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Introduction
The main goal of this project is well described in its title. It deals with the evaluation of ground shaking scenarios in selected earthquake prone areas. The strong ground motion prediction requires the identification of the position, geometry and rupture mechanism of active faults, the knowledge of local elastic and anelastic structure of the crust and the determination of amplification effects due to the local site geology. We have faced these issues in the different tasks of the project (namely task #1,2 and 5). We have also computed the regional attenuation relations for peak ground motions in task 3 and we have used them to propose a seismic hazard map for the Umbria region. These information and results have been used to compute synthetic seismograms as well as to validate our predictions with observed waveforms and empirical relations. This has been done in task 4: we have calculated and compared the ground motion time histories simulated through pure stochastic and hybrid methods, as well as pure deterministic approaches (also for a 3-D crustal model). The proposed methodologies have been tested and calibrated in "training areas", where an adequate knowledge of seismic sources and crustal structure as well as instrumental strong and weak motions data are available. The selected training area is the Colfiorito zone (Umbria-Marche), where the 1997-98 seismic sequence (MW ≤ 6) took place. The two test areas investigated in this project are the Città di Castello (Umbria) and the Val D’Agri (southern Apennines) zones, where the methodologies calibrated in the training site have been applied. New methodologies have been experimented for fault identification in the Colfiorito and Città di Castello areas, such as those based on techniques of high-resolution reflection seismology or electromagnetic methods (task 1). The different research groups that collaborated within this project are listed in Table 1. Some of these groups (indicated by the asterisk) participated only for a limited period within the whole duration of the project.
Table 1. Research Units participating to the Project

	R. U.
	Coordinators
	Affiliation


	Associated Partners

	R.U. 1
	Dr. Massimo Cocco 

(Project coordinator)
	INGV Rome

Ist. Nazionale di Geofisica e Vulcanologia
	Dr. R. De Franco

IDPA-CNR, Milano

	R.U. 2
	Dr. Enrico Priolo
	OGS Trieste

Istituto Nazionale di Oceanografia

e Geofisica Sperimentale 
	

	R.U. 3
	Prof. Aldo Zollo
	University of Naples “Federico II”
Dipartimento di Scienze Fisiche 
	Dr. A. Siniscalchi

Univ. Bari

	R.U. 4
	Dr. P. Augliera
	INGV  Milano

Ist. Nazionale di Geofisica e Vulcanologia
	Dr. D. Spallarossa* Univ. Genova 

	R.U. 5
	Prof. Peter Suhadolc
	University of Trieste

UniTri
	

	R.U. 6
	Prof. Alfredo Mazzotti
	University of Milano 

UniMi
	Dr. L. Zanzi*
Politecnico Milano

	R.U. 7
	Prof. Massimiliano Barchi*
	University of Perugia – UniPg
	


Description of the activities
The project is organized in 5 tasks, each of which has precise goals that are of relevance for the others. Here, we shortly describe the planned activities and the final results and products achieved within the project. A more detailed description of the products is presented in the following in the task reports.  
Task 1. Geometrical and mechanical characterization of seismic sources.

(Coordinator P. Montone, RU1, INGV – Rome). 

Research units involved in this task: RU1, RU3 (Univ. of Bari), UR6 and UR7.

The main goals of this task have been the identification of active faults and the proposition of target fault models to be used for the calculation of ground shaking scenarios. Moreover, we have promoted investigations on innovative an multidisciplinary methodologies to identify candidate fault models. Main goals: 
· Colfiorito Area

· Review of proposed source models based on the interpretations of seismic profiles re-processed during this project.

· Test Areas: Città di Castello-Sansepolcro  and Val D’Agri

· Seismic field experiment: Città di Castello data

· Seismic source models for Città di Castello-Sansepolcro.

· Summary of the knowledge for the Val d’Agri area source model.
· Integration of different methods to identify seismogenic sources: the Colfiorito structure
Thus, this task has been mainly devoted to a critical review of the existing data about the training area of Colfiorito and to new studies on the two selected test areas of Città di Castello-Sansepolcro (CC-SS) and the Val d’Agri basin. For the Colfiorito area, where a detailed knowledge of the faults that ruptured during the recent seismic sequence is available, there were proposed two fault models for the largest shock of the 1997 sequence (resulting from the modeling of geodetic or strong motion data). The investigations in this area were therefore focused on the reprocessing of available seismic profiles eventually merged with the results of electromagnetic studies to verify the proposed fault models, to constrain a local tectonic model and to contribute to the definition of a 3D crustal model for the evaluation of a ground shaking scenario. For the Città di Castello test area two candidate fault models have been proposed on two distinct active faults. They were constrained by analyzing the hypocenters distribution of the earthquakes recorded during an acquisition campaign performed during the first year of the project, by the analysis of available seismic profiles and by geological and tectonic investigations. For the Val D’Agri area, where less information are available, it has been proposed a single fault model based on geological observations and historical seismicity. 
Task 2. Characteristic features of the crustal structure.

(Coordinators A. Michelini & C. Chiarabba, UR2, INOGS – Trieste). 

Research units involved in this task: RU1, RU2.
The main goals of this task have been i) the imaging of seismic velocities and seismic attenuation of the Colfiorito and Città di Castello (CdC hereinafter) seismic zones through seismic tomography; ii) the retrieval of 1-D velocity model in the Colfiorito and Città di Castello areas  and iii) the analysis of the seismicity at high resolution in both these areas. Proper assessment of earthquake hazard of a given region requires the synthesis of geological and geophysical information. A fundamental part of this info is represented by the crustal structure and the seismicity. In this task, many efforts have been put in resolving at very high resolution of the crustal structure of the Colfiorito and Città di Castello areas through seismic tomography. The Colfiorito data set was already available whereas the CdC data have been acquired during this project through a joint cooperation between INGV, INOGS and University of Genova (UR1, UR2 and UR4). Because the main aim of the funded project consisted of assessing the performance of different waveform synthesis techniques that rely on 1-D layered models, special efforts have been put in retrieving this kind of models together with their uncertainties. This approach is somewhat new in that in most studies little effort is toward the development of 1-D models to be use for waveform modeling. Indeed, the approach followed in this task  involving  the temporary  deployment of more than 30 seismic instruments to record local seismicity, though not new, is certainly innovative in Italy, and it has been found of high potential for detailed studies of an area. The recorded data should be considered of very high value and they can foster new research lines to be pursued in addition to those followed during the three years of this project.
The activities of this task have involved primarily the inferring of seismic velocity and attenuation structures. In the reports of the previous years of the project, it can be found a full and detailed account of the results obtained for what concerns the 1-D, 3-D structures in the Colfiorito and CdC target areas and about the seismicity studies. During the last year of the project, the task 2 activities have focused on those parts that had not been entirely completed during the previous years. These included the studies on the attenuation of CdC and some additional studies on the 3-D velocity structure in the CdC area. In addition efforts were put in the appraisal and the application of high-resolution relocation techniques.

Task 3. Ground motion scaling relationships.

(Coordinators L. Malagnini, UR1, INGV – Rome). 

Research units involved in this task: RU1, RU4.
The main goals of this task have been the calibration and the validation of regional attenuation in the Umbria region, which includes both the Colfiorito and the Città di Castello areas. The proposed attenuation laws for peak ground motions have been compared also with existing scaling relationships for Italy. They have been extremely useful either to validate the predictions of peak ground motions resulting from synthetic seismograms as well as to allow the proposition of a regional seismic hazard map for the Umbria area. This last product was not included in the original version of the proposed and approved project and it was included because it was achievable and a direct consequence of our investigations. The attenuation relations proposed in this project are original and innovative for the Italian region. In particular, they also allow the analysis of attenuation of peak ground motion with magnitude and distance for different frequency bandwidths.
Task 4. Validation of methodologies for computing synthetic seismograms.
(Coordinators Aldo Zollo, RU3, – Naples). 

Research units involved in this task: RU1, RU2, RU3, RU4, RU5, RU7.
This task is aimed at investigating and analyzing the numerical methods for computing synthetic time series to be used for the prediction of  strong motion parameters of moderate to large earthquakes occurring along the Apennines. The main objectives were to test and compare different methodologies for ground motion simulation, to elaborate a strategy for the evaluation of statistical-deterministic scenarios and to set up the terms for its application to Italian earthquake prone areas. 

The project adopted the statistical-deterministic approach for the evaluation of scenarios for strong motion parameters (peak values, spectral ordinates, signal integral quantities...) associated with the occurrence of a “characteristic” earthquake. It is therefore assumed that the large scale source characteristics (fault size and position, average slip, mechanism) of the target earthquake are known “a priori” as the result of previous geological, geophysical and historical seismicity investigations. On the other hand, the rupture nucleation point, the final slip distribution and rupture velocity can vary from a rupture episode to another, thus providing a statistical distribution of the predicted ground motion. The validation process of the different methods and strategies for prediction of strong motion parameters was carried out through the application to a “training” area (the 1997 Colfiorito earthquake source area) and to two “testing” area (Val D’Agri and Città di Castello).
The research activity on the training area of the 1997 Colfiorito earthquake had the objective to determine “a posteriori” ground motion scenarios, compare and analyze the results obtained using the different methodologies and compare the synthetic prediction of strong motion parameters with the observations (waveforms and peak ground motion attenuation curves). The different numerical simulation methods were based on wave number integration, modal summation and ray theories. In particular for the estimate PGA attenuation curves, in addition to the above mentioned techniques, other standard or newly-developed methods have been applied and compared with empirical attenuation laws, available for the Italian territory.

A purely deterministic simulation of the 1997 (Mw 6) Colfiorito earthquake has been performed using the wavenumber integration method for computing the Green’s functions in a 3D structure, which has been reconstructed on the basis of the geological/geophysical data available at a regional scale. The objective of this study is the investigation of 3D source and wave propagation effects on synthetic seismic waveforms. Concerning the “testing areas”, the project objectives are to evaluate the scenario for the main strong motion parameters, assuming several hypotheses of target faults for a characteristic earthquake. Only the methods based on ray-theory are applied to produce maps of predicted peak ground motion parameters and related statistical variability.

The research activities carried out in the framework of task 4 mainly concerns the use and validation of seismic waveform simulation techniques to be applied for earthquake hazard analysis in Italy. The standard approach for seismic hazard analysis at regional and national scales is based on the probabilistic estimate and mapping of the exceeding level for a strong motion parameter (typically the Peak Ground Acceleration) given the knowledge of the seismicity rate of occurrence, magnitude distribution (through the Gutenberg and Richter law) and an empirical attenuation law for the considered area of investigation. The empirical attenuation laws, which are used to estimate the ground motion level at a given site generally assume a simple source model, which does not account for the details of the rupture process (source directivity, fault mechanism, variable rupture parameters,…) which can strongly affect the high-frequency content of strong motion at distances comparable with fault dimensions. This approach does not account for the existence of a single primary fault (or a primary fault system, composed of few fault segments) where repeatedly occur earthquake ruptures, since the seismicity is generally assumed as uniformly distributed inside the seismogenic zone. 

The current project focuses on the seismic hazard evaluation following the approach of the “characteristic earthquake scenario” (spatial distribution of a given strong motion parameter) which is based on the realistic occurrence (i.e., that has a finite probability to happen) of a single earthquake related to the fracture of an “a priori”, well identified active fault. According to the characteristic earthquake model, an earthquake rupture can repeatedly occur along the same fault (or fault system), with an almost constant geometry, mechanism and average final slip, these parameters being mainly related to direction and intensity of the large scale tectonic stress regime. These ideas are supported by numerous paleoseismic studies of Quaternary active faults in different tectonic environments (e.g., Pantosti and Valensise, J.G.R., 1990). On the other hand, each faulting process may not repeat the same style of nucleation, propagation and arrest during successive rupture events occurring along a given fault zone, depending on the pre-fracturing conditions of rock strength and/or yielding stress along the fault zone. 

