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Abstract

Geological, geophysical and geotechnical investigations, for the characterization of the strong-motion recording sites managed by the Italian Civil Protection, have been carried out in the framework of the project “Italian strong-motion database in the period 1972-2004”. The project aimed at creating an updated database of strong motion data acquired in Italy by different institutions in the time span 1972-2004, and at improving the quality of disseminated data. This article illustrates the state of the recording site characterization before the beginning of the project, explains the criteria adopted to select the sites where geophysical/geotechnical investigation have been performed and describes the results of the promoted field surveys. 
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1 Introduction

The characterization of several recording sites belonging to the Italian strong-motion network (Rete Accelerometrica Nazionale, RAN) was promoted within the framework of the joint project between Italian institute of Geophysic and Vulcanology (Istituto Nazionale di Geofisica e Vulcanologia, INGV) and Italian Civil Protection (Dipartimento della Protezione Civile, DPC) named ‘Italian strong-motion database in the period 1972-2004’ (Database dei dati accelerometrici italiani relativi al periodo 1972-2004), hereinafter referred to as S6, whose aim was the homogenization and the distribution of strong-motion data acquired in the time span 1972-2004 by the Italian electricity company (Ente Nazionale per l’Energia Elettrica, ENEL), the Italian Agency for New Technologies, Energy and the Environment (Ente per le Nuove tecnologie, l’Energia e l’Ambiente, ENEA) and the Department of Civil Protection (Dipartimento della Protezione Civile, DPC).

The geological and geotechnical characterization of the recording stations is fundamental for a correct use of strong-motion data, as local site conditions can have strong influence on the frequency content and the duration of the records. 

Moreover, providing a detailed site characterization is the first step towards site classification, which is fundamental to reduce the uncertainties in ground motion prediction equations and allows to calculate shake and hazard maps including site effects. The international standard for soil classification, adopted in the USA since the 1997 NEHRP provisions, is to consider the average shear wave velocity in the first 30 m (Vs,30) as a proxy for estimating local site conditions. The Italian seismic code (Norme tecniche per le costruzioni, 2008) uses the same criterion, following the provisions of EuroCode8 (ENV, 1998). Although some doubts arose about the capability of Vs,30 to predict amplification in deep basins (Park and Hashash, 2004) or in other tectonically active regions than USA (Stewart et al., 2003), and in Italy as well (Gallipoli and Mucciarelli, 2009), this parameter is still widely used for the evaluation of local site conditions. Alternative soil classification schemes have been proposed in literature, based on parameters other than average shear wave velocity, such as the horizontal-to-vertical (H/V) response spectral ratio (Zhao et al., 2005), semi-quantitative parameters, such as description of soil stiffness and depth to bedrock (Rodriguez-Marek, 2001), or the average shear wave velocity to bedrock coupled with the soil fundamental frequency of resonance (Pitilakis et al. 2006).

Nevertheless, the shear wave velocity is the fundamental parameter to estimate the seismic response of a site and many geophysical tests can be used for the estimation of velocity profiles. Higher cost methods deemed as more reliable, such as down-hole or cross-hole tests, are invasive and require the presence of borings. Intermediate to low cost geophysical techniques such as seismic refraction, seismic reflection, or spectral analysis of surface waves are not invasive, but have limitation of maximum investigated depth, low-resolution in depth, or restriction to 1D structure approximation.

In alternative, the seismic response of a site can be obtained by applying empirical techniques to seismic recordings, such as Standard Spectral Ratio (SSR) or Horizontal to Vertical Spectral Ratio (HVSR), to evaluate the site transfer function or resonant frequency. In addition, measurements of ambient noise with a single station can detect at very low costs the soil fundamental frequency, while ambient noise recorded with arrays allows to estimate the soil shear wave velocity profile from the inversion of Rayleigh wave dispersion curves. The reliability of this technique in the detection of the velocity profile of strong motion recording sites is the subject of a recent research activity carried out in the framework of the ongoing European Project NERIES (http://www.neries-eu.org/). The quantification of the uncertainty in determining the soil shear wave velocity profile with several geophysical techniques (invasive or non invasive tests) is presented by Moss (2008). The author evaluates the intra and inter method variability by comparing existing comparative and blind shear wave velocity tests. As detailed geophysical and geotechnical site investigations have relevant costs, in the time span from 1972 to 2004 only few recording sites were characterized, with particular emphasis on the stations which recorded large magnitude events (i.e. the 1976 Friuli and 1980 Irpinia earthquakes). The majority of the sites was only described by a geological sketch and an interpretative cross section, only useful to distinguish between rock and soil.

