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Abstract
Inversion is a critical step in all geophysical techniques, and is generally fraught with
ill-posedness. In the case of seismic surface wave studies, the inverse problem can lead to
different equivalent subsoil models and consequently to different local seismic response
analyses. This can have a large impact on an earthquake engineering design. In this paper, we
discuss the consequences of non-uniqueness of surface wave inversion on seismic responses,
with both numerical and experimental data. Our goal is to evaluate the consequences on
common seismic response analysis in the case of different impedance contrast conditions. We
verify the implications of inversion uncertainty, and consequently of data information content,
on realistic local site responses. A stochastic process is used to generate a set of 1D shear wave
velocity profiles from several specific subsurface models. All these profiles are characterized
as being equivalent, i.e. their responses, in terms of a dispersion curve, are compatible with the
uncertainty in the same surface wave data. The generated 1D shear velocity models are then
subjected to a conventional one-dimensional seismic ground response analysis using a realistic
input motion. While recent analyses claim that the consequences of surface wave inversion
uncertainties are very limited, our test points out that a relationship exists between inversion
confidence and seismic responses in different subsoils. In the case of regular and relatively
smooth increase of shear wave velocities with depth, as is usual in sedimentary plains, our
results show that the choice of a specific model among equivalent solutions strongly influences
the seismic response. On the other hand, when the shallow subsoil is characterized by a strong
impedance contrast (thus revealing a characteristic soil resonance period), as is common in the
presence of a shallow bedrock, equivalent solutions provide practically the same seismic
amplification, especially in the frequency range of engineering interest.

Keywords: surface waves, inversion, seismic site response, soil resonance period

1. Introduction

In situ shear wave surveys are geophysical tools of usual
practice in earthquake engineering. 1D models of shear wave
velocity profiles are obtained using several techniques, from
borehole investigation to classical SH reflection prospecting,
or surface wave dispersion analyses. In traditional engineering
surveys, borehole techniques have been considered as

standard, due to their relative reliability (Moss 2008), even
though they are relatively expensive and not very suitable
for the very critical situation of intensely urbanized settings.
Recently, surveys based on surface wave dispersion analysis
have been intensely developed, leading to a number of
affordable methodologies. These approaches are in fact free
from many practical and theoretical limitations of body-wave
analyses and from the logistic effort of drilling. In addition, the
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Shear wave profiles from surface wave inversion

surface wave approach is favoured by the fact that Rayleigh and
Love waves dominate every seismogram, because of the two-
dimensional geometric spreading that reduces their attenuation
with distance and the prevalent generation of surface waves
when using surface sources.

Surface wave dispersion is linked to subsoil characteristics
as different frequencies involve different soil thicknesses, and
consequently travel at different velocities (Knopoff 1972).
Dispersion properties can be measured by several procedures,
based on phase velocities (e.g. MASW (Park et al 1999),
SASW (Nazarian et al 1983), REMI (Louie 2001, Strobbia and
Cassiani 2010)) and on group velocities (e.g. FTAN (Levshin
et al 1972, Nunziata et al 1999)). A further distinction is made
between controlled source surveys and passive analysis of
microtremors and seismic noise (see Pritchett (1989), Zywicki
and Rix (1999), Wathelet (2005), Rosenblad and Li (2009),
Lobkis and Weaver (2001)).

Different approaches to describe and handle surface
wave propagation in non-1D media have been described
and investigated in the literature (Keilis-Borok et al 1989,
Abraham et al 2004, Strobbia and Foti 2006, Socco et al 2008,
Strobbia et al 2009, Vignoli and Cassiani 2009, Vignoli et al
2010), but today’s practice is mostly limited to the inversion
of data in terms of 1D shear velocity profiles. Density and
Poisson ratios are generally fixed a priori, since surface wave
dispersion is almost insensitive to these parameters (Socco and
Strobbia 2004). The goodness of this simplification has been
discussed in several parametric studies about Rayleigh wave
propagation in layered media (Nazarian 1984). Moreover, this
is the reason why it is usual practice to present the results of
dispersion curve inversion as shear wave velocity profiles.