The variability of the rupture process is expected to produce variable strong ground motions at the earth surface, depending on the distribution of kinematic rupture parameters (slip, rupture velocity, slip duration…) along the faulting surface. In order to account for the possible variation of the source process from one rupture event to another, a large number of synthetic acceleration records could be computed for different, “possible” rupture histories occurring along the characteristic earthquake fault, so to provide a representative set of strong motion records to be used for hazard estimation. This is the strategy followed in our project, where the massive computation of synthetic accelerograms for different possible rupture models provide not a single earthquake scenario (as for the standard deterministic earthquake approach) but a set of possible scenarios, whose variability substantially reflects the heterogeneity of the source process. 

The advantage of this approach is that the variability of the predicted strong ground motion at a given site can be quantitatively described by the statistical distribution associated to each considered strong motion parameter (from which it derives the name “statistical-deterministic approach”). The earthquake scenario will be therefore represented by two maps, one describing the spatial distribution of the mean value of the considered strong motion parameter, the other representing its expected variability, through a statistical parameter (CoV= Coefficient of Variation) which is measured from the set of available predicted values. Concerning the possible rupture histories, we restrict the possibility of variation to a few kinematic source parameters: 

· the location of the nucleation point along the fault plane

· the distribution of the final slip

· the rupture velocity value (assuming constant velocity rupture models), 

which are considered as the most relevant for producing significant changes in the simulated acceleration records. By varying these parameters along the fault surface one can describe complex source effects such as source directivity, radiation from isolated high slip patches, stopping phases etc…, which are commonly observed on strong motion records  from moderate to large magnitude earthquakes.

In our project, complex models for earthquake source rupture and wave propagation are used for computing synthetic seismograms. The earthquake source is described by a finite fault model with variable final slip distribution (k-square model) and uniform rupture velocity. Synthetic Green functions are computed in flat layered earth models by using complete and high frequency approximated solutions of the elasto-dynamic wave equation. Different methodologies for numerical wave field simulation (based on the complete wave field and high frequency solutions of the wave equation) are used and compared on an “earthquake case study” (training area) in order to investigate the advantages and limitations of  each method when applied to the evaluation of characteristic earthquake scenarios. A “training” area is defined as the region where a characteristic earthquake has recently occurred and so, detailed information exist about the source and medium parameters in addition to an observed strong motion data set to be used for comparison with synthetic data.  The characteristic earthquake approach is applied on testing areas (Val d’Agri, Città di Castello), where the future occurrence of characteristic earthquake is presumed and sufficient information on source parameters is available to perform a statistical-deterministic scenario.

The work activity carried out in task 4 has been organized in seven work-packages as follow:

· WP4.1 Blind tests: Green’s function, source time function, extended fault

· WP4.2 Blind test Colfiorito: extended source model

· WP4.3 Ground Motion Scenarios for the 1997 Umbria-Marche earthquake: evaluation of the prediction capability of different approaches

· WP4.4 Empirical Green’s Function method

· WP4.5 Comparison of methodologies and Guidelines for the application to earthquake-prone areas

· WP4.6 Earthquake scenario studies for the training areas Val d’Agri e Città di Castello 

· WP4.7 3D model and ground motion simulation for the Colfiorito area
A synthetic description of the work activities within each of the above work-packages is provided in the following of this report, with some illustrative images. More details will be available in the Enclosures (Open File Reports, Powerpoint presentations,…) that will be provided in September.

Task 5. Site Effects Characterization.
(Coordinators A. Rovelli & G. Milana, RU1, – Rome). 

Research units involved in this task: RU1, RU4.
The main target of  task 5 is the computation of site transfer functions to be used to modify ground motion evaluated at rock sites.  The objective is  achieved using strong motion, weak motion and microtremor data, many of them data being specifically collected during the project. According to the amount and quality of the available data  the transfer functions are evaluated or for specific sites, in order to be used as a punctual information, or as representative of an average local condition in selected areas.  All the available geological and geotechnical data are also collected to put some constraints on the obtained results and to permit numerical modeling to be compared with experimental results.

The obtained transfer functions are introduced in scenario studies convolving rock seismograms by the pulse response of the upper layers for different situations considered as representative of the geology of the studied areas. Due to the difference in the quantity and quality of  data available for the three test areas studied in the project, the objectives are achieved at a different level of accuracy. 

For Colfiorito test site, the availability of strong motion data recorded during the largest events of the Umbria Marche sequence (1997-98) yields well constrained information for specific sites. For Città di Castello site the geometry of the sedimentary basin underlying the city is  reconstructed from shear-wave arrival times. The basin is divided in zones with homogenous site response and  then the site transfer functions are evaluated in a 1D approximation. For Val D’Agri area, some sample sites with a known uppermost geological structure are selected as representative of the seismic response of the basin. For them, transfer functions are numerically computed in a 1D approximation.   

The effect of local site amplification has been recognized as an important factor in ground motion assessment and is nowadays frequently studied. A common approach to evaluate ground shaking  is to first estimate ground motion parameters at rock sites and then to correct them introducing site transfer functions derived from experimental data and from numerical modeling. An example of this approach is given by U.S.G.S that evaluates ground motion shaking maps including  the Statewide Site Conditions Map for California (Wills et al., 2000). 
In Italy recent earthquakes showed as the local amplification effect, sometimes combined to a strong vulnerability of buildings, can produce severe damages and cause casualties even for moderate magnitude events.  The example of the recent (October 2002) Molise earthquake with the collapse of the San Giuliano di Puglia primary school is a clear and astonishing example of site effect on ground motion. (Cara et al., 2004).  Also the Italian  Building Code (P.C.M., 2003), approved in 2003, considers the effect of surface geology introducing 4 types of terrain classified on the basis of their shear waves velocities (Vs).  The design   response spectra for new buildings are now a function of the Vs profile in the uppermost 30 meters .

Task Reports
Achieved Results and Final Products

For each task we now present the reports of the activities, focusing on the work done in the last year and reporting the summary of the achieved results. A list of Enclosures, which represent Open File Reports (OFR) aimed to present and discuss the main results and the deliverables of the project, is enclosed at the end of this report. Material and open file reports associated to these deliverables will be distributed in September. Here, we provide a list of products achieved within the project which are of relevance for the Italian Civil Protection and we summarize in the following the main results achieved in the different tasks by the research groups participating to the project. The goal of this project report is to summarize the work done in these years in order to allow the evaluation commission to have an opinion on the achieved results. The complete material and data will be distributed later.
	Deliverables #
	Title
	Task
	RU involved
	Support

	Product 1
	Data from the field experiment in the Città di Castello area
	1-2- 5
	RU1, RU2, RU4, RU1-IDPA Milano, RU4-Univ. Genova
	CD and report and web site info

	Product 2
	Regional Seismic Hazard map for the Umbria Region
	3
	RU1, RU4
	Report

	Product 3
	Ground Shaking scenarios for the Colfiorito Area
	4 & 5
	RU1, RU2, RU3, RU4, RU5
	Reports 

	Product 4
	Regional Attenuation laws
	3
	RU1, RU4
	Reports

	Product 5
	3-D model and ground shaking scenario for Colfiorito
	4
	RU2, RU7
	Report 

	Product 6
	Ground Shaking scenarios for the Città di Castello Area
	4 & 5
	RU1, RU3, RU4
	Reports 

	Product 7
	Ground Shaking scenarios for the Val D’Agri Area
	4 & 5
	RU1, RU3, RU4
	Reports 

	Product 8
	Multidisciplinary investigations for fault identification
	1
	RU1, RU3-Bari, RU6, RU7
	Reports


T1- TASK 1: Geometrical and Mechanical Characterization of Seismic Sources.
Contributors: RU1: M.G. Ciaccio, M.T. Mariucci, P. Montone (coordinator), S. Pierdominici; RU3-Bari: I. Diaferia, M. Loddo, D. Schiavone, A. Siniscalchi (coordinator); RU6: A.Mazzotti (coordinator), L.Zanzi, E. Zamboni, A. Grandi, E. Stucchi, D.Della Moretta; RU6: M. Barchi (coordinator), F. Mirabella. 
Cooperation with ENI- Agip.
The following research themes have been developed during the Project:

1) Seismic reflection lines (ENI property) reprocessing, analysis and interpretation in the Colfiorito, Città di Castello and Val d’Agri areas. ENI agreed with this project, making the seismic lines available for this research and, especially, cooperating with us for their interpretation. For Colfiorito area the seismic lines are rather old (years 1980-85), and also processed with methods that did not allow a good understanding of the structures which we are interested in. Nowadays there are new techniques, that has been successfully used in this task, to reprocess original data and to obtain a better resolution, especially more suitable for our goals. For other areas, like Città di Castello-Sansepolcro and Val d’Agri basins, the seismic lines are of better quality or more recent and then they have been reinterpreted with the support of the geophysical data we already own.

2) Active stress data analysis (seismicity, borehole breakout, fault data) that has been performed by including the existing data to complete the geometric characterization of the structures and by collecting new stress data in some of the selected areas. The purpose is to define the seismogenic crustal thickness, the predominant and most likely faulting mechanism, the geometry of the seismogenic structures (with different detail degrees), the stress tensor geometry to reconstruct the local stress field.

4) Electrical tomographies and continuous profile magnetotelluric data were collected in the Colfiorito area along profiles crossing fault lineaments. First one were finalised to the definition of  shallow electrical resistivity (until the order of 200m);  the second one were devoted to extend it up to few kilometers in order to assess possible electrical fault signature in the calcareous units.

5) Reprocessing of MC-347, MC-357 and PG308 seismic reflection surveys with up-to-date techniques aimed at the improvement of S/N ratio, which is very low for all the available data in the Colfiorito area. Projection along a rectilinear line in order to facilitate the geological interpretation. Estimation of preliminary velocity models with conventional velocity analysis tools (i.e. stacking velocity analysis). Reconstruction of 3D P-wave velocity model of the Colfiorito area using MC-347, MC357, PG308 lines by means of traveltime reflection tomography, stacking velocity analysis and focusing analysis. Kirchhoff pre- and post-stack depth migrations have been performed on all lines: focusing analysis on common image gathers is used to show the reliability of our velocity models. A 3D interpolation has been carried out in order to construct the P-velocity volume around the seismic surveys.

