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 Gruppo Nazionale per la Difesa dai Terremoti

3rd year of activity: Brief Report 

Traiano: Project for the Assessment and the Reduction of Vulnerability of Urban Areas
Coordinator: Prof. Edoardo Cosenza
Introduction

The goal of the project is to study in a multidisciplinary and innovative manner the problem of vulnerability assessment of urban areas, in such a way to integrate all geophysic, geological, geotechnical, structural and urbanistic information that contribute to the definition of damage scenarios.
The final scope of the project is to make available to local administrations a territorial information platform for support to the different stages of management of seismic vulnerability; this goal is pursued through the following objectives:

· Definition of the expected seismic input, based on potential active seismic sources models, and models for regional and local propagation; information for scenario analysis are made available

· Definition of local site effects, employing different methodologies, both numerical and instrumental, and determination of microzonation maps with reliability level depending on the quality and richness of the database

· Built environment classification, distinguishing classes with structural homogeneity, and definition of vulnerability maps based both on semi-quantitative methods for building classes and on detailed avant-garde analyses for r.c., masonry and archeologic/monumental constructions.

· Innovative methodologies for vulnerability reduction based on structural reinforcement with the application of advanced composites.

· Construction of Geographic Information System (GIS) integrated with all available databases from local administrations and with the implementation of simplified algorithms for the models built in the project.

In order to test the procedures and methodologies implemented in the project, it was decided to refer to the city of Benevento. This place was chosen because it is sited in a highly seismogenetic area and due to its morphologic and stratigraphic characteristics, so as for the presence of historical and archaeological relevant buildings.

Activities description

Project activities have been split among different research units (RU) and are organized in 8 tasks (subprojects): Task 1 (Reference mapping) and 8 (Territorial information system for risk management ) that are due to the same RU; Task 2 (Definition of expected input); Task 3 (Geological characterisation of the sample area); Task 4 (Geotechnical characterization and underground seismic vulnerability analysis); Task 5 (Recording seismic data in Benevento and validation of site effects); Task 6 (Urban centre vulnerability) and Task 7 (Damage scenarios and methods for the reduction of vulnerability).

The project multidisciplinarity required an incisive coordination activity: first of all to allow a real integration of the single tasks objectives in the final scope of making available to local administrations a territorial information platform for support to the different stages of management of seismic vulnerability. Secondly, to schedule and check the activities and results of each research unit and, if necessary, to re-modulate them for the benefit of the entire project. To provide an adequate information exchange and to co-ordinate the aims of the different RU working on the project, then, meetings of whole Units and among different subgroups have been periodically organized, according to the intersections of each task’s objectives [G2S (geophysicists, geothecnicists, structural engineers); G3 (geologists, geophysicists, geothecnicists), GU (geologists, urbanists), G2 (geothecnicists, geophysicists), S3 (structural engineers for r.c., masonry and monuments buildings). Moreover, in September 2003, an enlarged workshop including also other GNDT projects (VIA, Fisr) was organized in Capri.

Once chosen the sample area (Benevento town) for the project, it was necessary to differentiate the scales of the problems (connected to different RU)  involved: it ought to be defined a seismological scale, that should involve all potential seismic source for Benevento, a geological scale, defining the urban lito- stratigraphy , a geotechnical scale at the urban area level as well as an urban district scale, in order to investigate on homogeneous building stock. The ideal integration of such different scales was found to be the GIS, which has both the role of data storage and data integration.
Task 1 researchers worked at defining the structure of GIS data layers, which – depending on different considered subjects and given analysis scales - makes the graphic link for the exact geographic assignment of data and makes it possible to compare information about different topological layers, by spatial analysis (select by theme) instruments. This, also, allows to define the procedures to compare the data regarding various subjects and the damage analysis (Task 8) for the forecast scenarios. In particular, it was defined the topological layers (TL) and the GIS was filled with basic data layers concerning data of the RUs working on the different tasks.

Regarding seismological aspects (Task 2), source parameters of 1688, and 1930 earthquakes were defined. In particular, for the 1688 event, it was made a thorough study, based upon geological and seismotettonic features and damage distribution, which made it possible to reliably assume the position and dimension of the fault causing the earthquake. The spatial distribution of calculated acceleration values were compared with those expected according to empirical relations.

The geological characterization of the urban area (Task 3) was improved thanks to a new study and interpretation of existing drills, also considering newly acquired data.