The choice made within the project S6, with limited duration and budget, was to characterize five sites with detailed, high cost analysis and the remaining sites with intermediate to low cost geophysical or geomechanical surveys. The obtained data set can be useful for testing the accuracy of different types of survey and have been used to complement the ITACA database (Data Base of the Italian strong motion data: http://itaca.mi.ingv.it) with parameters such as shear wave velocity profiles or the soil fundamental resonance frequency.

2 The available information before S6 project 

The Italian strong-motion network (RAN) has been set up by ENEL (Italian National Electric Company) in 1972. Since then about 620 recording sites were progressively installed or removed  and equipped with analogue or digital instruments (408 analog and 212 digital). When the S6 project started the available information level on strong-motion recording sites was not homogeneous, therefore knowledge of geographical, geotechnical and geophysical features of the RAN sites required a relevant improvement. An initial survey, performed at the beginning of the project, delineated the following initial situation:

· the majority of the recording sites equipped with analogue instruments, still operating or dismissed, was supplied with a document arranged by ENEL containing the information on the geographic location and local geology at small scale (1:50.000), as shown in Fig. 1.
· 26 sites with analogue instruments (managed by ENEL or ENEA) that recorded the Friuli (1976) and Irpinia (1980) seismic sequences, were supplied with in-depth geological, geotechnical and geophysical characterization, obtained by down-hole or cross-hole tests and/or seismic refraction profiles, together with geotechnical parameters acquired from in situ or laboratory tests;

· about 145 digital recording sites had a geological characterization at regional scale and additional information was available only for the sites which recorded the Umbria-Marche (1997-1998), Molise (2002) and Salò (2004) seismic sequences;

· about 10 digital stations, showing remarkable site effects, were studied in detail by several authors, such as Nocera Umbra (Cultrera et al., 2003), Colfiorito (Di Giulio et al., 2006), S. Giuliano di Puglia (Strollo et al., 2007) and geological, geotechnical and geophysical informations were collected, such as stratigraphy, Vs profiles, seismic refraction profiles and geotechnical parameters of particular relevance ((n, (’, cu, PI, OCR, etc.). 

3 Selection and application of different survey methods 

3.1 Geological and geomorphological surveys

Geological and geomorphological surveys represent the cheapest investigations and are useful to have a broad overview of a site, at least to preliminarily discriminate between rock or soil. When detailed investigations (i.e. 1:5,000 – 1:10,000 scale) are carried out, detailed rock outcrop or deposit descriptions should be made, with details on stratigraphy and soil granulometry or rock weathering but these surveys can only represent the geologic sketch of a site, without any detail on lithotechnical characteristics. Geologists can hypothesize geologic cross-section, in order to interpret the geologic structures at depth, with the limitation of the subjective interpretation. Geological or geomorphological surveys at any scale should always be available for a site. In Italy a geological map covering the national territory is available at 1:100,000 scale in digital format edited by the Italian Environment Protection and Technical Services Agency (Agenzia per la Protezione dell'Ambiente e per i servizi Tecnici, APAT). This information was used to create small scale geologic maps of all strong-motion sites lacking of geological description. Detailed geologic surveys were carried out in the framework of the S6 project for Gubbio Piana, Bevagna and Villetta Barrea, in central Italy, and Lauria Galdo, in southern Italy. Figs. 2 and 3 exemplify the two levels of geologic detail: the 1:100,000 scale geologic map of Cascia and the 1:10,000 geologic map of Bevagna. 