Product 8: scientific results. 
Colfiorito Area.  
[image: image32.png]Processing and Interpretation of profiles from exploration seismology (RU 6). In the third year RU7 has completed the 3D P-wave velocity model of the Colfiorito area using the available reflection seismic surveys. Each line has been treated separately recovering the 2D crooked velocity models which have been tested using focusing analysis on common image gathers (CIG) after Kirchhoff pre-stack depth migration. In particular, our MC-347 field has been compared with two alternative velocity fields along the same track: one derived from a preliminary geological interpretation of the MC-347 line (UniPG), the other coming from passive tomography (INGV). CIG analysis shows that our model seems to suite better the velocity field in the Colfiorito subsurface. The 3D P-wave velocity model (45x70x9km) has been built interpolating the 2D crooked profiles. 
Results from further geophysical investigations (RU 3 – Bari). Definition of the shallow resistivity (200 m below ground level) crossing two fault segments (Mt. Pennino-Mt. Prefoglio and Annifo-Cesi) by the way of 6 dipole-dipole electrical tomographies and also, the results were integrated with structural geology data (Perugia University). These results supported moreover the deeper crustal model defined by continuous magnetotelluric profile data (25 stations on about 6 km of length) that showed some localized electrical low resistivity anomalies that can be spatially and geometrically  correlated with the seismogenic structures. Moreover, a study was performed to assess the MT resolution on fluid filled crustal fracture of different size, dip and depth adopting different MT sounding interdistances.
Results from geological and geophysical investigations (RU 1). Three seismic lines have been re-interpreted after the procedure of re-processing performed by RU 7. The re-processing of seismic reflection lines, PG-308, MC-347 and MC-357, is a powerful tool to a better reconstruction of deep fault geometries. In this third year the processing of MC347 seismic line has been completed (Fig. T1.1) in order to reconstruct the geometry of the deep structures along the Umbria-Marche region, with particular attention to the definition of the seismogenic structures of this area. MC347 line has been rectified along a preferred direction representing an average orientation. Few hypocenters with a depth larger than 4km belonging to the Colfiorito seismic sequence have been plotted onto the section with the purpose of support correlations to the seismic interpreted horizons. As shown in Fig. T1.1 a good result has been obtained with a clear definition of the seismogenic structure responsible of 1997 seismic sequence. Considering the high-quality data and the good results that we have obtained, we can state that the use of these data and different procedures represented an interesting tool in order to determine, define and characterize the seismogenic structure.
Città di Castello-Sansepolcro and Val d’Agri basins
Results from geological and geophysical investigations (RU 1, RU7). The main goal is the identification of the potential seismogenic structures for the two test areas. In this Project we propose two different seismogenic structures for Città di Castello-Sansepolcro and for Val d’Agri area. 
Method. Through a detailed interpretation of 16 seismic lines (courtesy supplied by ENI) and a review of the CROP 03 seismic profile we have identified two different faults with two different seismotectonic meaning (Fig. T1.2): the Alto Tiberina Fault (ATF) and the Città di Castello-San Sepolcro fault (AATF).  The ATF well known in its southern part between Città di Castello and Perugia is now identified for the first time in the test area of the Project, inside the CC-SS basin, between north of Sansepolcro and CROP03 line. 

Data. The geometry of the master fault (Alto Tiberina Fault -ATF) has been clearly shown by the CROP 03 seismic line where a well marked reflector dips toward east interrupting the stratigraphic markers. The Tiber-Sansepolcro basin is an  asymmetric tectonic depression filled with lacustrine and fluvial deposits and bounded by normal faults east-dipping westward, splayed from the ATF, and west-dipping (minor antithetics to the ATF) east-ward (AATF). We focused our study to the geometry of the CC-SS basin: the good general resolution of the seismic reflection lines has allowed the individuation both of the basin's bottom and internal geometrical details of the continental deposits, beside two splays of the ATF and a reflector dipping westward and reaching the ATF at  near 1.5 - 2.0 s (TWT). In particular, in Fig. T1.3 we show two profiles crossing longitudinally and perpendicularly the basin (A and B in Fig. T1.2). The blue reflector, the more dissected, shows the base of the valley: it reaches 1.2 s in TWT, about 1200 m depth. The deeper part of the basin is easternmost with respect to the center. Others two seismic markers can be traced with continuity, the orange and green reflectors, the shallower and deeper respectively, down to a depth of 0.5 s and 0.9 s (TWT) corresponding to near 500 m and 900 m depth. All three reflectors present upward concavity, underling the internal geometry of the quaternary deposits, and sharp interruptions both in the western and in the eastern side of the basin against the fault traces. 


[image: image1]
Figure T1.1 - Line drawing and geological interpretation of MC347 seismic profile, corresponding to CF-1 in the location map. Few 1997 seismic sequence hypocenters are also plotted (see text).
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Location of 16 seismic lines (Eni-Agip property) and CROPO3 profile.Lines A and B are shown in the following figure.




Figure T1.2
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Figure T1.3
The eastern side of the Sansepolcro valley is bordered by a normal fault (AATF), strike N150°, dipping at nearly 40° toward west. This fault can be related, for geometrical characteristics, to the set of SW-dipping normal faults bordering the continental, quaternary basins of the Umbria region as Gubbio, Colfiorito and Norcia.  The important difference is that the southernmost normal fault are active (Norcia 1979, Gubbio 1984, Colfiorito 1997) while, in this case, we do not have testimony for associated instrumental seismicity but only historical seismicity (1789 Me=5.6 and 1458 Me=5.6).

As far as the ATF is concerned, it delimits the western side of the valley in the whole dataset, for a recognized length of about 15 km, dipping toward ENE with low-angle, near 27°. In our dataset, the strong reflector of the ATF deepens toward ENE to a depth of near 1.5 - 2.0 s (TWT), corresponding to 4 km depth (converted by using interval velocities data available from literature). We remind that, in the CROP03 profile, the ATF reaches a depth of 13 km and that, in the Perugia Massifs area, the surface trace of the ATF is exposed showing the juxtaposing of the Miocene Turbidites (Marnoso-Arenacea Fm.) on the Triassic Evaporites (Burano Fm.) and an average east dip of ~20°. In literature, its articulated trajectory has been followed from CROP03 to Gualdo Tadino, for a length of near 50 km and a strike of about N150, but its presence has been hypothesized, on the base of regional geology speculations, up to Norcia.
The seismogenic role of the ATF in central Italy has been  widely studied: the relationship between the fault geometry and the distribution of the earthquakes has been analysed both with microseismic data and background seismicity showing localization of microseismicity along the ATF plane and the occurence of major earthquake of the area (Gubbio 1984, Gualdo Tadino 1998, Colfiorito 1997) along the SW-dipping seismogenic normal-faults and detaching on the ATF, underling the structural control of the ATF on the seismotectonic of the region. Some historical earthquakes, like 1352  (I=IX), 1789 (I=IX-X) and 1917 (I=IX), are located close to the superficial trace of the ATF and for this reason could be associated to the ATF. The analysis of the 2001 Sansepolcro seismic sequence localises the aftershocks along a plane possibly related  to the ATF normal fault: in this context, it's possible to assert the capability of the ATF to produce moderate-magnitude earthquakes (M~4) in its shallower part, probably along steepest segments. ATF can be defined  as a seismogenic regional fault able to produce microseismicity and probably moderate-magnitude earthquakes (Md=4.3 of 2001 seismic sequence). 

Results. Considering the analysed seismic line dataset and the geological and seismological studies (Fig. T1.4) performed during the Project we can hypothesize and propose for these two faults the following parameters to be modeling:
ATF. In the possibility of an M ~6 could occur along the ATF we have to assume the following hypothesis:

1) ATF is capable to enucleate earthquakes only in some segments respect to its entire extension (total length > 60 km) and probably along its steepest segments.

2) the seismic activity seems concentrate between 3 and 6 km depth  (see insert in Fig. T1.4).

3) several ATF splays have been identified, we choose one of these.

	ATF
	

	LENGTH
	 ~ 18 km

	WIDTH
	  6  km

	STRIKE
	N320° -330°

	DIP
	27° toward  NE

	KINEMATICS
	Normal Fault

	ACTIVE DEPTH 
	3 to 6 km

	LAT.-LONG.1
	43.562 -12.007

	LAT.-LONG.2
	43.434 - 12.141


These parameters have been also used for the hazard map e for ground motion modeling.
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Figure T1.4

AATF. In the possibility of a M ~6 earthquake occurring along the AATF we have to consider  the following data: 

1) AATF is cut by ATF  (as also observed for other seismogenic structures southward) at a depth of 3-4 km beneath the CC-SS basin. 

2) AATF is composed by at least two parallel segments (antithetic splays): AATF1 the closest to the basin boundary and AATF2 (toward east). 
	
	AATF1
	AATF2

	LENGTH
	 20 km
	20 km

	WIDTH
	5 km
	5 km

	STRIKE
	N130° – 160° 
	N130° – 160° 

	DIP
	40°  SW
	40°  SW

	KINEMATICS
	Normal Fault
	Normal Fault

	DEPTH 
	from 0-0.5 to 3-4 km
	from 1.5 to 4-5 km

	LAT.- LONG. 1
	43.59-12.105
	43.626 -12.145

	LAT.- LONG. 2
	43.44-12.253
	43.479 -12.296


Val d’Agri  area 
Data. Several active stress indicators (borehole breakouts, instrumental seismicity, earthquake focal mechanisms) have been analyzed or reprocessed during the project. In this year we have collected all together this information in order to define the mean direction of extension in Val d’Agri and surrounding area. The comparison between T-axis of focal mechanisms and Shmin from breakout analysis shows similar trend of extension in this sector of southern Apennines. The sigma 3 mean direction for both dataset is N45°E ±18°. Some segments of seismic reflection profiles were previously analyzed, crossing the central part of the Agri basin (see Annex T1.C, Report 2003). In the profiles, the half-graben geometry of the continental basin suggested that the onset and evolution of the Agri basin was related to the activity of a SW-dipping normal fault. The master fault borders the eastern flank of the basin, and can be traced at depth till about 0.6 s TWT, where it tends to become slightly flatter. Some (NE-dipping antithetic faults have been also recognized, but their throw is negligible. In particular, for the 1857 earthquake (M 7) there is not a general consensus on the fault geometry. The main disagreement about the source responsible for this earthquake is the dip of the fault. The most damaged areas were the Agri Valley between Marsico Nuovo and Montemurro, and the northern termination of the Vallo di Diano near the village of Polla (I=X).
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Results. We can suggest for the 1857 M ~7 earthquake an alternative hypothesis respect to the DISS database, with a SW-dipping normal fault as the master fault. Although we have not an accurate dataset as for the Città di Castello area, we propose in this project this alternative hypothesis: 
	Val d’Agri
	DISS (2001)
	GNDT this Project

	LENGTH
	23 km
	  23-26 (25)

	WIDTH
	13.5 km
	  12-14  (14)

	STRIKE
	316°
	120° – 140° (120°)

	DIP
	60° NE
	50° – 70°  (70°) SW

	RAKE
	270°
	245°- 270°  (NF)

	DEPTH 
	1-12.7 km
	0-1.5 / 10-12 km

	LAT-LONG 1
	40.402 – 15.660
	40.410 – 15.740 

	LAT-LONG 2
	40. 252 – 15.848
	40.310 – 15.980


However, considering the source dimensions proposed in both models, it is not easy to explain a M~7, because the rupture length and width seem to be too small. Thus, we will use this fault dimensions but we will associate them to a target  event of magnitude 6.5. Even if we have to choice between these two alternative models, we have verified that the two fault models do not produce significant differences in ground motions simulated at selected sites. 
T2- Task 2.  Characteristic features of the Crustal structure.

Contributors: RU1 – C. Chiarabba, M. Cattaneo, D. Piccinini, M. Moretti, M.G. Ciaccio, L. Chiaraluce. RU2 – A. Michelini, C. Barnaba, J. Fabbri.
These results have been achieved thank to the availability of the seismic data recorded during the field acquisition campaign (Product 1), which have been presented extensively in previous reports. The collected data will be distributed on a CD-Rom (product 1) which will be presented in September.  

Q tomography in the Città di Castello area (UR1)

1256 events recorded at the 27 stations belonging the CDC temporary network,  for a total of 18326 waveforms were analyzed and the t* values associated were  evaluated by using the frequency decay estimation method. t* values computed  were passed to a modified Local Earthquake Tomography program to solve for three dimensional absorption  (Qp and Qs) perturbation model of the medium by using an iterative damped least square approach. The retrieved attenuation models give us the possibility to investigate the mechanical and rheological properties of the studied area suggesting an intriguing relationship between the sub-surface rocks and their fluid saturation level. The results are presented in Fig. T2.1.
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Figure T2.1. SW-NE vertical cross sections of Qp, Qs and Qp/Qs ratios are plotted on the right side panels.  For comparison the Vp Vp/Vs structures resolved for the same area are plotted on the left hand side panels.  The geographical position of the vertical section is shown in the plan view map.

