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LATERALLY CONSTRAINED INVERSION OF SURFACE WAVE DATA
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ABSTRACT

The paper reports on the use of surface wave testing for building a shear wave velocity model for an
alluvial basin in Tarcento (Italy). The model is aimed at numerical simulation of the ground response in
the near field of an earthquake.

The tests have been performed with multi-station methods using a combination of active-source and
passive-source experimental setup to increase the investigation depth and retaining a good resolution
close to the ground surface.

Experimental data have been collected at 16 sites and their interpretation is based on an innovative
procedure for laterally constrained inversion with a single objective function. It provides an improvement
in the robustness of the solution, mitigating solution non-uniqueness. The algorithm also allows for other
a-priori information to be included in the inversion. In this respect several borehole logs available at
different locations have been integrated in the dataset and three cross-hole tests have been used for a-
posteriori comparison of the inversion results.

The final outcome is a set of 1D shear wave velocity profiles which is internally consistent and complies
with a-priori information. From this dataset two 2D cross-sections of the basin have been subsequently
extracted considering also a priori information.

Keywords: shear wave, model, constrained, inversion, integration

INTRODUCTION

Mechanical properties of soils strongly influence the seismic response of a site. In particular seismic
characterization in terms of Vg velocity is of paramount importance to evaluate site amplification. In the
last decades, the analysis of seismic surface waves (SW) has revealed to be quite practical and efficient to
infer shear wave velocity of the subsoil (see for instance Socco et al. 2010 for a literature review on the
subject). Typically the experimental dispersion curve (phase velocity vs. frequency) of surface waves is
extracted from field data through signal processing techniques. It is subsequently used in an inversion
process to estimate the shear wave velocity profile assuming a 1D soil model. The inverse problem can be
solved using either deterministic or stochastic inversion approaches (Socco and Boiero, 2008; Maraschini
and Foti, 2010). The investigation depth depends on the maximum retrieved wavelength (Socco and
Strobbia, 2004).

The inversion of SW dispersion curves is ill-posed, strongly non-linear and mix-determined, resulting in
strong solution non-uniqueness. This means that many different Vg profiles can fit equally well the
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experimental curve, providing several possible solutions. The consequences of solution non-uniqueness
on seismic site response have been studied by Foti et al (2009).

The non-uniquess of the solution can be mitigated introducing suitable a priori information in the
inversion process or performing the inversion of the dispersion curves jointly with other geophysical data.
A priori information can be derived from boreholes or other investigation techniques and can be used to
define a consistent initial model or to constraint the inversion process as well (Calderén-Macias and
Luke, 2007; Boiero et al., 2009). There are several examples in literature of joint inversion of surface
waves with P-wave refraction traveltimes (Dal Moro, 2008; Socco et al., 2010), P-wave reflection
traveltimes (Dal Moro and Pipan 2007), micro-gravity (Hayashi et al., 2005) and electrical soundings
(Misiek et al., 1997). In general, joint inversion leads to an improvement of the results, due to the higher
degree of information available and to synergies between different prospection techniques.

The 1D layered earth structure approximation is typically used in the analysis of surface waves at
different scales since it provides a manageable solution for the inverse problem. Indeed the number of
unknown parameters is relatively low and the solution of the forward problem has a reasonable cost. It
can lead to satisfactory results when lateral variations are not present or limited in the investigated
subsoil. At the same time, macrostructures on the large scale can be locally approximated with 1D
profiles and the latter can be used as starting models for building a global 2D or 3D model. Indeed in
some geological situations, two-dimensional and three-dimensional Vg models are required to account for
the presence of in-homogeneities or complex structures that can strongly affect local seismic response.

Laterally Constrained Inversion (LCI) of seismic surface waves (Socco et al., 2009) represents an
intermediate step between 1D and 2D/3D model reconstructions. Different 1D profiles spatially
distributed are simultaneously resolved taking into account imposed constraints on thickness and velocity
of layers of each profile with the others. In LCI, the information associated to well resolved parameters in
one profile is shared and spread to neighborhood profiles, mitigating non-uniqueness problems and lack
of resolution.