Irrespective of the specific approach adopted, the solution
of the inverse problem still represents one of the critical points
of the surface wave techniques, due to its ill-posedness. The
presence of errors in the data inevitably propagates from the
data to the model space: in the case of data collected with active
seismic sources, as in MASW, these errors are more severe
in the low-frequency range, and the associated uncertainty
propagates specifically to affect the deepest levels of the shear
wave profile (Lai and Wilmanski 2005).

Non-uniqueness and instability are particularly severe in
the inversion of surface wave dispersion curves (Cercato 2009),
also because of the strong nonlinearity of the problem. A
usual strategy to overcome this ill-posedness is to reduce
the dimension of the model space, for example by using
a very simplified parameterization (e.g. a 1D stack of very
few homogeneous horizontal isotropic layers) or sophisticated
regularization techniques (Zhdanov 2002, Huang et al 2003).
Looking for a (regularized) inversion solution means to select
the desired (stable) solution from the class of solutions, i.e. the
class of all models compatible with the data within the noise
level (with specific physical and/or geometrical properties).
Applications of stabilizers other than the traditional smoothers
is relatively scarce in the surface wave literature (Lai and
Wilmanski 2005, Trampert and Spetzler 2006, Strobbia et al
2009) even though successful applications have been reported
for other geophysical methods (Zhdanov and Tolstaya 2004,
Zhdanov et al 2006, Vignoli and Zanzi 2006, Pagliara and

Vignoli 2006). The use of few homogeneous layers sometimes
leads to oversimplified solutions, but, in practice, all methods
add to the inversion some degree of a priori information
(e.g. on smoothness) that may or may not correspond to
reality. In all cases, data inversion faces the uncertainty of
the measurement process that is ultimately projected onto the
model space. Solutions can be selected among all models
fitting the data within their estimated accuracy range, and this
can also be achieved by an extensive exploration of the model
space by Monte Carlo approaches (e.g. Socco and Boiero
(2008)) that provide a better evaluation of the data information
content. In particular in the case of shear wave profiles, the
choice of the optimal solution has substantial consequences in
terms of practical engineering demands, as earthquake local
amplification depends strongly on the existing shear velocity
profile of the near subsurface.

The influence of the near-surface condition on ground
shaking has been taken into account in earthquake engineering
studies for many years, albeit in a simplified manner.
The most common approach to evaluate the contribution
of subsoil properties to seismic motion is the theoretical
ground responses analysis (Aki 1970, Seed 1969, Bard 1995).
Surface motion amplification is a direct consequence of the
conservation of elastic wave energy, since S-wave velocities
and densities are smaller near the surface than at greater depth.
This implies the fundamental role of a shallow subsurface
material, even though seismic waves may travel through
kilometres of rigid crust and less than 100 m of soft soil.

Transfer functions are generally used to describe the
relationship between earthquake input motion at the base of
the soil column and the resulting surface ground shaking.
This approach is based on the principle of superposition
and consists in analysing a nonlinear system by an iterative
study of approximating equivalent linear soils. This is the
case of the most used 1D analyses, involving soil deposit
layers of different stiffness and damping characteristics with
boundaries in which elastic wave energy is reflected and/or
transmitted. These synthetic ground motion analyses develop
transfer functions for layered soil characterized by specific
values of shear modulus, damping and density (Idriss and
Seed 1969). The most widely used code for this purpose is
SHAKE (Schnabel et al 1972, Idriss and Sun 1992), which
implements a linear equivalent analysis based on continuous
layer discretization in the frequency domain. It is worth
noting that the linear equivalent approach does not consider
the influence of surface topography (Chavez-Garcia et al 1997)
nor other 2D or 3D effects (Bard and Bouchon 1985).