3.2 Geotechnical and geomechanical surveys

Geomechanical surveys are useful to characterize the quality of rock masses, as the seismic response of a rock site can depend on the degree of weathering and presence of fractures. Many rock sites of the national strong-motion network have a “non-standard” behaviour, that is the HVSR (Horizontal to Vertical spectral ratio, see section 4) shape does not show an almost flat trend, but is characterized by the presence of a dominant resonant frequency. In this case investigations deeper than a simple geological survey should be carried out, in order to identify the causes of the site amplifications.

The geomechanical survey was performed according to the ISRM standards (1978), to provide a description of the main geomechanical parameters. Measurements of the main joint sets, including number, spatial orientation (strike, dip) persistence, roughness, aperture and filling, were performed along scan-lines on the rock outcrops (at least 3 m long). These data were used to determine 3 main geomechanical indices defining the fracturation degree and the behaviour of rock masses: Jv (numbers of joints per cubic meter), Ib (block size index) and RQD (rock quality designation). Measurements by Schmidt hammer (at least 10 tests) were carried out on different rock surfaces and the mean value of the Schmidt rebound (R), together with the rock density, were used to estimate, through specific correlation chart, the value of the joint wall compressive strength (JCS). Besides, ultrasonic tests on a small portion of rock mass were performed to estimate the P-wave velocity in the superficial part of the outcrop. In laboratory, hydrostatic weighting and Point Load Test were performed on intact rock samples, to define rock density (γ) and compressive/tensile strength of intact rock, respectively. The above geomechanical indices, were used to classify the rock masses by the RMR classification (Bieniawski, 1989), and to infer their dynamic properties. 

Fig. 4 shows the Villetta Barrea strong-motion station, a rock site which exhibits a HVSR curve with an evident peak at  4.5 Hz. Table 1 resumes the geomechanical indices, that lead to classify the rock mass as of good quality, according to the RMR classification. The response of the site could be therefore attributed to the interaction with the dam where the instrument was installed. 

Geotechnical surveys were carried out at 5 locations, where boreholes were executed and soil samples were taken at different depths. Laboratory tests were performed with the aim of obtaining the physical and the index properties necessary to classify the soil samples according to the geotechnical USCS classification. These parameters are also useful to infer dynamic properties of the soil, since the rigidity decrease or damping increase with strain are strongly dependent on soil plasticity. Fig. 5 shows the execution of the borehole at the Bevagna site, and Table 2 lists the physical indexes determined by laboratory tests performed on soil samples taken at different depths. 

3.3 Geophysical surveys 

3.3.1. Downhole and cross-hole tests

Borehole seismic investigation at the Gubbio (PG) and Bevagna (PG) sites were performed by the geophysical group of D.I.T.S., “Sapienza” Università di Roma.

The S-wave velocity profiles obtained by borehole seismics constitute the reference at these sites, allowing the association between shear velocity variations and the stratigraphy derived by continuous coring. The shear velocity profiles obtained by borehole seismics are available at http://itaca.mi.ingv.it.

A new generation borehole sparker source was used for both crosshole and downhole surveys; in the latter case, a complementary shallow borehole (1.5-2.0m) was drilled for the source deployment. This seismic source is capable of maximizing the emission of either P or SH wave using different probe modules. The impulse generator charges the electrode with high potential (5kVolt) to obtain 1 kJoule energy. Both the source and the 3D borehole geophone can be oriented in hole by embedded magnetic compasses, in order to focus the SH wave to the desired component (transverse). For the S-wave investigation, the receiver spacing was set as 1 m, in order to follow the seismic velocity changes with adequate resolution.

For compressional waves, seismic tomography was additionally performed using several (up to 24) downhole 28 Hz vertical geophones in one borehole as well as 10 Hz surface geophones on the ground surface and executing multiple shots in the other one. First arrival traveltimes were inverted using either straight ray-path approximation or ray-tracing forward solver depending on soil homogeneity (Cardarelli and Cerreto 2002; Cardarelli 2003).

When the investigated area is highly heterogeneous, ray tracing by linear traveltime interpolation (LTI) method (Asakawa and  Kawanaka 1993), implemented by using a biconiugate gradient inversion algorithm, was preferred.