In this work, we use an LCI approach which integrates the a-priori bedrock depth information in the
inversion scheme for the characterization of the Tarcento alluvial basin. This work is part of a wider
research project aimed at modeling the seismic response of the basin. Indeed Tarcento is located in the
vicinity of relevant earthquake sources as for example the one responsible for the 1976 Friuli Earthquake.

After the description of the site and of the experimental protocol, the implemented LCI approach is
briefly outlined and results of the inversion are presented for one of the sites. A posteriori comparison
with cross-hole results is then reported for three sites. The 1D Vg profiles obtained through LCI are
finally used together with available a-priori information to build two 2D cross-sections considered of
main interest for the successive seismic modeling of the basin.

SITE DESCRIPTION AND A-PRIORI INFORMATION
The town of Tarcento lies on an alluvial basin situated in the North-East of Italy and is part of a more
extended area characterized by high seismicity. It was interested in the past by the two Friuli earthquakes

of 1976.

The basin, which is surrounded by mountains at North, East and South (Fig.1), has practically flat
topography and is characterized by quite strong lateral variations in the subsoil. The flysch bedrock
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emerges up to the ground level along the Torre river (Fig. 1) and it immerges in the East-West direction

towards the western part of the basin up to depths of almost one hundred meters. Flysch formations lie
above deeper limestone formations and they are mainly characterized by alternate layers of marls,
sandstones and conglomerate (pudding-stone) (Iacuzzi and Vaia, 1977).

The lithology of the sediments is quite variable in space. The main features in the investigated area are
represented by gravels and sands, with rare intermediate layers of silt and clay.

Since the earthquakes of 1976 many studies and investigations were performed in the Tarcento basin in
order to map the area in terms of seismic hazard. Most of the results are reported in Brambati and Faccioli

(1980). The a-priori information used in this work includes 9 mechanical soundings and 3 cross-hole tests
(CH), distributed in the area of interest as indicated in Fig. 1.
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FIELD MEASUREMENTS

Experimental data for the present study have been collected at 16 sites within Tarcento basin. The choice
of the locations was a compromise between the necessity of a high spatial coverage of the whole area and
the constraints imposed by availability of testing space within the highly urbanized area.

Active-source multichannel surface wave data (Park et al., 1999) were collected in all the investigated
sites (Fig.1). Passive-source data (microtremors) have been also collected where enough space was
available. Also P-refraction acquisitions were performed using the same setup of active-source surface
wave surveys in order to retrieve water table depth, which has been used to properly set Poisson’s ratio
values in the inversion. Indeed this information typically assumed a-priori can have a major influence on
the final results of the inversion process (Foti and Strobbia, 2002).

The time sampling parameters for one of the investigated site (Stadio Dismesso site) are reported in Table
1. Acquisition parameters used at the other sites are very similar.

Table 1. Acquisition parameter s (Stadio Dismesso site)

SW (active-source)

SW (passive-source)

P-refraction

Time sampling (ms) 0.5 8 0.125
T(s) 2 524 0.2
Stack n°(-) 1 1 3

For the acquisition of seismic data, a Geometrics GEODE seismograph, 48 vertical geophones (4.5 Hz
natural frequency, 2 meters spaced) and hammer on plate as source have been used. For surface wave data
20 shots have been acquired separately to allow the statistical evaluation of the uncertainties. A typical
active-source shot gather and the f-k panel are shown in Fig. 2a and 2b respectively. Passive-source
acquisitions were performed with a circular array (60 m of diameter, 12 vertical 2Hz geophones) and
processed with the Matlab code developed by Zywicki (1999). The cumulative dispersion curve obtained
merging the results of active-source and passive-source tests is reported in Fig.3b

Offset (m)

Frequency (H

b)
Figure 2. Example of experimental data for Stadio Dismesso site:
a) Shot gather (truncated at 1 s); b) normalized f-k spectrum
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INVERSION

The Laterally Constrained Inversion (LCI) has been carried on starting from initial models obtained with
preliminary Monte Carlo (MC) inversions for each dataset and using a priori bedrock information. In the
following these steps will be outlined and the results will be presented in terms of 1D profiles and 2D
cross-sections.