The key objective of this study is to analyse the impact
of uncertainty of surface wave inversion on the consequent
evaluation of earthquake amplitude amplification. The aim of
our work is not to focus on the uncertainties of the inversion
procedure itself, but rather to emphasize the consequences
of these uncertainties on standard seismic response analysis.
In fact, uncertainty consequences are particularly important
in special subsoil conditions. Recently, Foti et al (2008)
concluded that the consequences of surface wave inversion
uncertainties are very limited in terms of seismic responses,
but their analysis is focused on considering only certain types
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Table 1. Bottom half-space shear wave velocities of the five
considered synthetic cases.

Case Bottom half-space S-wave velocity

A 320 m s−1

B 500 m s−1

C 700 m s−1

D 900 m s−1

E 1000 m s−1

of shallow subsoil structures that present a sharp impedance
contrast (about 2.5) in the shallow subsoil. In this paper,
we want to extend the analysis to a wider range of cases,
considering in particular alluvial plain cases characterized by
deep seismic bedrock often unreachable by common surveys.
Our ultimate goal is to draw guidelines assessing in which
cases more accurate knowledge of the shallow subsurface S-
wave structure is needed, in contrast to cases where even an
approximate knowledge is sufficient for shaking prediction.
In particular, as the usual 1D shaking analysis is mainly
controlled by impedance contrasts between the soil layers,
we seek criteria based on such impedance contrasts.

2. Synthetic cases

The purpose of our synthetic analysis is to explore how shaking
prediction of different subsurface structures may suffer from
the propagation of surface wave inversion uncertainty. We
define five different 1D reference models (A, B, C, D, E—
see figures 1(a), 3(a), 5(a), 7(a), 9(a), pink lines). As the
impedance contrast between soil and bedrock is one of the
expected key factors, we built up the five models mentioned
above with gradually different impedance contrasts. These
models are characterized by increasing value of the shear
wave velocities of the bottom half-space. In this work, we
consider cases with slow increase of elastic soil parameters
in depth (without a strong acoustic impedance contrast), and
cases characterized by well-defined seismic bedrocks (e.g.
having Vs > 700 m s−1 at the bottom of the profile). The
five starting models were chosen to identify different subsoil
conditions, from usual plain environment to shallow bedrock
conditions. We increased progressively in five steps the
shear wave velocity of the bottom half-space from 320 to
1000 m s−1 (table 1). Poisson ratio and density values are
the same in all layers of all five models (soil density =
2000 kg m−3, Poisson ratio = 0.33), because of the negligible
impact that these parameters have on Rayleigh wave dispersion
curves. 2000 kg m−3 is a rough approximation: by excess,
for a soil comprising mainly clay, silt and fine sand, and, by
defect, for a soil containing a large portion of stone, gravel
and coarse sand (Keefe 2005). We chose 0.33 for the Poisson
ratio as an approximation corresponding to a large variety of
soils (Coduto 2001). Even reasonable values very different
from those for the density and Poisson ratio would not affect
the results significantly (Nazarian 1984, Socco and Strobbia
2004).

For each of the five considered starting models we
calculated the theoretical dispersion curves (figures 1(b), 3(b),

Table 2. Layer thickness and shear wave velocity standard
deviations used to define the subset of the model space to be
stochastically sampled.

Layer thickness Shear wave velocity
st. dev. st. dev.

1st layer 2 m 5 m s−1

2nd layer 10 m 25 m s−1

3rd layer 20 m 50 m s−1

4th layer 30 m 75 m s−1

Half-space 100 m s−1

5(b), 7(b), 9(b), pink line) using a forward model based on
Dunkin’s (1965) formalism and Wathelet’s (2005) suggestions.

