
a more accurate Vs profile. Figure 11a shows the Vs profiles
evaluated for three different Poisson’s ratio profiles pre-
sented in Fig. 11b using a trial-and-error process described

Fig. 8. Comparison of the filtered dispersion curves of the fundamental and first higher Rayleigh modes with those evaluated theoretically
for two sets of Vs and � profiles.

Fig. 9. Comparison between the Lefebvre et al. (1994) Vs profile
and those obtained in this study using different Poisson’s ratio pro-
files.

Fig. 10. Comparison between SASW dispersion point sites and the
filtered fundamental and higher modes at the Bersimis-II site.
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at the beginning of this paper. The Vp profiles are also pre-
sented in Fig. 11c.

The second and third Poisson’s ratio profiles (cases 2 and

3 in Fig. 11) are relatively similar and involve a difference
in shear-wave velocity varying between 1% and 5%
(Fig. 11a). The difference between the first Vs profile, calcu-
lated for a constant compression wave velocity of 1500 m/s
(� & 0.5), and the other cases is, however, more important
and varies between 3% and 12%.

The theoretical Rayleigh modes evaluated from the corre-
sponding pair of Vs and � profiles are compared in Fig. 12
with the experimental filtered dispersion curves. The theo-
retical first higher mode of case 3 agrees closely with the
filtered mode and differs by no more than 2 m/s (1%). This
indicates that the shear-wave velocity profile of case 3 and
the corresponding Poisson’s ratio are an optimal solution of
the filtered dispersion curves evaluated from the experimen-
tal records.

Conclusion
The effect of Poisson’s ratio in construction of the theo-

retical dispersion curve has been examined using a number
of ideas and experimental profiles. The determination of the
higher Rayleigh modes from spectral analysis of surface
waves (SASW) records obtained at two experimental sites
has then been used to demonstrate the possibility of evaluat-
ing the Poisson’s ratio profile and eventually determining a
more accurate Vs profile when using a multi-mode inversion
process.

The main conclusions from this study are summarized as
follows:

(1) In the inversion process, the impact of Poisson’s ratio in
construction of the theoretical dispersion curves for con-
ditions generally encountered in the field appears to be

Fig. 11. Vs profiles obtained using different Poisson’s ratio profiles at the Bersimis-II site.

Fig. 12. Comparison of the filtered dispersion curves of the funda-
mental and first higher Rayleigh modes with those evaluated theo-
retically for three sets of Vs and � profiles (Fig. 11).
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significantly more important than that demonstrated for
homogeneous conditions (Richart et al. 1970) or for a
two-layer system (Nazarian 1984).

(2) The error in construction of theoretical dispersion curves
and eventually in a Vs profile resulting from a Poisson’s
ratio inaccuracy, depends not only solely on the magni-
tude of the inaccuracy but also on the rate of Vs increase
with an increase in depth and the pattern of Vs variation
with depth, especially in the top layers.

(3) The inversion of a dispersion curve corresponding to the
fundamental Rayleigh mode (R-0) leads to different Vs
profiles depending on the Poisson’s ratio assumption.
However, these different Vs profiles correspond to differ-
ent higher Rayleigh mode dispersion curves.

(4) Surface-wave testing would lead to a more accurate Vs
profile if the techniques used to evaluate the funda-
mental Rayleigh mode dispersion curve do not eliminate
the higher modes contribution, but instead isolate and
determine the dispersion curves for the different Ray-
leigh modes contributing to the experimental records.

(5) A multi-mode inversion process using at least one higher
mode in addition to the R-0 dispersion curve would help
determine the Poisson’s ratio profile, leading to a more
accurate or optimal Vs profile.

(6) Multiple filters and time-variable filters are efficient
techniques to isolate and extract the dispersion curves
corresponding to the different Rayleigh modes contribut-
ing to the field records.

(7) At the very least, when a multi-mode inversion is not
performed, the assumption of Poisson’s ratio should be
made with great care based on all available information.
Even when a large portion of the soil profile is below
the water table and saturated, the assumption of Pois-
son’s ratio between ground surface and the water table
may have an impact on the Vs profile.
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