As the station Bevagna will be used hereinafter as a test site to verify different methods for evaluating the seismic response, we describe in detail the results obtained at this site by borehole seismics. The results of the shear-wave crosshole survey at the Bevagna seismic station are shown in Fig. 6. The borehole stratigraphy is displayed in Fig. 6a, showing a prevailing clayey component along the soil column. In Fig. 6b, the S-wave records (transverse component) are displayed. For each receiver position, the two traces corresponding to two opposite shot directions are superimposed. The grey line shows the S-wave arrivals detected by clear phase opposition of the polarized SH waves. The resulting shear-wave velocity profile is shown in Fig. 6c.

The shear wave velocity variations are very satisfactorily consistent with the borehole stratigraphy, indicating a low velocity layer associated to the organic clay layer (8-16 m depth), together with a remarkable heterogeneity, as far as S-wave velocity is concerned, within the blue-grey clay. The water level was detected by coring at 3 m below the ground level, mainly pertaining to the very shallow layers. 

It is well known that P-wave velocity is less sensitive than S-wave velocity to the heterogeneity variations within clayey formations, because of the high Poisson’s ratio associated to high clay content. The P-wave velocity is less diagnostic to point out the heterogeneity within the clayey layers, while indicates a certain lateral heterogeneity for the shallow layers, as reported in Fig. 7.

3.3.2 Seismic refraction and reflection survey

The seismic refraction test allows to obtain a bi-dimensional picture of the compressional and shear wave velocity in a layered medium. The maximum investigated depth is about 30 m, therefore this technique was applied to validate existing velocity profiles or to characterize the shallow underground. In the project the seismic refraction technique is applied generating both compressional and horizontally polarized shear waves (SH). The use of SH waves is preferable as they do not convert in other wave types in correspondence of horizontal interfaces between soils with different seismic rigidity, decreasing the uncertainties of other seismic techniques (Mc Cornack et al., 1984; Stümpel et al., 1984; Milkerei et al., 1986; Gasperini et al., 1994; Blair and Korringa, 1987). 

The occurrence in the seismograms of converted waves generated by not horizontal interfaces (Xia et al., 2002), has been prevented by using the cross-over acquisition procedure (Rainone et al., 2009). In presence of granular and porous deposits, the use of SH waves is advantageous because they are unaffected by saturation, show a lower attenuation in unsaturated media and are less influenced by saturation (Nur et al., 1969; Signanini and Torrese, 2004; Winkler et al., 1982).

P-wave energization was obtained by hammering on a metal plate, while SH-wave energization was obtained by hammering on the sides of a heavy box. The receiving system was a 24 channels EG&G Geometrics Strataview seismograph and the inter-distance between receivers was generally 5m, with a 2.5m offset. Five shots were employed. The delay time method, following intercept time method, was performed, using SIP family of routines (Rimrock Geophysics, 1995).

When local soil conditions were unfavourable, because of intense urbanization, narrow spaces, presence of paving etc., the refraction test was executed with an adequate number of shots (at least 8), with acquisition parameters that could allow an interpretation of the records with the reflection technique (Torrese and Signanini 2007), or with surface wave (Rayleigh and Love) analysis techniques. Fig. 8a shows the location of the seismic refraction line at Bevagna (central Italy), while Fig. 8b and 8c show the results of the P and SH-wave velocity profile in the first 25m and the detail of the cross-hole test in the first 30m, respectively. The seismic refraction survey was performed independently from the cross-hole test and the comparison of the shear wave velocities obtained in the first 30 m shows a good agreement between techniques. 