Then, we specified a neighbourhood of this theoretical
curve simulating the uncertainty of real measurements (Lai
et al 2005). The upper (figures 1(b), 3(b), 5(b), 7(b), 9(b),
solid red line) and lower (figures 1(b), 3(b), 5(b), 7(b), 9(b),
solid blue line) curves delimiting the neighbourhood have
been defined by adding to the calculated reference dispersion
curve (figures 1(b), 3(b), 5(b), 7(b), 9(b), pink line), for
every frequency, a quantity, ±!VR = ±(0.05VR + 100

/
f ),

directly proportional to velocity and inversely proportional to
frequency. The proportionality coefficients are respectively
0.05 and 100 m s−2. The same coefficients were used for
all models. The choice of these coefficients is arbitrary, but
it guarantees that the uncertainty bounds of the dispersion
curves are falling within the usual uncertainty of this kind of
measurement as reported in the literature (Lai et al 2005). The
choice of this expression for the quantity !VR defining the
limits of the admissible dispersion curve neighbourhood takes
into account the behaviour of the uncertainty with respect to
frequency and velocity. Indeed, the uncertainty of the phase
velocity, VR = 2πf

/
k, can be evaluated considering a first-

order approximation as σVR
=

∣∣V 2
R

/
(2πf )

∣∣ σk . Thus, a higher
degree of uncertainty is expected in the low-frequency range
and for high velocity (Strobbia and Foti 2006).

After that, we stochastically sample a subset of the model
space about the starting model. Each subset is defined by
the Gaussian distribution of the parameters (layer thickness
and S-wave velocity) with means equal to the parameter
value of the specific starting model (figures 1(a), 3(a), 5(a),
7(a) and 9(a), pink lines). For all cases (A, B, C, D and
E) the standard deviations for each Gaussian distribution
have been chosen according to table 2. Thickness and
velocity standard deviations in table 2 are the same for
all the models and, albeit arbitrarily, they are chosen to
account for the increase of uncertainty with depth. We
generate random models from the above distributions, and
we consider the first 50 models (figures 1(a), 3(a), 5(a),
7(a) and 9(a), black lines) corresponding to the dispersion
curves (figures 1(b), 3(b), 5(b), 7(b) and 9(b), black lines)
lying within the neighbourhood of the starting model curve
as described above. The (pseudo-)random numbers used to
generate the random models are obtained by means of the
Mersenne twister algorithm (Matsumoto and Nishimura 1998)
as it is implemented in the commercial numerical computing
environment Matlab. This procedure (and this choice of
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Figure 1. (a) The pink line shows the 1D shear wave velocity profile chosen as the starting structure for case A. The black solid lines show
the selected models having equivalent dispersion curves and belonging to the possible solution subset. The blue and red lines represent the
selected profiles closest to the accuracy limits as in (b). (b) The thick pink (light grey) line shows the theoretical dispersion curve for the
starting structure in (a). The black lines are the curves corresponding to the structures sampled from the subset of possible models. The
dotted, red and blue, lines show the curves closest to the boundaries of the accuracy neighbourhood (solid, red and blue, lines).

the parameter defining the Gaussian) guarantees a very large
model variability, but, at the same time, avoids instability
problems: in principle, even a curve very close to the starting
dispersion curve can correspond to a model too far from the
starting model. We can interpret the criterion for defining
the sampled model space subset as the a priori information we
have about the solution, i.e. it corresponds to our regularization
approach. The selected solutions have to face not only the
data, but also the prior information we have about the physical
system we are investigating. We pick up the solutions among
all models compatible with the data and close enough to what
we know is the true model.

In summary, we generated a dataset composed of 250
synthetic models from five starting shear velocity profiles.

All the generated models were tested using the common
horizontal layer seismic responses code SHAKE91 (Idriss and
Sun 1992). As input motion at the base of the soil columns, we
selected a strong seismic episode of the 1976 Friuli earthquake

Figure 2. Synthetic elastic analysis amplification spectra from the
S-wave profiles obtained for case A.
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Figure 3. (a) The pink line shows the velocity profile chosen as the starting structure for case B; the model is equal to model A, but for the
bottom half-space velocity (now 500 m s−1). The black solid lines show the selected models having equivalent dispersion curves; in
particular, the red and blue lines represent those closer to the accuracy limits as in (b). (b) The thick pink (light grey) line shows the
theoretical dispersion curve for the starting structure of (a). The black lines are the curves corresponding to the structures sampled from the
subset of possible models. The dotted, red and blue, lines show the curves closest to the boundaries of the ‘accuracy’ neighbourhood (solid,
red and blue, lines).