Città di Castello Vp, Vp/Vs tomography (UR1)

We have determined the three-dimensional Vp and Vp/Vs velocity structure beneath the Città di Castello basin through the inversion of about 1200 local earthquakes. The tomographic technique used to compute 3-D velocity models is that originally developed by Thurber (1983). The crustal model is parameterized assigning appropriate initial Vp velocities to each node of a three-dimensional grid spaced by 2.5 km in x, y and z, in seven layer located between zero and 24 km depth. The starting Vp/Vs ratio of 1.84 by the Wadati diagram and it been assigned to each layer. We have used about 13.000 P, S wave arrival times inverting about 2600 velocity parameters, and 1200 hypocentral coordinates. The variance improvement after four iterations is 55% and the final rms is 0.08 s. Location errors are in average less the 1 km in x, y and z.
In Fig. T2.2, we show the results obtained in this activity. The Vp images show positive anomalies in the central part of the model down to 6 km depth, that are interpreted as the structural high of the Triassic unit folded and thrusted toward the Adriatic foreland. 

At the same depths, a strong anomaly of high Vp/Vs, normal Vp, is found south-east of Gubbio, defining a clear 25 degrees NE dipping structure. This feature is the expression of a volume of pronounced pore pressure that represents the trace of the Alto Tiberina fault. Earthquakes occur mainly within the high Vp/Vs region suggesting that fluids play a dominant role in triggering seismicity. Since high Vp/Vs are mainly located in the SE part of the model, depicting a crustal volume with heterogeneous degree of saturation, the alto Tiberina fault acts like a rigid, impermeable barrier for fluid circulation.
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Figure T2.2. The wave velocity model Vp (left) and Vp/Vs (right) in the three inverted layers.

High-resolution earthquake locations

Assessment of velocity structure errors on relative earthquake locations (UR2).
This study focused on the effects that erroneous choices of the velocity structure can have on high-resolution, relative earthquake relocations. In particular, we show that relative earthquake location using double-difference methods requires an accurate knowledge of the velocity structure throughout the study region to prevent artifacts in the relative position of hypocenters. The velocity structure determines the ray paths between hypocenters and receivers. These ray paths, and the corresponding ray take-off angles at the hypocenters, determine the partial derivatives of travel time with respect to the hypocentral coordinates which form the inversion kernel that maps double-differences into hypocentral perturbations. Thus  the large-scale velocity structure enters into the core of the double-difference technique. By employing a 1D layered model with sharp interfaces to perform double-difference inversion of synthetic data generated using a simple, 1D gradient model; we show that inappropriate choice of the velocity model, combined with unbalanced source-receiver distributions, can lead to significant distortion and bias in the relative hypocenter positions of closely spaced events.
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Figure T2.3: Results obtained with layered (top panels) and shifted linear gradient (bottom panels) velocity models. a) and d) Histograms showing the distribution of the true (light gray histogram) and adopted (black filled histogram) vertical slowness values entering into the mapping matrix of equation (3). b) and e) Distance versus vertical slowness plot that shows how the take off angle varies with receiver distance, light gray solid circles refer to the true model and black solid circles to those used in the double-difference inversion. Results obtained after application of DD to the layered c) and to the shifted linear gradient velocity model f).
Application to the Città di Castello area (UR1)

The micro-seismicity, including many tens of multiplet events, has been relocated using the Double-Difference location algorithm, by using ordinary  phase pick catalogue and high-precision differential P-and S-waves travel  times obtained by cross-correlating waveforms recorded during the field experiment. The results of this study have helped to sharpen the seismicity features. In particular, the results show that several, near vertical alignments of earthquakes are active especially underneath the Gubbio basin.
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Figure T2.4. Application of the “double-difference” earthquake relocation technique to the CdC data.

The results obtained in this task were extremely useful to constrain the 1D velocity structure of the Colfiorito and Città di Castello areas. The seismic data and the hypocenters shown in Fig. T2.4 will be distributed together with the CD (product 1).

T3- TASK 3. Ground motion scaling relationships.

Contributors: RU1 - Luca Malagnini, Laura Scognamiglio, Aybige Akinci (activity i); RU4 - Francesca Pacor, Dino Bindi, Lucia Luzi, Gianlorenzo Franceschina (activity ii)
Product 4: scientific results. 
Objectives: calibration and validation of the regional attenuation in the Colfiorito area;

Methodology: - activity i) the method developed by Malagnini et al. (2000) and subsequently updated by Malagnini et al. (2002) is applied to the region surrounding the area struck by the Colfiorito seismic sequence (1997-1998). This method uses data from the background seismicity in order to describe the excitation/attenuation characteristics of the ground motion in roughly structurally homogeneous regions. Two different models are obtained: one for the source and one for the regional propagation. Regional crustal wave propagation is modeled through a functional form containing a frequency-dependent geometrical spreading, g(r), and a frequency-dependent attenuation parameter Q(f). The source model uses the single-corner frequency Brune (1970, 1971) spectral function, where the stress parameter (( controls its high-frequency spectral level.  A stress parameter ((=20 MPa seems to be appropriate to fit the observed ground motion at Mw 6, when coupled to a high-frequency, shallow-depth attenuation function exp(-((0(), where (0=0.00 sec. A functional form describing the duration of the ground motion is coupled to the attenuation/excitation functions in order to estimate peak values of time-domain quantities (PGA, PGV, PSA, PSV, see Fig. T3.1);
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Figure T3.1: Top panel: peak horizontal ground acceleration, obtained from the sets of relationships used also for Figure 1, superimposed to observed data. Bottom panel: peak horizontal ground velocity, obtained from the regional relationships calibrated in this project, and from those by Sabetta and Pugliese (1996). Only for comparison purposes, are plotted quantities obtained as a function of epicentral and fault distance. 

- activity ii) the generalized inversion method of Castro et al. (1990) is applied to strong motion records (4.6(M(5.9) from 25 stations located close to the epicentral area of the Colfiorito seismic sequence. 
First, the accelerometric sites are classified into four groups according to their geological and geotechnical characteristics: A) lacustrine and alluvial deposits with thickness > 30m; B) lacustrine and alluvial deposits with thickness < 30m; C) shallow debris or colluvial deposits (3 - 6m) overlying rock; D) rock. Then, the generalized inversion is applied to estimate the source spectra, the spectral attenuation and the site transfer functions. A detailed description of the analysis can be found in Bindi et al. (2004). The obtained results, described in terms of standard parametric models, e. g. the Brune (1970) source model, define the following spectral models: geometrical spreading proportional to 
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. These results are valid in the distance interval from 5 to 40 km and in the frequency range 0.5 to 18 Hz. The reliability of source and attenuation parameters and site transfer functions is strengthened by point source simulation (Boore, 1983) results and the finite fault modeling confirms that the generalized inversion provides estimates of attenuation and site terms that can be adopted independently of the source model. Moreover, the site transfer functions are compared to those achieved applying different techniques (Castro et al., 2004). 
Finally, regression analysis are performed to calibrate predictive relations for peak ground motion using both synthetic and observed peak values. The synthetic PGV and PGA values are computed applying the Boore stochastic method to the spectral model obtained via the generalized inversion while the observed peaks are estimated from more than 500 horizontal component accelerograms relevant to 46 earthquakes (4.0(M(5.9) occurred in the Umbria-Marche area. In Fig. T3.2 and T3.3 the PGA attenuation relationships calibrated from synthetic peaks are compared to observed data, for rock (class D) and soft site (class A), respectively. In Fig. T3.4, attenuation relationships for PGA obtained considering synthetic and observed data are compared, considering an earthquake of magnitude 5.9.

Advancements and new results: the area of the Central Apennines around the locations struck by the seismic sequence of Colfiorito (1997-1998) was studied in detail, and new regional ground motion scaling relationships are now available;

Products: activity i) excitation/attenuation model for the region surrounding Colfiorito; activity ii)a classification for the accelerometric sites in the Umbria-Marche area and the relevant site transfer functions; spectral models for computing synthetic strong ground motion parameters; PGA and PGV attenuation relationships valid for the Umbria-Marche area in the magnitude range from 4 to 5.9 and for distances up to 60 km. 
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Figure T3.2: Attenuation relationships for synthetic peak ground accelerations (PGA), for different magnitude values.  Site belong to class D (rock). Observed PGA (circles) are also shown.
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Figure T3.3: Attenuation relationships for synthetic peak ground accelerations (PGA), for different magnitude values.  Site belong to class A (deep alluvium). Observed PGA (circles) are also shown.
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Figure T3.4: Comparison between attenuation relationships for observed (blue curves) and synthetic (red curves) peak ground accelerations. The magnitude is M=5.9 and the site class is A. The Sabetta and Pugliese (1996) relationship (black curve) and observed data (black circles) are shown as well. 

Probabilistic seismic hazard assessment in the Umbria region, Italy.
Product 2: scientific results.

Contributors: RU1 - Aybige Akinci, Luca Malagnini, A.M. Lombardi; with contributions by F. Galadini and D. Pantosti.
In this study, we perform a probabilistic seismic hazard assessment in the Umbria region (Italy) using both historical seismicity for earthquakes 4.65≤Mw<5.9 (MODEL-I) and geologic information within fault zones described with earthquakes Mw≥5.9 (MODEL-II). For the background earthquake activity, a spatially smoothed seismicity (Frankel et al., 1996) is determined for each cell of a grid composed of cells of size 0.1 x 0.1 degrees. Seismic activity in each cell is determined for earthquakes of magnitude, Mw, between 4.65 and 7.0 assuming that a Gutenberg-Richter type recurrence relationship governs the earthquake recurrence in the background for magnitudes between 4.65 and 5.9. A characteristic earthquake hypothesis is used for most of the central Apennine fault zones. We have also used a floating earthquake model for some of the Apennine faults where earthquakes cannot be correlated with known geologic structure and thus are assumed to occur randomly along the fault. We found good agreement when we examined the differences between expected earthquake rates from the historical earthquake catalog and earthquake source model. The models for some faults segment are developed based on recent geological, geophysical studies and historical earthquakes.  The historical seismicity, tectonic models and the known slip rates along the faults constitute the main data used in the assignment. Earthquake hazard is quantified in terms of peak ground acceleration (PGA) and the spectral accelerations (SA) for natural periods of 1.0, 0.2 and 0.3 seconds. The ground motions are determined for a rock conditions. We have used the attenuation relationships obtained in the Apennines by Malagnini et al., (2000) together with the relationships predicted from Sabetta&Pugliese (1996) (SP96 hereafter) and Ambraseys et al. (1996) (AMB96 hreafter) for the Italian and European regions through the logic tree. Since the relationship of Malagnini et al., (2000) have no near source information we use this relationships only for the smoothed seismicity model. In order to calculate the hazard related with faults we used the attenuation relationships derived from SP96 and AM96.
The maps obtained in this study (Fig. T3.5) are based on the assumption that the process of earthquake occurrence is inherently Poissonian, so that the probability of occurrence is time-independent. The traditional PGA maps (10% probability of exceedance in 50 years) show high probabilistic accelerations in the central Apennines, 0.28-0.32g around Norcia and Sellano, respectively (figure-1). The seismic hazard for 1.0 sec SA and PGA are deaggregated for 3 cites (Perugia, Città di Castello and Assisi) across Central Apennines, to represent the contribution to seismic hazard from various magnitude earthquakes at various distances.
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Figure T3.5. Mean Peak Ground Acceleration (PGA) and 1-sec Spectral Acceleretion (SA) maps with 10% probability of exceedence in 50 years for Umbria region: it is obtained by a Probabilistic Seismic Hazard Analysis based on the logic tree (smoothed seismicity+faults)