Preliminary Monte Carlo inversion

In order to get the approximate initial models for the LCI inversion described in the following,
preliminary Monte Carlo inversion was performed for the dispersion curve of each site. A population of
200 thousands samples was generated assuming a 4-layer model for each inversion as a compromise
between sampling requirements and computational cost.

The adopted Monte Carlo approach is based on the exploitation of a scale property of dispersion curves
that improves computational efficiency with respect to a traditional MC approach and allows for a strong
reduction in the size of the population (Socco and Boiero, 2008). Acceptable Vg velocity profiles
generated in the improved MC procedure are selected through a statistical test (one-tailed Fisher test) and
they represent the final result of the inversion for a chosen level of confidence accounting also for
experimental uncertainty in the dispersion curve (Socco and Boiero, 2008).

Fig.3 reports the results obtained for the Stadio Dismesso site, both in terms of selected Vg profiles
(Fig.3a) and corresponding dispersion curves (Fig.3b) at a confidence level of 1%. The consequences of
solution non-uniqueness are apparent in Fig.3, indeed several profiles (Fig.3a) present an equally good
fitting with respect to available experimental information (Fig.3b).
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Figure 3. MC inversion resultsfor Stadio Dismesso siteat 1% confidence levd: a) selected
profilesand b) corresponding dispersion curves. Blue color is associated to the best fitting
model.

The best fitting profile obtained for each site has been used as initial model for the corresponding location
in the laterally constrained inversion.
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A priori bedrock
On the basis of available a priori information (9 mechanical soundings, 3 cross-hole tests and outcrop

position), the 3D a priori bedrock of the whole basin has been estimated by interpolation of flysch top
depth. The model (Fig.4) has been used to constrain the bedrock depth at each site in the LCIL.
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Figure4. A priori bedrock: color scalerefersto metersabove sealevel. Vertical profiles
represent the mechanical soundings and cross-hole testsindicated alsoin Fig.1

Laterally Constrained Inversion

Laterally Constrained Inversion was originally developed to invert electrical sounding data along a profile
(Auken and Christiansen, 2004), using a pseudo-2D layered parameterization. It is thus restricted to
quasi-layered geological environments. The inversion result contains a set of 1D models in which each
separate model corresponds to a survey. All dispersion curves are inverted simultaneously by minimizing
a common objective function, which contains the data, the a priori information, and the constraints,
following the approach introduced by Auken and Christiansen (2004).

The lateral constraints can be applied to neighbouring models imposing that thickness and seismic
velocity of the same layer must be similar. The degree of similarity is ruled by the strength of the
constraints that are set according to the expected lateral variability. The constraints, the a priori
information, and the dispersion data are all inversion input. Consequently, the output models are the
result of a balance between the constraints, the physics, and the experimental data. Model parameters
with little influence on the data are controlled by the constraints. Information from one model spreads to
the neighbouring models through the lateral constraints. The result is a smoothly varying pseudo-2D/3D
model.

LCT has been successfully applied to seismic surface wave data in Wisén and Christiansen (2005), Socco
et al. (2009), Socco et al. (2010), Boiero and Socco (2010).
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In this work we used the LCI approach to invert the dispersion curves of 15 sites; the remaining one
(Sant’Eufemia site, see Fig.1) was not included because it is not located in the basin but in the
surrounding mountains. We inverted considering 5 layers, i.e. one more layer with respect to preliminary
MC models to allow a greater degree of freedom, and including the a priori bedrock information. In some
sites, especially those situated in the western part of the basin (Fig.1), the bedrock is very deep and the
experimental information in the low frequency band is not sufficient to constrain its position. In these
sites the a-priori information is useful to constrain bedrock depth.

On the basis of the preliminary analysis, lateral constraints were imposed on half-space (bedrock) velocity
and the parameters of the layer above. Indeed upper layers have velocities ad thicknesses quite variable
from one site to another, hence it is not appropriate to impose constraints on these parameters. A further
constraint was imposed with respect to bedrock velocity at Enel site (Fig.1), where such velocity is well
determined thanks to the fact that bedrock is quite shallow at this site.

Results of the LCI are shown for Stadio Dismesso site in terms of Vg profile and of dispersion curve
fitting in Fig.5. The initial model reported in Fig.5 is the best fitting model obtained from the Monte
Carlo inversion.
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Figure5. LCI resultsfor Stadio Dismesso site: a) Vsinitial and final profilesand b) dispersion
curvefitting.