Proper test campaign was performed in order to allow reliable geotechnical characterization (Task 4); this was necessary to determine the non linear and dissipative soil’s behaviour in the first 30 metres underground. Due correlation between site and laboratory tests allowed to extend mechanical characterisation of litological units of sample areas. Monodimensional numerical analyses along 16 verticals were performed, using calculation codes such as Shake (Shake 91, EERA, Proshake). Moreover, in order to evaluate influence of underground geometry on free-field seismic response, bidimensional analysis (using code F.E.M. (QUAD4-M)), was made on a section crossing Sabato valley in the south east area of the city, for which soil characterisation is more detailed.

Useful recordings were obtained from twelve monitored sites (Task 5), and a data set of 181 earthquakes has been collected at the end of the experiment. These recordings are also used for a feasibility test of a simulation technique that, based on the assumption of a fixed source spectral scaling of ground motion, generates synthetic accelerograms through random summation of EGFs.
Regarding Urban centre vulnerability (Task 6), the existing reinforced concrete, masonry and historical/monumental building stock (each analysed by a different RU) were studied referring to the two sample districts of Rione Libertà (for r.c. and ordinary masonry buildings) and Centro Storico (for ancient masonry buildings and for monumental evidences). Three proper field surveys were performed adopting survey forms implemented ad hoc that could be used as a reference for future surveys. Vulnerability analyses with the input scenario were performed with innovative mechanical techniques developed in the project for r.c. and masonry buildings, whether for monumental evidences, that cannot be modelled with simplified techniques, an approach based on typological characterization was adopted. Moreover, detailed analysis of the church of S. Sofia was performed with a FEM Model, whether for the “symbolic” structure of Traiano’s Arch simplified cinematic analysis has been carried out, in order to evaluate the collapse multiplier of structure. Also sample r.c. and masonry buildings have been studied in detail.

Finally, the 1688 damage scenario (Task 7) is evaluated for the studied building stock; it is also hypothesised to upgrade existing buildings and the benefit of such interventions is evaluated with the new implemented procedures. Finally, procedure and algorithms for repetition of different experiments are introduced in the GIS (task 8). 

Task 1: Reference mapping 









In charge: prof. R. Papa

Foreseen objectives in three year time

· O1/1  Definition of the digital cartographic base

· O1/2  Collection of data on the urban system from the local government

· O1/3  Connection to existing local databases 

· O1/4  Definition of new data collection techniques
Achieved objectives and results

All the objectives of the first year of activity have been achieved during the first year: regarding O1/1, the digital georeferenced cartography of the city of Benevento has been obtained in vector .dwg format.  Apart from the normal cartographic coverage, it has to be remarked the retrieval of drawings from the 1980 Zevi-Rossi urban plans, particularly useful for the analysis of the urban texture in the selected study areas.

The data obtained from this analysis have defined the results of O1/2, regarding data collection on the  built up area. The data have been aggregated on the base of the census tract parcels, and the data from the ISTAT ’91 Census have been also collected. On the base of this data it has been possible to evaluate, for zones larger than the single building, also the construction period and other construction characteristics.

The connection to the existing local databases, objective of O1/3, has been developed after a particular analysis of data formats and hardware/software standards, in order to build a system easily connectable and fully integrated with the GIS of the city of Benevento. The objective of O1/4, dedicated to the definition of new data collection techniques, has been achieved with a continuous effort during all the activities and has been characterized by the definition of the GIS standards and the interaction with all the research units.  

Various activities, carried out in Task 1, have brought to the definition of the structure of the different data layers of the GIS that, based on the various scales of analysis and in relation with the different research units, creates the topology to which all the data are georeferenced, in order to operate spatial analysis and other GIS tools implemented in the system, based on the interaction between different data layers.

In the activities of the last year it has been possible, thanks to this data structure, to define procedures based on the interaction and comparison of data related to different research topics and to map the results of the analysis on building damage connected with the different scenarios.

Task 2: Definition of expected input

In charge G. Iannaccone

Foreseen objectives in three year time:

· O2/1 Definition and characterization of active seismic zones

· O2/2 Simulation of accelerometric radiation 

· O2/3 Sannio area 3D velocity model 

· O2/4 PGA acceleration maps, response spectra

· O2/5 Synthetic accelerograms 

· O2/6 GIS implementation through data from Benevento

Achieved objectives and results

The upper crustal structure of the Sannio region has been investigated analyzing data of a seismic active experiment conducted along the campanian Apenninic chain and data of local earthquake recordings. A detailed two dimensional seismic velocity model of the upper crust of the Sannio region is produced. Starting from this model we try to explore the deep structure of the area and to produce a 3D velocity model performing a tomographic inversion of local earthquake travel times. Data of P wave arrival times from the INGV bulletin related to twenty years of seismicity of the region are used as input  data of the inversion procedure described by Benz et al (1996). The method uses the finite differences technique to compute theoretical travel times by solving the eikonal equation through a complex velocity structure and the least square LSQR algorithm for the simultaneous inversion of the velocity parameters and hypocenter locations. The investigated volume has been discretized by using uniform velocity cells having size of 6 x 6 x 3 km3. The tomographic maps of the three-dimensional P-wave  velocity structure at different depths show strong vertical and lateral velocity variations as velocity values span a range between 3.5 and 7.5 km/s. The computed velocity anomalies seem to be well related to the main geological structures of the area. The relocated hypocenters of local earthquakes using the three-dimensional velocity model  are mostly in upper crust (up to 12 km) and do not spatially show any particular geometric alignment  that can be associated to the known seismogenetic faults. 