T4-TASK4. Validation of methodologies for computing synthetic seismograms.
RU1 – INGV – Roma – Resp. G. Cultrera

RU2 – INOGS – Trieste – Resp. E. Priolo

RU3 – Università di Napoli – Napoli – Resp. A. Zollo

RU4 – INGV – Milano – Resp. G. Franceschina

RU5 – Università di Trieste – Trieste – Resp. P. Suhadolc

RU7 – Università di Perugia – Perugia – Resp. M.Barchi

Product 3: scientific results.
WP4.1 - Blind tests: Green’s function, source time function, extended fault

Participants

Giovanna Cultrera, and Massimo Cocco(RU1)

Alessandro Vuan, and Enrico Priolo(RU2)

Antonio Emolo, Gaetano Festa, and Aldo Zollo(RU3)

Gianlorenzo Franceschina, and Francesca Pacor(RU4)

Angela Saraò, and Peter Suhadolc(RU5)

Main goals

Comparison between results obtained by various ground motion simulation techniques, used by different research units, in order to establish the reliability of arrival times, amplitudes, polarizations, and spectral contents estimated for the main seismic phases

Adopted methodologies

In the framework of strong ground motion simulation studies for the test areas, a series of blind tests were performed in a realistic case corresponding to the 1997 Colfiorito earthquake:

· Blind test 1 (BT1): Green’s function evaluation

· Blind test 2 (BT2): Source Time Function

· Blind test 3 (BT3): Extended fault

The simulation techniques used were the asymptotic ray theory (RU3), a deterministic-stochastic method (RU1 and RU4), the discrete wave-number method (RU3), the wave- integration method (RU2), and the modal summation technique (RU5).

Data

Synthetic waveforms are produced by all simulation techniques at the receivers selected for blind tests.

Results

The first test (BT1) concerned the comparison of the synthetic impulse response of the propagation medium (Green’s function) obtained by different techniques. The considered velocity structure has then been used for the scenario study in the Colfiorito training area.

The second test (BT2) was aimed at the comparison of synthetic seismograms computed considering the source time functions currently adopted by RU’s in their simulation techniques (box-car STF for RU3; triangular STF for RU2, RU3, and RU5; Onhaka STF for RU2; Gusev STF for RU5).

The last test (BT3) was aimed at the comparison of synthetic seismograms associated with a fault whose characteristics were similar to the Colfiorito fault. Synthetics were computed at four receivers located around the fault. In this test the slip distribution was considered homogeneous on the fault while rupture velocity was assumed both uniform and variable.
Products

The detailed description of geometry and parameters of the blind tests, along with the results of the analysis are contained in two Open File Reports and in a Powerpoint presentation.

WP4.2 - Blind test Colfiorito: extended source

Participants

Giovanna Cultrera and Massimo Cocco(RU1)

Alessandro Vuan and Enrico Priolo(RU2)

Antonio Emolo and Aldo Zollo(RU3)

Gianlorenzo Franceschina and Francesca Pacor(RU4)

Angela Sarao’ and Peter Suhadolc(RU5)

Main goals

Compare the different methods for a well defined source geometry, rupture parameters and propagation model and to evaluate the variability of the computed parameters as function of  the method employed for the modeling.
Adopted methodologies

Different numerical approaches (deterministic-stochastic method, DSM; asymptotic method, ASM; wavenumber integration method, WIM; modal summation method, MSM) have been applied to simulate strong ground motions for a reference earthquake, the September 26, 1997, Umbria-Marche mainshock. 

Data
We computed time series up to 5 Hz for ground displacement, velocity and acceleration at a regular grid of 64 receivers (grid area of 60km x 60km) and at 8 sparse stations of epicentral distances ranging from 5 to 30 Km, where recorded accelerograms are available. We used two different source models obtained from the inversion of accelerometric (Capuano et al., J. Seism., 2000), and geodetic (Hunstad et al., Geophys. J. Int., 1999) data respectively, and embedded in a 1D layered medium. The distribution of slip and the rupture velocity have been retrieved by strong motion data inversion (Zollo et al., Geophys. Res. Lett., 1999; Capuano et al., J. Seism., 2000).

Results

In general, the four techniques give similar distribution of peak ground motions: they are not symmetrically distributed around the fault, but show the largest amplitude values north to the Colfiorito fault in the directive direction. However, even if the maximum peak areas of the different methods are consistent, their values can differ, whereas the integral ground motion parameters as PSV (computed at 0.5Hz, 1.0Hz, 3.33 Hz) and Housner intensity show a good fit (Fig. T4.2.1).

From our results it is not possible to be in favour of one fault model rather than the other, even though the fault obtained by geodetic data produces higher PGA because it is closer to the surface. Moreover, the 1D velocity model strongly affects shape and peak amplitude of the time series computed by full wave methods (WIM and MSM). Therefore an accurate knowledge of the crustal model is necessary when using such approaches. 

The comparison with recorded data showed that:
· the ground motion parameters for bedrock sites show a good fit with the real ones. The directivity effect is confirmed by the accelerometric data recorded close to the source and in the anti-directive direction the peak ground motion attenuates very fast with the distance from the fault;

· the simulated time series are different in shape and duration with respect to real data;

· site effects must be included for a proper comparison;

· the asymptotic methods (ASM and DSM), despite of their approximations, can reproduce the main characteristics of the ground motion.
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Figure T4.2.1. a) Map of receivers with the projection of the accelerometric fault and focal mechanism of the Colfiorito earthquake; b)PGA  and c) Housner Intensity values computed with the different methods at the grid points. The first and the second row of b) and c) show the values obtained modeling the fault retrieved by geodetic and accelerometric data, respectively.

Products
1. OFR : Deterministic simulation at Colfiorito: asymptotic and full wave methods.

2. PPT : power point with a collection of maps representing peak values, integral parameters and real data comparisons;

3. DBS: Time histories and spectra computed and recorded at the sparse stations. The seismograms have been computed at bedrock sites or including the site effect responses when available. The database includes also the tables with the ground motion parameters computed at the grid receivers. 

WP4.3 - Ground Motion Scenarios for the 1997 Umbria-Marche earthquake: evaluation of the prediction capability of different approaches

Participants

Giovanna Cultrera and Massimo Cocco(RU1)

Alessandro Vuan and Enrico Priolo(RU2)

Antonio Emolo and Aldo Zollo(RU3)

Gianlorenzo Franceschina and Francesca Pacor(RU4)

Angela Sarao’ and Peter Suhadolc(RU5)

Main goals

1. Evaluating the prediction capability of different methodological approaches in forward modeling of a scenario event: application to the 1997 Umbria-Marche earthquake

2. Test and calibration of different methodologies by comparing ground motion indexes with computed and empirical regression laws

3. Clarify the level of applicability and the relevance of different simulation methods
Adopted methodologies

All the methods adopted take into account finite source models and wave propagation through vertically heterogeneous media. 

1. (RU1, RU4) - Deterministic-stochastic (hybrid) simulation method by using synthetic ground motion envelopes (DSM). Based on a modification of the stochastic approach of Boore method. Envelopes are modeled using a simplified isochron formulation.

2. (RU2) - Hybrid deterministic-stochastic technique based on the description of rupture complexity according to the classical k-2 model. Complete Green’s functions are computed by a discrete wave-number integration scheme (WIM).

3. (RU3) - Asymptotic technique based on the description of rupture complexity according to the classical k-2 model (ASM). 

4. (RU5) – Green’s functions are computed by the modal summation technique (MSM).  The rupture complexity follows the classical k-2 model.

Data

By using the methodologies describe above, synthetic seismograms are computed at a regular grid of 64 receivers plus 8 additional receivers whose location corresponds to the ENEA-ENEL accelerometric stations that recorded the 1997 Umbria-Marche main shock. Considering the large amount of seismograms, output data are analyzed in terms of statistical analysis of: 

1. peak indexes (PGA, PGV, PGD) of the ground motion and their variance,

2. integral parameters (e.g. Arias and Housner intensities, duration, zero-crossing, PSV(0.5Hz, 1Hz, 3.33Hz)) and their variance. 

Results

1. All the approaches, on average, provide results that fit the computed and empirical attenuation relationships (Figure T4.3.1). On the other hand, observed values of peak ground motion at ENEA-ENEL receivers are underestimated by mean computed values. This is mainly due to the fact that site effects are not accounted at this stage.  

2. Considering all the methods involved, results feature a high variability of the values. The main reason lies in the choice of the input source parameters. In fact, source parameters of the earthquake scenario, except the geometry of the fault, are left to vary freely and independently by the participants. Considering each approach separately, the variance of the results depends on the range of variation of the input source parameters (i.e. number of slip distributions considered, number of nucleation points, etc..).

3. The level of applicability as well as the relevance of the different methods depend on the a priori knowledge of the structure and source parameters. 
Products

An Open File Report that describe all the performed simulations and provide guidelines about the prediction capability of the methods. A PPT presentation that summarize all the results and comparisons about the 1997 Umbria-Marche earthquake scenario and a CDROM including data related to it (see Table of enclosures).

[image: image34.emf] 

DSM_PGA

0,1

1

10

100

1000

10000

0 5 10 15 20 25 30 35 40

km

gal

DSM_min

DSM_max

Bindi_rock

S&P

Malagnini

Bindi_stiff

[image: image21.emf]ASM_PGA

0,1

1

10

100

1000

10000

0 5 10 15 20 25 30 35 40

km

gal

Bindi_rock

S&P

Malagnini

Bindi_stiff

ASM_min

ASM_max



[image: image22]
Figure T4.3.1 – Computed and empirical regression laws (solid lines) in comparison with maximum (red dots) and minimum (blue dots) predicted PGA values for the 1997 Umbria-Marche earthquake scenario.  ASM=Asymptotic Method (top left), DSM=Deterministic Stochastic Method (top right), MSM=Modal Summation Method (bottom left), WIM=Wavenumber Integration Method (bottom right).

WP4.4 - Empirical Green’s Function

Participant

Laura Scognamglio (RU1)

Main goals

To test the ground motion synthesis methodology outlined by Hutchings and Wu (1990) and further developed by Hutchings et al. (1991, 1994), and verify its capacity of being used as a predicting tool in strong ground motion seismology as developed by Hutchings (1991) and Hutchings et al. (1996). The earthquake chosen for this test is the 26 September 1997, 09:40, Mw=6.0 Colfiorito Earthquake (Italy).