The inversion results have been compared with available cross-hole results considering the profiles of the
nearest sites for the following: Sito Edificabile (100 m from CH1), Enel site (70 m far from CH2), Prato
Privato (110 m far from CH3).

Sito Edificabile final profile is in good agreement with CH1 for the shallow part of the profile, but the
velocity below 10 m of depth shows some differences (Fig.6a). Nevertheless, the 800 m/s value found
with surface wave analysis seems to be a reasonable value for the flysch bedrock, which is shallower at
Sito Edificabile site than at the location of CHI.

Enel final profile (Fig.6b) is very close to CH2 velocity starting from about 6 m of depth, where bedrock
is encountered; the lower shear wave velocity in the first meters of depth can be due to superficial lateral
variation (Enel and CH2 are approximately 70 m far each other) or possible velocity overestimation in
CH2 for critical refraction from bedrock.

Prato Privato profile (Fig.6¢) has a trend very similar to CH3, even if shear wave velocity is somewhat
different.
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All the Vg profiles obtained with LCI of surface wave dispersion curves are represented in Fig.7, where
the lateral variability present from site to site is evident.
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2D cross-sections

On the basis of the 1D Vg profiles obtained with LCI (Fig.6), we have delineated the two cross-sections of
shear wave velocity reported in Fig.7. These two sections were chosen to perform a preliminary seismic
response modeling; they intercept a large number of testing sites from the present and previous projects
and they include some sites of strategic importance (Fig.1).
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Figure 8. 2D Vs cross-sections

The data considered for building the two sections included the LCI final profiles, CHs profiles and some
information from Brambati and Faccioli (1980), where results of refraction and electric acquisitions are
reported.

In both sections we identified 5 main velocity units (Fig.7), with shear wave velocity equal to 240, 400,
700, 850 e 1100 m/s starting from top to bottom.

The representations of Fig.7a and Fig.8 confirm the presence of quite strong lateral variations in the
Tarcento basin.

DISCUSSION AND CONCLUSIONS

The aim of the work was the seismic characterization of the Tarcento basin in terms of shear wave
velocity for successive seismic response modeling.

Active-source multichannel seismic surface wave measurements were designed to explore the subsoil up
to the flysch bedrock, at least where shallow, compatibly with available space in the urban context. To
increase investigation depth while retaining a good resolution close to the ground surface, passive-source
acquisitions were also performed at some sites and the resulting dispersion curves have been merged with
active-source dispersion curves.
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Some P-wave refraction shots were acquired as well at each site, with the same layout prepared for active-
source surface waves and different time sampling parameters. P-wave refraction travel times were useful
to retrieve water-table depth and thus reasonable Poisson’s ratio values for the inversion of the dispersion
curves.

Processing of the data led to a set of dispersion curves, which was preliminarily inverted with a Monte
Carlo approach to get approximate initial models for the subsequent Laterally Constrained Inversion.
Laterally Constrained Inversion was performed for fifteen sites imposing constraints on seismic velocity
of bedrock and of the layer above it. Information on the a-priori bedrock depth was obtained by
interpolation of flysch formation depth from mechanical soundings and cross-hole tests available and
integrated in the inversion approach, in terms of a-priori interface bedrock depth. This integration reduces
the non-uniqueness problem and sets bedrock depth where investigation depth of surface wave data is not
sufficient (e.g. western part of the basin).

On the basis of the obtained 1D LCI final models and of the a priori information from Brambati and
Faccioli (1980) two 2D cross-sections were retrieved. The two cross-sections confirm the presence of
important lateral variations of the bedrock from East to West and of shallower formations on the whole
area of interest. The construction of a 3D shear wave velocity model is the final aim of the research. It
will be obtained by interpolation of the 1D LCI final profiles, cross-hole results and suitable boundary
profiles introduced to fix the outcrop border position around the basin.

The procedure adopted for the characterization of the Tarcento valley takes advantage of synergies
between different geophysical testing and of the beneficial role of other a-priori information that can be
introduced in the inversion to improve the reliability of the model reducing uncertainties due to solution
non-uniqueness.
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