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ABSTRACT: The following document presents the analysis of the array ambient vibrations
acquired at two sites in Italy. H/V analysis, frequency-wavenumber (f-k) processing and SPAC
analysis were performed using Geopsy tools. The results were inverted in order to get the soil
profiles for each site (using Dinver software). In this appendix preliminary results for the
aforementioned sites are presented and discussed.
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Analysis of italian array dataset by means of the software tools developed in NERIES JRA4
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Introduction
In the framework of the L’Aquila area Microzonation project, organized and coordinated by the Italian Civil
Protection Department, the research unit of Siena University (Coordinator Prof. D. Albarello) acquired
ambient vibration data by array of sensors in order to retrieve Vs profiles at different depths and in
different subsoil conditions. Ambient vibration array method was selected to derive dynamic
characterization of subsoil because of its flexibility and cost effectiveness. In detail, array configurations
were optimized as a consequence of adopted equipment and data processing by ESAC method (Ohori et
alii, 2002). Acquisition settings and field operations were conditioned by the short-term aims of the Project;
in fact field measures were conducted quickly and often in “blind conditions” in a very wide area, with no
opportunity to repeat measurements after processing in lab. In particular 2 datasets, acquired in the
villages of Fagnano Alto-Vallecupa and San Demetrio nei Vestini in the province of L’Aquila, were reprocessed by Geopsy software package (Wathelet, 2005, www.geopsy.org) in order to provide a feedback
to NERIES JRA4 working group with relation to Task-E: Internal test of the tools developed in Task B by third
teams who did not participate in their development (Responsibles FFCUL, Resonance).

Fig. 1 Satellite image of Fagnano Alto-Vallecupa and San Demetrio nei Vestini villages (L’Aquila province)

Geologic setting
Information about subsoil structure were retrieved for both sites by results of analysis performed in the
framework of above mentioned seismic microzonation project. In particular the subsoil structure of the
Fagnano Alto-Vallecupa site(FAV) is characterized by the presence of Pliocene alluvial sediments, mainly
composed by sandy silt and sand with interbedded gravel layers, over Miocene calcarenite bedrock (Fig. 2).
The thickness of alluvial sediments estimated by borehole log located 200m NW of investigated area is up
to 50 m. The subsoil structure of San Demetrio nei Vestini site (SDV) is characterized by the presence of

about 20 m thickness layer constituted by sandy gravel material over Pleistocene compact conglomerate
(Fig. 3). Fundamental frequencies measured by H/V analysis of single station ambient vibration recordings
are 2.1 Hz at FAV array site and 7.9 Hz at SDV array site.

Fig 2 Geologic map and cross-section of Fagnano Alto-Vallecupa village (after Capotorti F. & Muraro C.; 2009)

Fig 3 Geologic map and cross-section of San Demetrio nei Vestini village (after Blumetti A. M. & Fiorenza D.; 2009)

Equipment
The same acquisition system and methodology were used during the 2 experiments. Data were collected by
means of vertical geophones (4.5 Hz natural frequency) connected by cables to 16 channels 24 bit portable
ADC/recording system Soilspy by Micromed Srl (Fig. 4). Signals were recorded at a sample rate of 128 Hz for
a total length of 20 minutes.

Fig. 4 ADC/recording system and vertical geophones

Field experiment
2D array were designed in the field with cross-configuration. Sensors were deployed along two
perpendicular alignments and inter-station distances were not fixed in order to sample different
wavelengths. Inter-station distances were estimated by measuring tapes. With relation to available space
and cables lengths, the two arrays reached dimension of 44.0 x 37.0 m in FAV and 55.0 x 50.5 m in SDV.
Geometry of the 2 arrays are depicted in Figs 5, 6, 7, 8.

Figure 5 2D array in Fagnano Alto-Vallecupa

Fig.6 2D array in San Demetrio nei Vestini

Figure 7 Geometry of 2D array in Fagnano Alto-Vallecupa

Figure 8 Geometry of 2D array in San Demetrio nei Vestini

Comments
•
•
•
•
•
•
•
•

Use of single component sensors did not allow H/V analysis;
Cut off frequency of sensors represented a limitation for retrieving information at low frequency;
Use of cables limit array dimension and as consequence did not allow retrieving information at low
frequency and lowered array resolution;
Use of cables could be a limit to applicability of array analysis in proximity of infrastructures;
Lacking of wireless system did not allow evaluation of array response function and quasi-real time
processing of data in the field;
Use of the above mentioned equipment allowed performing 2D array ambient vibration analysis by
standard active seismic and relatively cheap cost instrumentation.
Above mentioned equipment resulted very easy to use in the field;
Above mentioned equipment was not affected by the problem of GPS communication which could
be difficult in closed or urbanized areas.

Data processing and inversion
Sesarray software package was used in order to process and invert array ambient vibration recordings.
The processing procedure involved five steps:
• Estimate of array response function;
• f-k/High resolution f-k analysis (HRFK);
• Co-array identification;
• MSPAC analysis;
• Estimate of site dispersion curve (DC) to be used for inversion as mean curve obtained by HRFK and
MSPAC methods
• Inversion of DCs
Estimate of array response function
As stated above, array configurations were optimized for data processing by ESAC method (Ohori et alii,
2002) and thus they resulted in cross configuration arrays in which inter-station distances were not
constant in order to sample different wavelengths. Analysis of array response function of the two arrays
highlighted a better performance of the FAV array respect to the one of SDV (Fig.9). In particular, while the
two arrays exhibit a similar performance in terms of array resolution, SDV array shows a stronger proximity
of side lobes with respect to FAV array transfer function, as a consequence of minum interstation distance
distribution as a function of azimuth.