(the biggest one recorded in Northeastern Italy, Ms = 6.5),
recorded 50 km from the epicentre on a stiff outcrop. In order
to select a relationship connecting damping and shear waves
modulus, we resorted to the literature values (Idriss 1990, Seed
and Idriss 1970, Seed et al 1986) compatible with the selected
subsoil characteristics (table 3).

The first model (model A) is a subsoil profile which
presents a smooth increase of velocities with depth. It has
four layers (thickness: 4, 8, 3 and 10 m) with velocities 180,
200, 250 and 300 m s−1, respectively, over a half-space with
V of 320 m s−1. As a result of the shaking simulation, the
seismic amplification spectra show very notable differences.
In such subsoil conditions, very common in deep alluvial
plains, the selected uncertainties of the inversion problem lead
to seismic motion scenarios that are significantly different.
The computed amplification spectra, obtained using the same
seismic input, show very similar amplification peaks in terms Figure 4. Synthetic elastic analysis amplification spectra for case B.
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Figure 5. (a) The pink line shows the velocity profile chosen as the starting structure for case C; the model is equal to model A, but for the
bottom half-space velocity (now 700 m s−1). The black solid lines show the selected models having equivalent dispersion curves; in
particular, the red and blue lines represent those closer to the accuracy limits as in (b). (b) The thick pink (light grey) line shows the
theoretical dispersion curve for the starting structure of (a). The black lines are the curves corresponding to the structures sampled from the
subset of possible models. The dotted, red and blue, lines show the curves closest to the boundaries of the ‘accuracy’ neighbourhood (solid,
red and blue, lines).

of amplitude (see figure 2) but very different in terms of
peak frequency. In the frequency range of typical engineering
interest, the peak frequency varies from 0.5 to 3.3 Hz. This
implies that for conditions similar to those of case A, different
acceptable surface wave inverse solutions lead to significantly
different earthquake designs.

In case B, the bottom of the starting model has a higher
velocity, Vs = 500 m s−1 (figure 3(a)). The equivalent solution
profiles were shaken with the same seismic input as that of case
A. In this test, the amplification spectra derived from all the
possible inversion solutions reveal again a large difference
in terms of the frequencies excited by seismic motion
(figure 3(b)). Moreover, as expected, the absolute
amplification peaks are larger in amplitude than those in
case A. Once again, the maximum amplification frequencies
present a significant variation from 1.4 to 2.5 Hz (figure 4).

In synthetic case C, the velocity Vs of the deepest layer is
raised to 700 m s−1 (figure 5(a)). In this case the amplification

Figure 6. Synthetic elastic analysis amplification spectra for case C.
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Figure 7. (a) The pink line shows the velocity profile chosen as the starting structure for case D; the model is equal to model A, but for the
bottom half-space velocity (now 900 m s−1). The black solid lines show the selected models having equivalent dispersion curves; in
particular, the red and blue lines represent those closer to the accuracy limits as in (b). (b) The thick pink (light grey) line shows the
theoretical dispersion curve for the starting structure of (a). The black lines are the curves corresponding to the structures sampled from the
subset of possible models. The dotted, red and blue, lines show the curves closest to the boundaries of the ‘accuracy’ neighbourhood (solid,
red and blue, lines).

spectra, computed with the same seismic input, present a
similar ground seismic response for the fundamental frequency
of vibration, while have a significant difference for higher
modes (figure 6).

When the synthetic model has a bedrock with very high
velocity (Vs = 900 m s−1—case D), the seismic responses are
practically unaffected by the inversion solution uncertainties.
Figure 8 shows that all the acceptable equivalent solutions
(figure 7(b)) provide similar seismic ground motions. In this
case, the non-uniqueness of the inversion does not lead to
different seismic scenarios, making the result insensitive to the
choice of one specific solution within the set of the acceptable
solutions (figure 7(a)).