Adopted methodologies

The prediction methodology involves developing a set of rupture scenarios based upon bounds on rupture parameters and then calculating strong-motion synthetics for each rupture scenario. The earthquake is synthesized by discretizing a potential fault rupture surface into elemental areas small enough to model continuous rupture up to highest frequency of interest, then all available recordings of effectively impulsive point source events are used as empirical Green’s functions for each elemental area, convolved with a slip function and interpolated to model a continuous rupture.
Data

The data set selected consists of 39 small events recorded during the Umbria-Marche seismic sequence by the stations: Colfiorito (COLF), Nocera (NOCR) and Assisi (ASSI) [see Fig.T4.2.1, where COLF is named CLFR]. These events have hypocenter reliable to the main event fault and are recorded in the same location where the main shock was. The fault geometry and source parameters of the Colfiorito event come from the existing literature (Amato et al., GRL, 1998; Ekström et al., GRL, 1998; Olivieri and Ekström, BSSA, 1999; Zollo et al., GRL, 1999; Stramondo et al., GRL, 1999; Hustand et al., GJI, 1999; Pino & Mazza, GRL, 2000).
Results

The validation procedure was carried out by trying to reproduce, in a forward modeling, the Colfiorito Earthquake. A suite of 30 random scenarios was developed starting from the source characteristics known for the Colfiorito Earthquake; then synthetic seismograms were evaluated for each scenarios, at three different sites, and compared with the observed strong ground motion in the response spectra domain and through a quantitative score procedure. Colfiorito response spectra fall inside the 30 AAR’s (absolute acceleration response spectra) and PSV’s calculated at ASSI and COLF. Synthetic spectra at NOCR, on average, overestimate the real ground motion; in the range of periods analyzed here, the latter follows the curve defined by the average minus one standard deviation (Fig. T4.4.1A). The results obtained give a validation of this strong ground motion synthesis methodology as a technique capable, once the scenarios are well constrained by independent information, to predict reasonably well the observed records. Then the procedure was used is a prediction tool. 100 possible ground motions scenarios were developed starting from a generic Apennine fault parameters to see if the actual ground motion recordings fall within the range predicted. The AAR’s and the PSV’s calculated for the Colfiorito Earthquake fall within the predicted range (Fig. T4.4.1B). It emerges that it is possible to make reasonable strong ground motion “predictions” even without having a deep knowledge of the fault characteristics, by running enough models.
Products

OFR: A Test of Strong Ground Motion Prediction Methodology, Colfiorito Earthquake case history;

DSB: Synthetic seismograms and response spectra evaluated for 30 and 100 rupture scenarios.

A)
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Figure T4.4.1. Absolute acceleration response spectra (AAR) and Pseudo velocity response (PSV) spectra evaluated for the synthetics seismograms and compared with the ones obtained from Colfiorito Earthquake (blue curves). Thick red line, in each plot, is the average of the synthetics while red thin lines are plus and minus one standard deviation.

WP4.5 - Comparison of methodologies and guidelines for the application to earthquake-prone areas

Participants

Antonio Emolo and Aldo Zollo (RU3)

Giovanna Cultrera and Massimo Cocco (RU1)

Alessandro Vuan and Enrico Priolo (RU2)

Gianlorenzo Franceschina and Francesca Pacor (RU4)

Angela Saraò and Peter Suhadolc (RU5)

Main goals

· Evaluating the results of waveform simulations for the training area (earthquake scenario study) in terms of strong motion parameter maps (mean values, CoV) and predicted attenuation laws.

· Comparison of results obtained using different methodologies.

· Set-up the guidelines for the use of the statistical-deterministic approach to earthquake-prone area for seismic hazard evaluation purposes.
  Adopted methodologies

The results derived from simulations using the two complete wave field methods (Wave Integration Method, Modal Summation Method) and the two ray theory methods (Asymptotic and Deterministic-stochastic) have been compared by plotting maps of the average values and CoV for the most relevant strong motion quantities (PGA, PGV, PGD, Arias Intensity, signal duration,…)

The predicted attenuation law of PGA and PGV have been compared to the Sabetta & Pugliese empirical law and Bindi-Malagnini attenuation curves obtained with point source, stochastic methods. The variation with azimuth of PGA values has been also considered for the analysis.

Data

The used data are the predicted peak indexes (PGA, PGV, PGD) of the ground motion and integral parameters (e.g. Arias and Housner intensities, duration, zero-crossing, PSV(0.5Hz, 1Hz, 3.33Hz)) computed at the nodes of the grid covering the investigated region around the Colfiorito earthquake fault. 

Results

The comparative analysis of maps and attenuation curves (along with the associated range of variability) obtained by using the different simulation techniques allows for a critical analysis of limits and advantages of applicability for each method and in general of the statistical-deterministic approach. In brief:

· All methods are able to predict PGA with a reasonable range of uncertainty, included the fast stochastic techniques Boore-type, which are to be considered competitive with deterministic waveform simulation. 

· Deterministic waveform simulation techniques must be rather oriented to predict the low-frequency behavior of PGX (X=Acceleration, Velocity Displacement), spectral ordinates, signal duration, Arias intensities, which cannot be reliably obtained by approximated but computationally expensive techniques (stochastic methods, attenuation laws…).
· Ray-theory based methods provide fast and reliable estimates of PGX. They are less accurate for the prediction of signal integration parameters (Arias/Housner intensities) and spectral ordinates, specially at large distances from the fault zone. 
· The use of complete wave field techniques is preferred in case an accurate and reliable velocity model is available for the crustal structure. Even for simple 1D cases, in complete wave field secondary and/or surface wave arrival may have dominant amplitudes, depending on distance and source depth. 

· Complete wave field synthetics are better suited than ray-theory methods for estimates of signal duration and quantities related to it. However, fairly accurate estimate of signal duration can be obtained also using ray methods at short distances from the source, where the high frequency seismograms are dominated by the arrival of direct-S wave radiated during the rupture process.

· The predicted attenuation laws  are generally compatible with the empirical law of Sabetta & Pugliese, within the range of variability of synthetic data, although the latter is significantly variable with the used method (higher for complete wave field techniques). In conditions of near source range (distances from the fault within a factor 2 of the fault length) a special care must be taken to the definition of “distance” for the attenuation law and to its accurate computation.

· The application of the statistical-deterministic approach to an earthquake-prone area require a refined tuning of source and propagation parameters. For this aim, it should be preferable to use regional attenuation laws, when they exist.

· The azimuthal variation of synthetic PGX show significant variations (up to one order of magnitude) with respect to prediction using empirical attenuation laws. This is consistent with the dominant effects of directivity, radiation pattern and slip heterogeneity expected for finite fault ruptures. The prediction of azimuthal variation of strong motion parameters in the near source range represents a relevant information for setting up reliable damage scenarios in the early post-event stages, to be used for emergency and safety post-earthquake actions.

Products

An Open File Report that

1/ critically analyzes the results of the application of the statistical-deterministic approach to the training area with different strong motion simulation techniques;

2/ describes the method performances, limits and capabilities  to reproduce reliable predictions of various strong motion parameters;

3/ propose general  guidelines for the use of the statistical-deterministic approach in earthquake-prone areas with the indication about data requirements, simulation method, map production and interpretation, use result for seismic hazard evaluation.

Products 7 & 6: scientific results.
WP4.6 Shaking scenarios: Val d’Agri and Città di Castello 

Participants

Giovanna Cultrera and Massimo Cocco(RU1)

Antonio Emolo and Aldo Zollo(RU3)

Gianlorenzo Franceschina and Francesca Pacor(RU4)

Main goals

The scope of this activity is to perform strong ground motion scenarios using the two asymptotic high-frequency techniques (ASM and DSM) in two test areas where near-source strong motion recordings are not available: Val d'Agri and Città di Castello basin. In particular, the Città di Castello area was object of various geological and seismological studies, allowing a better definition of the seismogenic sources and local site effects. 

For both areas we used target seismogenic sources whose geometry and magnitude were defined according to Task 1 results. The seismic moment and the average dislocation on the faults were obtained from the scaling laws proposed by Wells and Coppersmith (1994) and Sommerville et al. (1999). The variability in the prediction of strong motion parameters was then introduced selecting different rupture propagations and slip distributions and, for Città di Castello, different fault geometries. The nucleation points were located in the half deepest part of the fault. The simulation results were then grouped according to the position of the nucleation points in three areas of the fault (with lengths equal to L/4, L/2 and L/4) and three rupture propagation models were defined: Unilateral NW/SE – Bilateral – Unilateral SE/NW. The rupture velocity on the fault was chosen so that the supershear condition is never verified. 

Val D’Agri case study: methods and data

The Val d’Agri shaking scenario was performed for a seismogenic structure located in the epicentral area of the 16 December 1857 earthquake (M = 7), the maximum historical earthquake occurred in this region.

The synthetic time histories were computed up to 10 Hz on a regular grid of 120x120 km2 composed by 81 observers and in several sites where the transfer functions were estimated by Task 5. 

Table 4.6.1 summarizes the regional velocity structure for a stratified medium and Table 4.6.2 lists the source parameters. 

Table 4.6.1

	Depth
	Vp
	Vs
	(
	Q(f)
	k

	Km
	Km/s
	km/s
	gr/cm3
	
	s

	0.0
	3.5
	1.7
	2.3
	100

or

31.2 f1.7
	0.03

	0.5
	4.8
	2.6
	2.5
	
	

	4.0
	6.3
	3.5
	2.8
	
	


Table 4.6.2

	L
	W
	Strike
	Dip
	Rake
	Z_top
	Mo
	Vr

	km
	Km
	degree
	degree
	Degree
	km
	dyne.cm
	km/s

	25
	14
	120
	70
	-90
	1.5
	7.1 1025
	2.5


The two simulation techniques used different rupture processes. In DSM, three different slip distributions were considered for each nucleation point: a) homogeneous, b) with one asperity (gaussian distribution) and c) with more asperities. In ASM, each nucleation point is coupled with a different slip distribution generated according to the k-square model. Maps of the maximum horizontal component of strong motion parameters (PGA, PGV, PSV at 0.5Hz, Housner Intensity), together the covariance estimates were computed for the shaking scenarios (Figure T4.6.1).

Val d’Agri case study: results

The results obtained with the two techniques are very similar (Figure T4.6.1):

1) the position of the nucleation points controls the maximum variation in the strong ground motion predictions: the areas of PGA and PGV maxima are located north or south of the fault depending on the hypocenter location and last for a fault length L. 

2) In these areas the PGA and PGV values are in average 0.5g and 35 cm/s, respectively. These values are comparable with the Sabetta and Pugliese attenuation law (1996) which predicts PGA equals to 0.45g and PGV equals to 35 cm/s for an event of magnitude M = 6.5 located at the epicentral distance of  5 km. 

3) the position of the nucleation points controls the maximum variation in the strong ground motion predictions: the areas of PGA and PGV maxima are located north or south of the fault depending on the hypocenter location and last for a fault length L. 

4) In these areas the PGA and PGV values are in average 0.5g and 35 cm/s, respectively. These values are comparable with the Sabetta and Pugliese attenuation law (1996) which predicts PGA equals to 0.45g and PGV equals to 35 cm/s for an event of magnitude M = 6.5 located at the epicentral distance of  5 km. 
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Figure T4.6.1. Map of PGA computed with DSM (bottom) and ASM (top), grouped for the three propagation rupture models

5) the position of the nucleation points controls the maximum variation in the strong ground motion predictions: the areas of PGA and PGV maxima are located north or south of the fault depending on the hypocenter location and last for a fault length L. 

6) In these areas the PGA and PGV values are in average 0.5g and 35 cm/s, respectively. These values are comparable with the Sabetta and Pugliese attenuation law (1996) which predicts PGA equals to 0.45g and PGV equals to 35 cm/s for an event of magnitude M = 6.5 located at the epicentral distance of  5 km. 

7) The simulated PGA – PGV at the borders of the Val D’Agri basin, vary from 0.68 g to 0.11 g depending on the rupture propagation; these values can be strongly amplified by site effects (see Task 5).

8) The directivity effects are more pronounced for PGA than the other peak parameters (PGV and PSV at 0.5Hz)

9) In ASM the distribution of the peak ground motion around the fault is modulated by the radiation pattern term, not present in the DSM simulations.

10) In DSM the slip distributions on the fault modify the trend of the strong motion parameters close to the fault. At grater distance the influence of the dislocation model is negligible.