Seismic reflection is an exploration geophysic test to estimate the geometry of the earth subsurface from reflected seismic waves. In this study high resolution seismic reflection was performed inducing in the soil SH-waves by hammering on the sides of a heavy box perpendicular to the seismic line direction and well coupled to the ground (Palestini et al., 1988). In presence of granular and porous deposits, the use of shear waves in shallow reflection seismics is preferable because, in addition to the features cited above, SH waves show a higher resolution respect to P waves for a fixed frequency.  
The receiving system was composed by 12 active channels (Fig. 9b) and, for each channel, an array of 5 horizontal geophones was used to obtain analogue filtering for surface waves (Stumpel, 1984). An off-end spread was used, employing a shot and geophonic group spacing of 2 m and an offset of 6 m. The choice of having a small geophone spacing is justified by the need of having a high number of Common Depth Point (CDP) for length unit (Knapp et al., 1986), considering the heterogeneity of the geological deposits. Stacking was favoured by keeping the arrays short and, given the low depth of the objective, a resulting coverage of 600% was enough to get a good signal-to-noise ratio. A EG&G Geometrics Strataview seismograph was used for data acquisition and Common Middle Point (CMP) stacking processing was undertaken under Seismix Unix environment (Cohen and Stockwell, 1999). Being the occurrence of low-frequency energy consistent, the analysis has been performed to verify the occurrence of Love's waves and to define better filtering for processing. A velocity analysis was performed using the Constant Velocity Stacks (CVS) method in order to achieve the time-velocity model. This method is based on the time-distance curvatures and on the multiple-coverage stacked trace: traces of a reflector point are corrected using a series of velocity (constant with time) to find out the velocity which yields the best stack. This is the correct normal move-out velocity. Final stack sections have been obtained through tools like amplitude correction, static correction, sorting, NMO correction, stacking, frequency and f-k filtering, spike and predictive deconvolution migration. The seismic reflection cross-section is shown in Fig. 9c. A comparison between the results of cross-hole and seismic reflection is shown in Fig. 9d. There is a good agreement between the two techniques in terms of average velocities, although the cross-hole data, acquired with 1m spacing, show higher dispersion between 30 and 40m. In addition seismic reflection individuates theree main reflectors of 16m, 40m and 90m (soil - bedrock interface). 

3.3.3  Surface waves analysis

The Spectral Analysis of Surface Waves (SASW) has its basis on the dispersive characteristic of Rayleigh waves travelling through a layered medium. The term SASW is used when the source is active and two receivers are used, while the term MASW is adopted when the acquisition is performed with a multi-channel array. When the source is passive (ambient noise) the term Re.Mi. (Refraction microtremors) is used for linear arrays. This technique is a non invasive low-cost approach for the characterization of the shear wave velocity of the upper layers and does not require an active source. 

Surface waves techniques were attempted to characterize the station Arienzo (southern Italy) provided with an existing shear wave velocity profile (ISMES), that needed to be verified in the first 20 meters (Fig. 10a). 

For measuring the dispersion of the Rayleigh waves a linear array composed of 52 geophones with 2 m spacing was installed. The vertical component sensor had a 4.5 Hz frequency. The chosen array geometry allows to investigate the first 20-25 m of ground. The acquisition was performed with 3 Geometrics Geode stations connected in sequence. Due to the problematical environmental conditions it was extremely difficult to induce active sources, therefore the Re.Mi. technique was applied. The f-p spectrum was evaluated from several 30 seconds long microtremor windows. A stacking procedure was applied to enhance the quality of the results. An example of the obtained plot is shown in Fig. 10b. The experimental dispersion curve was evaluated picking the lower envelope of the spectrum. The investigations allowed to explore the  10-30 Hz frequency range and  to get the velocity profile of the upper layers (Fig. 10c) by an inversion procedure. The final cross-check consisted in the comparison between the 1D transfer function obtained with the shear wave velocity profile and the spectral ratio between the horizontal and the vertical component of the ambient noise recorded at the station (Fig. 10d).

4 Horizontal to vertical spectral ratios of ambient noise measurements 

This method, consisting in normalizing the Fourier spectral amplitudes recorded on the horizontal components by the vertical one, initially proposed by Nogoshi and Igarashi (1971), and based on microtremors recorded with a single station, became famous as the horizontal-to-vertical spectral ratio (hereafter HVSR method). Since the authors found a rather good correspondence between the ratio maxima and the S-wave resonant frequency, they introduced into seismology the idea to use this method as indicator of underground structures and delineated the way for a fast estimation of the site effects. However, this method became popular only after that Nakamura (1989) revised it and claimed its theoretical interpretation, which was debated by several authors (Field and Jacob, 1993; Nakamura, 1996 and 2000; Bard, 1999; Fäh et al., 2001), who agreed on the validity of the method in approximating the soil resonance frequency. 