Finally, the synthetic case E considers a starting structure
with a bottom half-space having a 1000 m s−1 shear wave
velocity (figure 9(a)). The amplification spectra of the
accepted solutions are practically the same for all acceptable

Figure 8. Synthetic elastic analysis amplification spectra for case D.
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Figure 9. (a) The pink line shows the velocity profile chosen as the starting structure for case E; the model is equal to model A, but for the
bottom half-space velocity (now 1000 m s−1). The black solid lines show the selected models having equivalent dispersion curves; in
particular, the red and blue lines represent those closer to the accuracy limits as in (b). (b) The thick pink (light grey) line shows the
theoretical dispersion curve for the starting structure of (a). The black lines are the curves corresponding to the structures sampled from the
subset of possible models. The dotted, red and blue, lines show the curves closest to the boundaries of the ‘accuracy’ neighbourhood (solid,
red and blue, lines).

inversion solutions. This confirms that, in this case, the effects
of the model uncertainties propagating to seismic responses
are negligible (figure 10).

3. Real case test

We also consider a case of real experimental data. In order to
verify the effective consequences of model uncertainties, we
performed a surface wave acquisition at a site located in the
pre-alpine plain of Northeast Italy (figure 11). A multi-channel
analysis of surface wave (MASW) (Park et al 2007) experiment
was conducted using a setup of 24 vertical geophones with
a 4.5 Hz natural frequency. Starting from the experimental
dispersion curve, to study the neighbourhood of the model
solution, we adopted the same strategy as for the synthetic
cases. Thus, first, we performed a deterministic inversion of
the observed curve using the approach discussed, for example,
in Vignoli and Cassiani (2009). In this way, we retrieved
the model in figure 12(a) (pink line) from the experimentally

Figure 10. Synthetic elastic analysis amplification spectra for
case E.
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Figure 11. Test site location in Northeastern Italy.

observed dispersion curve in figure 12(b) (pink line). Such a
model is used as the reference model to perform the statistical
analysis. Then, we defined the subset of the model space to be
sampled by means of the Gaussian distributions centred on the
found reference model and with standard deviations as given in
table 2. We estimated the data uncertainty by adding ±!VR

as it was calculated for the synthetic cases. We selected as
acceptable shear wave velocity profiles those with dispersion
curves compatible with these data uncertainties. Figure 12(b)
shows the acceptable dispersion curves, and figure 12(a) shows
the corresponding Vs profiles.

The velocity profiles were then shaken with the same
seismic input as that selected in the synthetic cases. As
shown in figure 13, the seismic site amplification spectra
are significantly heterogeneous, especially in terms of
fundamental frequency variation. This result is consistent with
our expectations, since the considered real case is a subsoil

without a defined seismic bedrock: as in similar synthetic
cases, the choice of the inversion solutions leads to very
different seismic scenarios.

4. Surface wave inversion uncertainty and
impedance contrast

The five reference cases discussed in section 2 show a
progressive increment of the bottom velocity. This allows us
to compare ground seismic behaviour and acoustic impedance
contrasts. The five synthetic starting models present growing
acoustic impedance contrasts: from 1.1 (case A) to 3.3
(case E). For each case, we compute the amplification peak
amplitude for all the randomly generated equivalent models.
We also compute the coefficient of variation of the peak
frequencies (Cv = σ/µ, where σ is the standard deviation and
µ is the mean of the peak frequencies in each amplification
curve ensemble) to estimate the seismic response uncertainty.
Figure 14 shows the dependence of the peak frequency
coefficient of variation (for the fundamental mode) on the
impedance contrast between the bedrock and the overlying
soil layer for the five synthetic cases (dots). The calculated
points are fitted by an exponential function, defined as
Cv = 1.134 e−0.8549Ic where Ic is the impedance contrast (solid
line).