Fig. 9 Array response functions in wavenumber domain of FAV array (left) and SDV array (right).

f-k/High resolution f-k analysis (HRFK)
At each site results coming from f-k and HRFK analysis exhibit similar results in terms of Rayleigh waves
fundamental mode DC in a narrow frequency band (Figs 10, 11).
DC curve of FAV site extends from 6 up to 11 Hz; the lower limit of DC is fixed as a consequence of the
sensors cut off frequency while at frequencies above 15 Hz, it’s possible to observe beampower maxima
sharply shifted towards lower slowness values as a possible effect of a significant contribution from higher
modes. DC curve of SDV site extends from 10 up to 20 Hz and its upper bound is related to the resolution
limits of array response function while its lower limit is related to fundamental frequency value at about 8
Hz. Since f-k analysis did not highlight strong directionality of wavefields at both sites, the use of MSPAC
processing technique was considered reliable in order to extract DCs.

Fig. 10 Dispersion curves of FAV site obtained by f-k (left) and HRf-k (right).

Fig. 11 Dispersion curves of SDV site obtained by f-k (left) and HRf-k (right).

Co-array identification
Array geometries resulted in a better azimuthal distribution of sensor couples of SDC array, particularly for
largest rings, with respect to FAV (Fig. 12).

Fig. 12 Coarrays built for FAV (left) and SDV (right).

MSPAC analysis – Comparison of results
DCs of FAV and SDV sites obtained by MSPAC analysis show similar characteristics of those obtained by f-k
and HRFK analysis (Fig. 13). A comparison of DCs obtained by above mentioned techniques and ESAC
method it’s reported in Figs. 14 and 15. It’s possible to observe a good agreement between dispersion
functions of Rayleigh fundamental mode at each site with exception of the slight overestimate of phase
velocities in the high frequency part of FAV DC with respect to the other techniques.

Fig. 13 Dispersion curves obtained by MSPAC for FAV site (left) and SDV site (right).

Fig. 14 Comparison of dispersion curves obtained by different techniques at FAV site.

Fig. 15 Comparison of dispersion curves obtained by different techniques at SDV site.

Inversion and comparison of results obtained by classic approaches
As aforementioned, DC calculated as mean curve obtained by HRFK and MSPAC methods at each site were
used for inversion process. Only fundamental mode DCs were used as inversion targets. In order to define
Vs initial parameterization, a priori information obtained by geologic surveys and geotechnical/geophysical
investigation (where available) were considered. In particular a uniform layer overlying 2 layers
characterized by Vs linear increase and the half-space was considered for the FAV site; two uniform layers
over half space were considered for the SDV site. Results of Inversion expressed as Vs profiles are shown in
Figs. 16 and 17. In the case of SDV DC inversion, the minimum misfit is about 0.1 that corresponds to a Vs
profile showing a depth of the main impedance contrast (corresponding to the interface where Vs value
rises above 800 m/s), consistent with estimated geologic bedrock depth. Furthermore Vs values obtained
for the Plio-quaternary deposits constituted by sand and silt with gravel beds interstratified over the
Miocene calcarenite bedrock at FAV site results in agreement with those reported in Tab. 1, that were
obtained by down-hole test realized 200m NW of test site (Di Fiore et al.; 2009).

Fig. 16 Vs profiles ensemble obtained by inversion of DC curve at FAV site.

Fig. 17 Vs profiles ensemble obtained by inversion of DC curve at SDV site.

Tab. 1 Vs values measured by down-hole test in FAV village (after Di Fiore et al.; 2009)

Depth [m]

Vs [m/s]

0.00 - 1.00

140

1.00 - 3.00

238

3.00 - 5.00

483

5.00 - 7.00

489

7.00 - 9.00

329

9.00 - 11.00

374

11.00 - 13.00

453

13.00 - 15.00

352

15.00 - 17.00

375

17.00 - 19.00

382

19.00 - 21.00

382

21.00 - 23.00

383

23.00 - 25.00

383

25.00 - 27.00

383

27.00 - 29.00

383

29.00 – 31.00

384

31.00 – 33.00

377

33.00 - 35.00

407

35.00 – 37.00

370

37.00 – 39.00

392

39.00 – 41.00

377

Comments
Results obtained by inversion of DCs at selected test sites confirmed suitability of above mentioned
methods to retrieve subsoil dynamic characteristics from analysis of ambient vibration recorded by array
constituted by standard seismic equipment, notably for seismic microzonation purposes aimed at rapid
reconstruction. Comparison of different techniques applied at the same dataset show the stability of DC
determination for cross configuration arrays in default of wavefield directionality. Vs profiles show
consistency with those obtained by classic in-hole techniques down to 40 m. This depth limit should be
considered sufficient for geotechnical characterization of SDV site while in FAV site, for which estimated
fundamental frequency is about 2 Hz, sensor cut-off frequency and array aperture represent a strong
limitation for geotechnical site characterization. In the specific case study of SDV array the proximity of side
lobes of array response function suggests to pay particular attention at array layout aimed at application of
different array processing techniques and checking of DC stability.
From this test results confirmed the difficulty of the non experienced operator in the inversion process in
default of strong a priori information on subsoil structure
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