The HVSR technique was applied to sites provided with other informations, such as velocity profiles or several strong-motion records, in order to verify the results obtained with different techniques and extend this low-cost method to untested sites. A campaign for the acquisition of ambient noise with a single station was conducted in the area affected by the 1997-98 Umbria-Marche seismic sequence. Fig. 11 shows an example for the station Bevagna, for which the HVSR curve is compared with: i) the 1D theoretical transfer function, obtained using the Vs profile from the seismic reflection test and simulating the propagation of SH wave with vertical incidence through a stack of visco-elastic layers, and ii) the HVSR curve obtained from earthquake recordings. The results obtained by exploiting different data sets and methods agree quite well, in terms of amplitude and frequency. In addition the HVSR curves for two stations located on rock and thin alluvial deposits are shown in Fig. 12: Borgo Cerreto Torre (rock) and Borgo Cerreto Campo sportivo (soft soil). The results highlight the capability of the method to discriminate between rock and soil, providing a useful tool for future site characterization campaigns. 

5 Conclusion 

Geological, geophysical and geotechnical investigations were carried out in the framework of the DPC-INGV project ‘Italian strong-motion data base relative to the period 1972-2004’ (Data base dei dati accelerometrici italiani relative al periodo 1972-2004) with the aim of characterizing the local seismic response of selected strong-motion sites. 

Different kind of surveys were performed depending on the soil type and consistently with the project budget. High cost investigations (i.e. downhole or crosshole surveys) were performed in 5 cases, with the aim of verifying existing studies performed in the ‘90s (Bagnoli Irpino, Sturno), characterizing sites with well known amplification (Gubbio piana, Bevagna) or acquiring information in operative strong-motion sites lacking of information (Cesena). Low cost investigations were performed with different aims: characterizing recently installed sites, increase the information for the stations with many recordings, test different techniques on different geological and geotechnical settings and compare the results of different surveys. In Appendix 1 the list of the stations surveyed within the S6 project is reported together with the investigation type.  

The data set gathered is available at the site http://itaca.mi.ingv.it and represents the basis for further investigations and analyses aimed at reaching an efficient site classification system for the correct use of the strong-motion records, for seismic code definition, and the development of ground motion prediction equations.
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Appendix 1: list of the investigated stations (survey type: BH stratigraphy; DH downhole; CH crosshole; SRR P and SH seismic refraction; SRL P and SH seismic reflection; GEO Geomechanical survey; NOI single station ambient noise measurement; Re.Mi. Refraction Microtremors)

	Site 
	# records
	Characteristics 
	Survey type
	Parameters

	Airola (ARL)
	0
	Operative, digital, rock site characterization 
	NOI, GEO
	f0, RMR index

	Ancona Palombina (ANP)
	9
	Not operative, analogue, recorded 1972 Ancona 
	SRR
	2D Vs profile

	Ancona Rocca (ANR)
	3
	Not operative, analogue, recorded 1972 Ancona
	SRR
	2D Vs profile

	Annifo (ANNI)
	21
	Not operative, recorded 1997 Umbria-Marche
	NOI
	f0

	Arienzo (ARN)
	3
	Not operative, analogue
	NOI
	1D Vs profile

	Assisi (ASS)
	88
	Operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Avezzano (AVZ)
	6
	Operative, digital
	SRR
	2D Vs profile