The purpose of this paper is also to provide practical
indications about the confidence level to be reached in surface
wave surveys for seismic hazard evaluation. Hence, we
consider the usual engineering demand for the amplification
peak localization; in practical applications, the peak period
has to be identified with a precision of 0.05 s (Lai et al
2005). According to our inversion results, this level of
confidence is not reached in two out of the five considered
cases. For cases A and B (small impedance contrast), σ is
0.91 and 0.43 Hz, while µ is respectively equal to 1.99 and
2 Hz. Thus, for these models, the peak frequency variation
0.5[1

/
(µ − σ) − 1

/
(µ + σ)] = σ

/
(µ2 − σ 2) is larger than

µ2/20 Hz (i.e. 0.05 s).

Table 3. Values of modulus reduction (G/Gmax) and damping (%) for the layers considered in SHAKE analysis.

Strain values (%)

0.0001 0.0003 0.0010 0.0030 0.0100 0.0300 0.1000 0.3000 1.0000 3.0000 10.0000

1st layer
Modulus of reduction 1.0000 1.0000 1.0000 0.9810 0.9410 0.8470 0.6560 0.4380 0.2380 0.1440 0.1100

G/Gmax
Damping (%) 0.2400 0.4200 0.8000 1.4000 2.8000 5.1000 9.8000 15.5000 21.0000 25.0000 28.0000

2nd layer
Modulus of reduction 1.0000 1.0000 0.9900 0.9400 0.8500 0.6400 0.3700 0.1800 0.0800 0.0440 0.0340

G/Gmax
Damping (%) 0.2400 0.4200 0.8000 1.4000 2.8000 5.1000 9.8000 15.5000 21.0000 25.0000 28.0000

3rd layer
Modulus of reduction 1.0000 0.9600 0.9700 0.7200 0.5500 0.3700 0.2000 0.1100 0.0500 0.0300 0.0300

G/Gmax
Damping (%) 0.3200 1.0000 1.7000 2.8700 5.4200 9.5100 15.4400 20.3800 24.4700 26.7400 28.0000

4th layer
Modulus of reduction 1.0000 0.9600 0.9700 0.7000 0.5400 0.3600 0.1900 0.1000 0.0500 0.0300 0.0300

G/Gmax
Damping (%) 0.3200 1.0000 1.7000 2.8700 5.4200 9.5100 15.4400 20.3800 24.4700 26.7400 28.0000
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Figure 12. (a) The pink line is the velocity profile solution of deterministic inversion of the experimentally observed curve as in (b). The
black solid lines show the selected models having equivalent dispersion curves. The dotted, red and blue, lines are the models with the
dispersion curves closest to the boundaries of the accuracy neighbourhood. (b) Dispersion curves for the experimental case. In pink (light
grey) is the measured dispersion curve; in red and blue (solid lines) are the limits of the accuracy neighbourhood. The dotted lines are the
sampled curves closest to the limits.

On the other hand, for cases C, D and E (impedance
contrast greater than 2.5) all the amplification responses reveal
a precise vibration frequency, satisfying the 0.05 s accuracy
range, and so, also the required earthquake design demand. In
practical terms, this means that the uncertainty of the data
(including the precision of the extracted dispersion curve)
should be made smaller anytime a bedrock cannot be clearly
identified. Note that the 2.5 value for the impedance contrast
is also recognized as the limit for a defined period of vibration
of a horizontally layered subsoil, as Konno and Omachi
(1998) demonstrated by using synthetic and real tests; in a
multi-layered system with an impedance contrast greater than
2.5, vertically incident S waves and Rayleigh waves present
the same resonance period. It is known (Mucciarelli et al
2004) that, when a strong impedance contrast is present in
the shallow subsoil within a few tens of metres from the
surface, this contrast becomes the main parameter affecting Figure 13. Synthetic elastic analysis amplification spectra for the

real case.
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Figure 14. Variation coefficient (Cv) of the peak frequency (for the fundamental mode) versus the impedance contrast between the bottom
and the overlying layer. Dots A, B, C, D and E represent the five synthetic cases of table 1.

both the frequency band of the seismic motion and the local
amplification. Our results show that this subsoil parameter
plays a fundamental role also in terms of the impact that surface
wave inversion uncertainty has on earthquake amplification
predictions.