Città di Castello case study: methods and data

In this area two different seismogenetic structures were identified (see Task1), bordering the Città di Castello basin (Fig. T4.6.2). The location and the focal mechanism of the two seismogenetic structures, called ATF and AATF, were inferred from the seismological and the geological data collected in this area. 

The synthetic time histories were computed up to 50 Hz for DSM and 10 Hz for ASM, on a regular grid of 60x60 km2 of 64 observers and in 5 sites where the transfer functions were estimated by TASK 5. 

Table 4.6.3 summarizes the regional velocity structure, approximated as a stratified medium and Table 4.6.4 lists the source parameters of the two faults. The two simulation techniques used different rupture processes. In DSM two different slip distributions were considered for each nucleation point simulated: a) homogeneous, b) with one asperity (Gaussian distribution). In ASM, each nucleation point is coupled with a different slip distribution generated according to the k-square model. Maps of the maximum horizontal component of strong motion parameters (PGA, PGV, PSV at 0.5Hz, Housner Intensity), together the covariance estimates were computed for the shaking scenarios.  
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Table 4.6.3
	Depth 
	Vp
	Vs 
	(
	Q(f)
	K

	km
	km/s
	km/s
	g/cm3
	
	s

	0-3
	5.25
	2.75  
	2.60 
	100 

or 

31.5 f1.5
	

	3-4.5   
	5.70
	3.20  
	2.65 
	
	0.03

	4.5-10 
	6.20
	3.40  
	2.70 
	
	

	10-15  
	6.40
	3.50  
	2.80 
	
	


Table 4.6.4. Source parameters 

	L
	W
	Strike
	Dip
	Rake
	Z_top
	Mo
	vr

	km
	Km
	degree
	degree
	degree
	km
	dyne.cm
	km/s

	ATF 
	Fault
	
	
	
	
	
	

	18
	6
	320
	30
	-90
	3
	1.30 1025
	2.7

	AATF 
	Fault
	
	
	
	
	
	

	20
	5
	150
	40
	-90
	1.5
	1.30 1025
	2.7


Città di Castello case study: results 

1) the shaking scenarios computed with DSM for the two faults are very similar and the highest PGA values are obtained with the unilateral propagation along the AATF fault (Fig. T4.6.3). The areas of PGA and PGV maxima are located north or south of the fault depending on the hypocenter location, but their extension is shorter than one obtained in the Val d’Agri scenarios. In these areas PGA and PGV reach average values of about 0.25 g and 15 cm/s for the ATF fault, and 0.55g and 30cm/s for the AATF fault. These values are comparable with the Sabetta and Pugliese attenuation law (1996) which predicts PGA equals to 0.30g and PGV equals to 20 cm/s for an event of magnitude M = 6.0 located at the epicentral distance of  5 km;

2) the PGA’s values estimated at the centre of the Città di Castello basin range from 0.25g to 0.10g for the ATF fault and from 0.1g to 0.05g for the AATF fault. The PGV’s values vary from 19cm/s to 7cm/s and from 8cm/s to 4cm/s for ATF and AATF respectively. The maxima values take place when the strong ground motions are computed with the bilateral propagation on both faults (Figure T4.6.3);

3) the large values and shape of the ASM peaks for the AATF fault depend on the source geometry and fault-to-receiver positions. In this case, for receivers located in the north-eastern side of the fault, the motion is mostly in the horizontal components, due to the shallower fault depth and larger dip. Moreover, the anelastic attenuation effect is lower for shorter travel times.
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Figure T4.6.3. Map of PGA computed with DSM (top) and ASM (bottom), for bilateral rupture propagation along the ATF fault (left) and the AATF fault (right)

Products

The detailed description of geometry and parameters adopted for the scenario studies, along with the results of the analysis are contained in an Open File Report and two Powerpoint presentations.

Product 5: scientific results.
WP4.7 3D model and ground motion simulation for the Colfiorito area

Participants

Peter Klinc and Enrico Priolo (RU2)

Francesco Mirabella and Massimiliano Barchi (RU7)

Main goals

1. Construction of a 3D structural model for the Colfiorito area;

2. Simulation of the M=6.0, 1997 Colfiorito earthquake, using finite source models and modelling the full-wave propagation through 3D complex structures; 

3. Evaluating the effectiveness and level of applicability of 3D simulation methods for ground motion predictions.
Adopted methodologies

1. Model construction - The definition of the subsurface structural model is mainly based on the interpretation of three seismic reflection profiles, trending about WSW-ENE, acquired by ENI-Agip in the 80's. The seismic profiles were reprocessed by RU6, for improving the resolution of the shallow and deep structures. Regional stratigraphy consists of 4 main litho-structural units (Figure T4.7.1) and the Plio-Quaternary surface deposits. The Vp interval velocities, derived from well logs of deep boreholes, drilled for oil exploration, have been used for the depth conversion of the interpreted seismic profiles. The interpretation of the seismic profiles has been calibrated on detailed mapping of the geological structures at the surface and considering the regional geology as inferred from seismic profiles NW of the area. The major structures imaged by the depth converted seismic profiles consist of West-dipping thrusts faults involving the basement rocks (litho-unit 5 in Fig. T4.7.1) which deepen toward the east from about 5 km to about 9 km. All the space, intervening between the turbidites (litho-unit 2 in Fig. T4.7.1) and the basement, where the major seismic sources are located, is filled by a set of W-dipping thrust sheets, consisting of carbonates and evaporites (litho-units 3 and 4 in Fig. T4.7.1). The active normal faults trend NW-SE and obliquely cross-cut the N-S, pre-existing compressional structures. The geological structures have been entered into a 3D digital model using GoCad software. The extrapolation of the model in the areas where no seismic data is available was performed assuming N-S trending of the compressional structures. The size of the resulting model is 56 km x 58 km x 12 km and it corresponds to the area investigated by the scenario studies of Task 4 WP4.3.

2. Numerical simulations – The numerical simulations have been performed using a visco-elastic, staggered, Fourier pseudo-spectral method which solves the full-wave propagation of seismic waves in complex 3D media. The method implements accurate free surface conditions, radiation conditions (through the perfectly matching layer technique), and intrinsic P- and S-attenuation (using the standard linear solid model). The method has been validated by comparison with the wave-number integration method in a horizontally layered model. The maximum frequency of the simulations is 4 Hz, and for this purpose the discrete model samples the structural model with step 100 m. The reference earthquake is the M=6.0, 1997 Colfiorito event. Fault plane and mechanism are the same used for the scenario study (Task 4, WP4.3). The ground motion has been computed for two seismic moment distributions, i.e. the model proposed by Capuano et al. (2000) and a rough self similar k-2 moment distribution. The computational times have been of the order of 20 hours for one simulation on a multiprocessor computer using 28 processors.

Data

1. 3D digital model (implemented using GoCad software) which defines: structural interfaces, physical parameters, and other related data. The model is ready for future improvements;

2. Digital data, maps and diagrams of ground motion simulation; 

3. Wavefield snapshots for interpreting the physics of the propagation.

Results

1. The Cad approach for earth’s structure imaging is a key-tool for integrating and correlating the geological and geophysical data. The new 3D model improves previous images of the structure beneath the Colfiorito area and represents a basis for the addition of future information. It also represents the optimal input for feeding the numerical simulations. The current version specifies structural details that affect the seismic wavefield up to a frequency of 4-5 Hz. 

2. The first simulations performed for the M=6.0, 1997 earthquake show that large earthquakes can be modeled by 3D methods in reasonable times, at scales of several tens of kilometres in the medium frequency range (4-5 Hz). Some results are shown in Fig. T4.7.2.
3. Considering the extent of the study area and for the structure there defined, we have found that the ground motion still depends mainly on the source model, while the propagating wavefield is affected by the lateral heterogeneities mainly in the high frequency band (f > 2 Hz). 

Products

1. 3D digital structural model of the Colfiorito area;

2. Synthetic seismograms, response spectra, ground motion indeces, maps and movies.  Comparison of the results with observed data and Task 4 WP4.3 scenario simulations;

3. Open File Reports that describe: method, 3D model, the simulations, and the results.  
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Figure T4.7.1. 3D structural model of the Colfiorito area, with the location of the 8 accelerometric stations (red pyramids), the three seismic reflection profiles lines (black lines), and the projection of the fault of the M=6.0, 1997 Colfiorito earthquake.  
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Figure T4.7.2. Surface snapshots of the wavefield propagation (acceleration) for the self similar source model.

T5-TASK5. Site Effects Characterization.

Contributors: RU1 – G. Milana, A. Rovelli, P. Bordoni, L. Margheriti, G. Cultrera; RU4 – L. Luzi, P. Augliera, S. Marzorati.

Activity description. The results of this task were necessary to finalize the products #3, 6, 7. This task also contributed to product 1 for the acquisition of noise measurements during the field experiment.
Colfiorito test site.
Objective: Transfer function evaluation on specified sites from experimental data, 1D modelling including non linear behavior.

Transfer function are evaluated with two empirical methods. The first one is a joint inversion that separates contribution of source, path and site (Castro, BSSA, 1990), the second one uses spectral ratio between horizontal and vertical component (HVSR) of ground motion for direct S waves and for direct S and coda waves together. The empirical estimates are compared with a 1D theoretical transfer function derived using both linear (Haskell, 1953; Thomson, 1950) and non linear (Shake 91 linear-equivalent method) approaches. The curves for shear modulus and damping ratio variation as a function of strain are derived from literature data.

Both strong-motion and weak-motion records at stations operating during the Umbria-Marche sequence are analyzed.  Available information about the geological and geotechnical characteristics of the recording sites is collected.

The comparison between empirical and theoretical estimates indicates that theory often underestimates observations.  This reduces the applicability of nonlinear models to a few stations only.  Generally speaking, HVSR represents a good compromise between the low amplitudes of 1D theoretical transfer functions and the site effect estimates through the  inversion that gives moderate to high amplification values and can suffer, in some case, for the tradeoff between the inverted parameters.  Unfortunately HVSR can not be adopted systematically as site response estimate and the conclusion is that it is not possible to propose a unique method.

Città di Castello area.

Objective: Detection of the basin geometry, transfer function evaluation on representative sites from experimental data, 1D modelling including non linear behavior.

The geometry of the Città di Castello lacustrine basin is inferred using direct S waves travel times delay at seismic stations deployed along a profile elongated in W-E direction (Bordoni et al. 2003).  The delay is converted in bedrock depth using, as a constraint, data from a deep borehole that intercepts the basement at a depth of about 145 m in the western part of the basin.  The shear wave velocities are compared with those derived from shallow geotechnical measurements and extrapolated in depth.  H/V spectral ratios calculated on ambient noise data permit to detect the fundamental frequency of resonance of the basin and to observe its variation along the profile.  For the entire urban area of Città di Castello conventional spectral ratios on weak motion earthquakes data are also calculated using a reference station on a nearby limestone outcrop.  Starting from the geological profile the area is dived in zones characterized by the same average thickness of sediments, and for each zone the 1D theoretical transfer function is derived  using both linear (Haskell, 1953; Thomson, 1950) and non linear (Shake 91 linear-equivalent method) approaches. The curves of shear modulus and damping ratio versus strain are taken from literature data and from Crespellani et al. (2002).

Both weak motion and microtremor data recorded during the project in the study area are analyzed.