	Bagnoli Irpino (BGI)
	3
	Not operative, analogue, recorded 1980 Irpinia
	NOI, DH
	1D Vs profile

f0

	Barisciano (BRS)
	3
	Operative, digital, recorded 1984 Lazio-Abruzzo
	NOI
	f0

	Bevagna (BVG)
	10
	Not operative, analogue, recorded 1997 Umbria-Marche, 1979 Valnerina, 1984 Gubbio
	NOI, CH
	1D Vs profile

f0

	Borgo Cerreto campo sportivo (BCC)
	From ENEA
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Borgo Cerreto Torre (BCT)
	From ENEA
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Castelnuovo Assisi (CSA)
	9
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Cesena (CSN)
	1
	Operative, digital 
	BH, NOI, CH
	1D Vs profile

f0

	Cesi Monte (CESM)
	45
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Cesi Valle (CESV)
	74
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Chieti (CHT)
	21
	Operative, digital
	SRR
	2D Vs profile

	Colfiorito (CLF)
	25
	Operative, analogue, recorded 1997 Umbria-Marche
	NOI
	f0

	Colfiorito Casermette (CLC)
	123
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Foligno S. Maria

Infraportas (FSMI)
	From ENEA
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Forlì (FOR)
	2
	Operative, digital 
	BH, NOI, CH
	1D Vs profile

f0

	Gaino (GAI)
	1
	Operative, digital
	NOI
	f0

	Guardiagrele (GRD)
	14
	Operative, digital
	NOI
	f0

	Gubbio piana (GBP)
	6
	Not operative, digital, recorded 1997 Umbria-Marche
	BH, NOI, DH
	1D Vs profile

f0

	Lama dei Peligni (LDP)
	11
	Not operative, analogue 
	NOI
	f0

	Lauria-Galdo (LRG)
	31
	Operative, analogue, rock site characterization
	GEO
	RMR index

	Matelica (MTL)
	4
	Operative, analogue, recorded 1997 Umbria-Marche
	NOI
	f0

	Nocera Umbra (NCR)
	46
	Not operative, analogue, recorded 1997 Umbria-Marche, 1979 Valnerina, 1984 Gubbio
	NOI
	f0

	Norcia (NRC)
	15
	Not operative, analogue, recorded 1997 Umbria-Marche, 1979 Valnerina, 1984 Gubbio
	SRR, SRL, NOI
	2D Vs profile

f0

	Norcia Le Castellina

(NOR)
	46
	Operative, digital
	SRR, NOI
	2D Vs profile

f0

	Norcia zona Industriale (NRI)
	From ENEA
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Salò (SAL)
	2
	Operative, digital
	NOI
	f0

	San Demetrio dei Vestini (SDM)
	1
	Not operative, analog
	NOI
	f0

	Scafa-Manoppello (SCF)
	4
	Not operative, analogue, recorded 1984 Lazio-Abruzzo
	NOI
	f0

	Sellano Est (SELE)
	18
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Sellano Ovest (SELW)
	43
	Not operative, digital, recorded 1997 Umbria-Marche
	NOI
	f0

	Serravalle di Chienti (SER)
	4
	Not operative, analogue, recorded 1997 Umbria-Marche
	NOI
	f0

	Sturno (STR)
	9
	Not operative, analogue, recorded 1980 Irpinia
	BH, NOI, CH
	1D Vs profile

f0

	Valle dell’Aterno fiume Aterno (AQA)
	12
	Operative, digital
	NOI
	f0

	Valle dell’Aterno

Ponticello 1, 2

(AQT1,AQT2)
	0
	Operative, digital
	NOI
	f0

	Valle dell’Aterno centro Valle (AQV)
	21
	Operative, digital
	MASW, BH, NOI, CH, SRR
	1D Vs profile

f0

	Villetta Barrea (VLB)
	8
	Not operative, analogue, recorded 1984 Lazio-Abruzzo, rock site characterization
	GEO
	RMR index


Tables

	Point
	UTM Coordinates
	Elevation m (a.s.l.)
	Ib (cm)
	Jv (m-1)
	RQD(%)
	R
	Compressional 

strength (MPa)

	1
	N416005 E4623859
	984
	27
	4
	92
	52
	175

	2
	N415989 E4623783
	984
	40
	3
	97
	53
	175

	3
	N415966 E4623877
	984
	16
	6
	89
	45
	124


Table 1 Geomechanical indices gathered from geomechanical measurements (Ib, bock-size index; Jv, numbers of joints per cubic meter; R, mean value of the Schmidt rebound; RQD, rock quality designation)