5. Discussion

Our analysis shows, using both synthetic and real cases,
that the evaluation of site seismic amplification can be very
sensitive to the reliability of the S-wave inversion results.
When the subsoil presents a slow change (generally, increase)
of mechanical properties with depth, with no sharp contrast
of acoustic impedance, the accuracy of a reconstructed
S-wave velocity profile becomes an essential factor for the
estimation of local seismic hazard. The absence of an
abrupt change of mechanical characteristics is very common
in plain sedimentation environments, which are often very
urbanized and inhabited areas. These very vulnerable areas
for earthquake risk are also the ones where the local shear
wave velocity profile shall be known with more certainty.

In contrast, when there is a sharp acoustic impedance
contrast in the shallow subsoil (i.e. there is a well-identified
bedrock), different soil profiles derived from inversion
of surface wave data converge to give equivalent site
amplification responses. This happens because in the presence
of a sharp impedance contrast what matters in terms of
soil amplification is the resonant frequency of the soil layer
resting upon the stiffer bedrock. This resonant frequency
can be easily computed as f resonant = 4H/Vs , where H is
the soil thickness and Vs is the (average) S-wave velocity of

the soil layer. This resonant frequency value is insensitive
to the true values of the S-wave velocity in the bedrock
underneath the impedance contrast. In the presence of a
strong acoustic impedance profile, the fundamental resonance
frequency does not depend on the S-wave velocity of the
deeper layers, and this fact explains why in the presence of
the strong impedance contrast the uncertainty in surface wave
inversion does not impact the estimated resonant frequency
(compare figures 2 and 10). In these particular conditions,
the consequences of inversion uncertainty propagation are
negligible.

In this work, we also discuss the transition between
the extreme conditions just described, i.e. a well-defined
bedrock and no bedrock. Figure 14 shows how the
uncertainty in resonant frequency identification decreases with
increasing value of the bedrock-to-soil impedance contrast.
We calculated the variation coefficient of the peak frequencies
(Cv) versus impedance constant (Ic) for each of the five
considered synthetic cases (A, B, C, D, E in table 1). The
exponential interpolation results give Cv = 1.134 e−0.8549Ic

revealing that a higher impedance contrast allows for a clearer
identification of the resonance frequencies.

Our synthetic datasets reveal that small impedance
contrast profiles present a large variation coefficient of the
peak frequency. In fact, in the synthetic cases A and B (low
impedance contrast), the identification of a resonant period
with an accuracy larger than 0.05 s is not possible, while a
smaller uncertainty is obtained for the synthetic cases C, D
and E characterized by an impedance contrast greater than
2.5. This value is determined by the needed precision with
which the soil resonant frequency must be known to ensure a
reliable engineering design.
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6. Conclusions

The non-uniqueness of solutions in geophysical inverse
problems, together with the observed data noise, can play
a fundamental role for the final purpose of prospecting. In the
case of seismic ground motion scenarios, shear wave velocity
models are the primary input for the computation of site ground
response amplification. The propagation of uncertainties
from the extracted dispersion curves to inversion solutions
can ultimately lead to significant differences in engineering
structure designs.

The analysis conducted in this study is limited to a 1D soil
structure, and the amplification computations are conducted by
using a simplified (albeit standard) linear equivalent approach.
In spite of these limitations, the study is capable of capturing
the essence of the inversion uncertainty propagation into the
amplification predictions. Our work reveals that inversion
accuracy has serious consequences on seismic responses under
certain conditions. If no sharp impedance contrast is present
in the shallow subsoil, inversion solutions require a higher
accuracy, particularly in the reconstruction of the velocity
values of the deepest layers. In contrast, in the presence of a
strong impedance contrast (e.g. a shallow bedrock), the true
value of the shear wave velocity of this bedrock is irrelevant
for a reliable engineering design.
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