Unfortunately signal to noise ratio for the recorded events does not permit to detect frequencies lower to 0.8-1 Hz, and to investigate the part of the spectrum that contains information about the resonance frequency of the basin.  In our explanation the amplification found using earthquake data at frequencies between 0.8 and 1 Hz. can be related to higher modes of the system.  On the contrary, microtremor data seem to be quite reliable and can be used to detect the fundamental resonance frequency that in some area is lower than 0.5 Hz.  1D modelling reproduces quite well microtremor results in the deepest part of the valley and can be used for evaluating the transfer function to be used in the scenario studies.  A confirmation of the microtremor results comes from few strong motion records of higher magnitude events that show the presence of a low frequency peak in the HVSR amplification function.  In the areas closer to the edges of the basin, the observed amplification functions are quite complex and the available geological and geotechnical information does not consent to model them.   

Val d’Agri area.

participating  units: UR1.

Objective: Identification of sites to be considered representative of homogenous zones in the area.  Transfer function evaluation using 1D modelling in a linear approximation.

The selection of the sites to investigate is made after the analysis of many drilling data available in literature. H/V technique on  microtremor data is selected as the only possible approach due to the lack of earthquake data.  The combined use of H/V spectral ratios, that give information about the fundamental frequency, and borehole data give constraints on the shear waves velocities for the main geological units present in the area.  The variation in the resonance frequency indicates changes in bedrock depth moving along the sedimentary basin from North to South and from West to East.  Also in this case 1D modelling can be performed using a linear (Haskell, 1953; Thomson, 1950) approach.

Microtremor data are collected, during the project, for 23 sites located in  the sedimentary basin and distributed along longitudinal and transverse profiles.

For the areas with lower geological complexities it is possible to estimate site transfer functions to be considered in scenario studies.  This approach is one of the most used when no other kind of seismic data are available.

Products.
As a conclusion of the activities two final products are scheduled the first one relates to the Città di Castello area, the second one includes the main results for all the three test areas.

For Città di Castello experiment two CD-ROM will be published. The first one will contain all the geological and geotechnical data collected in the framework of the project.  It will include borehole data, downhole measurements data, geological maps at a scale of 1:50000, the digital model of terrain. The second CD-ROM will contain  all the microtremor data along with all the earthquake data recorded during the project and will be  released as a joint product with TASK 1.

Figure T5.1 shows the map of the recording points, the geometry of the basin and the 1D transfer functions calculated in sites with different bedrock depth.  The stations deployed along the profile elongated in the East West direction, that  crosses the basin in correspondence of Città di Castello historical centre, recorded both microtremor and earthquake data for a period of about 10 days in 2001.  Both westernmost and easternmost stations along the profile are settled on outcropping rock so the profile follows the changes in the geometry of the basin in W-E direction.  Other recording points are spread out all along the area and are used only for microtremor measurements. In this case microtremor data are related to short time windows and sometimes are affected by a high noise level due to anthropic activities.  The map also shows the boreholes (Crespellani et. Al., 2002) used to get information about the depth of the basin and the shear-wave velocities of the sediments that fill in it. The analysis performed in the project does not permit to describe the site effect with a great detail.  This limitation is basically due to the lack of information about the geological and geotechnical characteristics of the basin, particularly in the areas closer to its edges, but the collected seismic data can help to overtake this problem in the future.  If  new data will consent to better describe the geometry of the bedrock and the shear-wave velocity distribution, the seismic data collected in the framework of the project can be reprocessed and analyzed to extend the detail in the knowledge of site response in the area. 

The second product will consist on an Open File Report describing the criteria used to evaluate the transfer functions for all the analyzed areas.  All the aspects related to non linear behavior will also be discussed.  As an example of calculated transfer function Figure T5.2 shows the geological setting of Val D’Agri area along with the amplification functions as derived from microtremor analysis in the area of the basin that shows a homogeneous behavior.  The experimental data can be reproduced with a 1D model with a bedrock 200 meters deep and an average shear waves velocity of about 500 m/s.  The lack of  geotechnical information does not allow to use a non linear approach in evaluating site transfer functions.  

Also in this case the obtained results are related to the knowledge available at the moment about the geological and geotechnical site characteristics and can be modified if new data will become available, but they represent a first contribution in the description of site response in high risk areas. 
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Figure T5.1. From bottom to top: Città di Castello basin geometry derived along a W-E profile; map of the recording station deployed during the project; examples of 1-D transfer function for different bedrock deph.
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Figure T5.2. Geological map of Val D’Agri area. Four microtremor recording are also indicated. The box shows the H/V amplification functions for the sites on the map.
Conclusions

In this last section we summarize the main original results achieved in this project by all the different tasks and research groups who contributed to the scheduled research program. We also wish to point out the experiences we made in organizing and coordinating this project as well as the implications for methodological investigations and future applications. 

(1) We can certainly conclude that the multidisciplinary geophysical analyses we have performed in this project have been extremely important for constraining the local tectonic setting, the geometry of target faults and for selecting the 1-D and 3-D crustal models. In particular, the interpretation of seismic reflection lines provided further constraints  on the source models of the Colfiorito training area and supported the choice of fault models for the two test areas (Città di Castello and Val D’Agri). Both Città di Castello and Val D’Agri sites may represent key examples for ground motion scenario’s studies in Italy. In the former case study, we proposed two possible causative faults: one has a geometry very similar to the central Apennine faults producing moderate size earthquakes (5 < M < 6) in the recent past (1979, Valnerina; 1984, Gubbio; 1997 Colfiorito) and that is the “expected candidate source” for a scenario earthquake in the area. The second fault model has been proposed based on i) geological evidence that the low-dip angle, normal fault (Alto Tiberina Fault) is still active; ii) the location of background, low-magnitude seismicity recorded during the field experiment; iii) the clear evidence of this fault on seismic reflection lines. 

We emphasize the success of the seismological acquisition campaign performed during the first year of the project, which allowed for the collection of an extremely useful, important and original data set of weak motion records. These data represent one of the most interesting high-resolution recordings of background seismicity in Italy occurring along an active fault system. Furthermore, our experience suggest the joint use of active (seismic reflection, wide-angle refraction) and passive seismic data to constrain the geometry and the depth extension of active faults for future applications, but also for retrieving more detailed images of the subsurface to be used for refined ground motion simulation analyses.

(2) The reprocessing and interpretation of 2D seismic reflection lines have been also extremely useful for identifying the crustal velocity model in the training area. In fact, it has been shown that 1-D velocity models resolved through earthquake arrival phases are inherently non-unique and that availability of reflection lines can constrain greatly the model choice. The joint interpretation of the velocity fields resulting from seismic reflection lines and the 3-D velocity model resulting from local seismic tomography helped to choose  among the  1-D crustal models,  and to select the 3-D model for the Colfiorito area. The latter has been determined also with information on the surface geological observations and local tectonic models. The latter has been determined also with information on the surface geological observations and local tectonic models. This is of particular relevance for strong motion simulations using complete wave field theory, where secondary arrivals (reflections, conversions, multipathing..) originated at seismic discontinuities can be dominant in the seismic records depending on the distance from the source.

(3) We point out the importance of comparative analyses of procedures and results (defined as “blind tests” in our project) when ground motion time histories are computed with different numerical techniques. Even in case of a ‘a priori’ fixed fault source parameter model, the comparison of synthetic seismograms computed with different procedures requires a careful check of the numerical description of the source and propagation models. The lesson coming from our project is that a correct comparison of ground motion scenarios produced by different simulation techniques requires a  preventive calibration of the simulation procedures by applying them to a simplified source model.
(4) The results of the strong ground motion scenarios performed for the training area of Colfiorito have been extensively presented and discussed in the task report. We point out here a main conclusion of this project: even for moderate size earthquakes (5 < M < 6) directivity effects are extremely important to explain the variability of ground motion time histories at near source distances, i.e. within distances smaller than 2-3 time the fault length. The calculations of predicted time series of ground acceleration, velocity and displacement are extremely useful in the near source range: within 2 fault length the source-to-receiver geometry and source heterogeneity may produce substantial deviation from the expected attenuation law. Even for shallow earthquakes (as Colfiorito) complex propagation paths can not be ruled out. At distances larger than 2-3 fault length, the prediction of ground motion time histories with statistic-deterministic approach produce similar average results (at least for peak ground motion quantities) to empirical attenuation relationships which make them not competitive. On the other hand, only deterministic scenarios do provide azimuthally varying ground motions as well as estimates of the extreme ground motions values. When a reliable 3-D structure model is available (velocity, density with interfaces), synthetic seismograms obtained with deterministic (full-wave) numerical approaches become extremely useful to investigate the complex source and propagation effects on strong ground motion recorded at the earth surface.  

(5) The project focused on the seismic hazard evaluation following the approach of the “characteristic earthquake scenario” which is based on the realistic occurrence (i.e., that has a finite probability to happen) of a single earthquake related to the fracture of an “a priori”, well identified active fault. 

In order to account for the possible variation of the source process from one rupture event to another, a large number of synthetic acceleration records could be computed for different, “possible” rupture histories occurring along the characteristic earthquake fault, so to provide a representative set of strong motion records to be used for hazard estimation. The massive computation of synthetic accelerograms for different possible rupture models provide not a single earthquake scenario (as for the standard deterministic earthquake approach) but a set of possible scenarios, whose variability substantially reflects the heterogeneity of the source process. 

The advantage of this approach is that the variability of the predicted strong ground motion at a given site can be quantitatively described by the statistical distribution associated to each considered strong motion parameter (from which it derives the name “statistical-deterministic approach”). The earthquake scenario will be therefore represented by two maps, one describing the spatial distribution of the mean value of the considered strong motion parameter, the other representing its expected variability, through a statistical parameter (CoV= Coefficient of Variation) which is measured from the set of available predicted values. 
(6) The availability of regional attenuation laws for the area where the ground shaking scenario has to be calculated is very important to validate the predicted peak ground motion quantities. However, we  point out that it can exist significant differences between simulated peak values and those predicted by the attenuation law, due to the expected ground motion variability with azimuth which is not accounted by empirical attenuation regression laws. 

(7) Site amplification effects has to be considered for refined ground shaking scenarios. Results of our project for the training area of Colfiorito show that even approximated 1D site transfer function can account at first order of the site amplification effects. Reliable 1D-3D transfer functions of sites are needed to incorporate site effects in the ground shaking scenario. These should be available from previous geo-technical and seismological studies in the investigated area. 

(7) In this project we have not addressed the problem of the non-linear site amplification effects, by assuming this is a second order effect on ground motion records. The main reason is the lack of an adequate observational basis (ground motion recordings over a wide magnitude range) for a quantitative analysis of the non-linear effect. We point out that this problem has to be taken into account on a case by-case basis when proposing a ground shaking scenario for practical applications.

(8) This project promoted the collection of a multidisciplinary data sets, which will be useful for future investigations and for the quantitative assessment of seismic hazard in the selected areas. The achieved products and results represent important information to understand and determine the variability of ground shaking in the selected areas. 

(9) The main purpose of this project was methodological. We believe that our results shed light on the perspectives of applicability of numerical procedures to compute ground shaking scenarios for moderate-to-large magnitude earthquakes in Italy. We emphasize, however, that many of the deliverables of this project have a direct impact on the seismic hazard of the target areas and are of relevance for the Italian Civil Protection and for local authorities (i.e., the regional seismic hazard map for the Umbria, the regional attenuation law of ground motion, the identified active faults for the scenarios, the site transfer functions for specific sites, the velocity model and the 3-D crustal structure for Colfiorito and Città di Castello,……).

(10) We point out the originality of our 3-D ground shaking scenario based on the full-wave deterministic approach using  complex earthquake source and crustal models.  
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Figure T4.6.2. Superficial projections of the ATF and AATF fault. The Città di Castello basin and the position of the specific sites are also indicated.
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