	Sample depth

(m from g.l.)
	γs
(kN/m3)
	LP
	LL
	IP
	USCS class

	1.3
	27.2
	24.0
	52.0
	28.0
	CH

	5.5
	27.3
	26.1
	59.5
	33.4
	CH

	8.5
	27.2
	25.0
	58.5
	33.5
	CH

	9.7
	27.0
	40.0
	107.0
	67.0
	CH

	17.5
	27.4
	16.6
	39.0
	22.4
	CL

	20.5
	27.2
	22.3
	45.0
	22.7
	CL

	25.3
	27.2
	22.8
	48.5
	25.7
	CL

	30.5
	27.2
	19.8
	42.0
	22.2
	CL

	32.5
	27.3
	24.1
	51.8
	27.7
	CH

	36.3
	27.3
	24.4
	64.5
	40.1
	CH

	40.2
	27.3
	23.2
	51.8
	28.6
	CH

	43.5
	27.3
	24.1
	65.4
	41.3
	CH

	46.7
	27.0
	24.3
	53.9
	29.6
	CH

	49.5
	27.4
	22.5
	63.6
	41.1
	CH


Table 2 Bevagna (PG): physical indices from laboratory tests (γs soil unit weight; LP plasticity limit; LL liquid limit; IP plasticity index)

Figures

Figure captions

Fig. 1 Example of ENEL report for the station Berceto Rabboni
Fig. 2 Example of small scale geologic map (1:100,000 scale station Cascia, central Italy)

Fig. 3 Example of detailed geologic map (1:10,000 scale station Bevagna, central Italy)

Fig. 4 Villetta Barrea (central Italy). Left: the RAN site; middle: the rock outcrop used for geomechanical tests; right: HVSR curve

Fig. 5 Borehole execution at the Bevagna station (central Italy)

Fig. 6 Crosshole seismograms at Bevagna (PG), Central Italy: (a) simplified stratigraphic column; (b) S-wave records (transverse component); for each receiver position, the two traces corresponding to the opposite shot directions are superimposed and the grey line shows the S-wave arrivals; (c) S-wave velocity profile

Fig. 7 Seismic tomography at Bevagna (PG): a) P-wave velocity section from seismic tomography (y-axis indicates depth, while the x-axis indicates a width of 6.5m);  b) raypath; the RMS misfit of the inverted model obtained by tomographic inversion is (=0.67ms (the axes dimension are the same as panel a)
Fig. 8 Bevagna: a) location of the seismic refraction survey (BVG is the location of the strong-motion station); b) top: 2D P-wave velocity profile (the numbers indicate the P-wave velocity); bottom: 2D SH-wave velocity profile (the numbers indicate the SH-wave velocity); c) shear wave velocity profile for the first 30 m of depth from cross-hole test

Fig. 9 Bevagna: a) location of the seismic reflection test; b) comparison between the estimated shear wave velocity profile and the values obtained by the cross-hole test (black dots); c) reflection shot gather example; d) reflection cross-section with line-drawing

Fig. 10 Re.Mi. test at Arienzo: a) shear wave velocity profile (ISMES); b) f-p spectum from ReMi analysis, the experimental dispersion curve was evaluated using the lower envelope of the spectrum; c) shear wave velocity profile (top) and dispersion curve (bottom) obtained from Re.Mi. measurements; d) comparison between ambient noise HVSR and theoretical 1D model

Fig. 11 Bevagna: HVSR performed on ambient noise (NHVSR) and earthquake records (EHVSR) compared with the 1D theoretical model obtained from the seismic reflection profile

Fig. 12 HVSR performed on ambient noise: results for Borgo Cerreto Torre (BCT, rock) and Borgo Cerreto campo sportivo (BCC, alluvial deposits)
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Fig. 6

[image: image11.png]06 1.0 14 1.8 2.0 (Km/s)






Fig. 7
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Fig. 8 
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Fig. 10
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Fig. 11
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