The potentially active seismic sources of the area are investigated using different methodologies. In particular we attempt to define the parameters describing the source of  the strongest historical earthquake occurred in the Sannio region (June,5, 1688 M=6.7) and of the July, 23, 1930, M=6.6 earthquake occurred in Irpinia region. The synthetic acceleration field produced by each source models were compared to macroseismic intensity map by using the empirical relation proposed by Trifunac and Brady (1975). Finally, a reasonable seismic source model is proposed for both earthquakes. 
We simulated the synthetic accelerograms at the bedrock of Benevento town for the 1688 earthquake. We used a mixed statistical-deterministic procedure in order to simulating the acceleration field. This method is based on the simulation of a large number of possible rupture processes, on the same fault, parameterized by different rupture nucleation points and final slip distributions on the fault plane.

Basic accelerometric parameters for the town of Benevento are furnished for the 1688 earthquake. Complete wave-field seismograms in a flat layered velocity structure are computed using  the discrete wavenumber method (Bouchon (1981), Coutant (1990)).The 1-D velocity model has been synthesized from the geological/geophysical model previously described. The line source model is built by positioning a series of equally spaced, double couple point sources along the line, each of them having the same source duration, mechanism and seismic moment. 

Task 3: Geological characterisation of the sample area 








In charge: prof. T. S. Pescatore

Foreseen objectives in three year time:

· O3/1 Geological data base acquisition and organisation and GIS parameters definition 

· O3/2 Preliminary study for digital mapping

· O3/3 Detailed geological survey

· O3/4 Production of litological (1:25000 scale) and litographic (1:5000 scale) chart

· O3/5 Thickness covering units chart (alluvium, eluvium colluvium, detritus, waste soil; etc.)

· O3/6 Geological-structural chart

· O3/7 Unstable soil chart

· O3/8 Underground tridimensional model

· O3/9 Hydro-geological systems chart

· O3/10 Chart of the litological types used for historical buildings construction

· O3/11 Implementation of GIS with Benevento data

Achieved objectives and results

A succession of volcanic alluvial and anthropic events has been individuated, They have conditioned the recent morphological and present evolution of the area by means of analyses of the stratigraphy, geometry and archaeological findings of alluvium, eluvium-colluvial and recent anthropic deposits.

The stratigraphic logs of n.7 boreholes carried out in Contrada Cellarulo and n. 3 boreholes carried out in the city (Porta Rufina, Rione Libertà,  Benevento playing-field). They were of reference for the lithology up to a depth of about 25 m from the topographic level and for the reconstruction of the geometries of the sedimentary bodies.

A geological field mapping was carried out mainly in the marginal areas of the city and the stratigraphic logs of the new boreholes were the reference framework.

The stratigraphy of several old boreholes was re-interpreted taking into account the geological field mapping (scale 1:2.000 and 1:4.000 ) and the logs of the new boreholes;

A series of stratigraphic unit were individuated and were utilised to construct the possible models of the geological and structural setting of the area taking into account the recent knowledge on the Neogene and Quaternary tectonic evolution of the Apennine chain and the Quaternary morphological evolution of the area;

The third year activity was focused on the interpretation of the whole data with verifications on the field and the comparison with the other tasks.
The reached goals allowed 

a) to better distinguish the outcropping units;

b) to hypothesize the lithology and the geometry of the sedimentary bodies that constitutes the outcropping units;

c) to interpret more correctly the relief forms to construct the geomorphological map;

d) to better proceed to a reconstruction of the geological and morphological evolution of the area that it allows to individualize models for the present geological and structural framework;

In the third year the synthesis and the interpretation of the data allowed to realize the geomorphological map, the geological map and n.5 geological cross-section of the study area that show the geology of Benevento.

Task 4: Geotechnical characterisation and hazard analysis
In charge: prof. F. Vinale

Foreseen objectives in three year time:

· Ob. 4.1: Geotechnical characterisation of the urban area of Benevento.

· Ob. 4.2: Seismic response analysis and overall seismic zonation.

· Ob. 4.3: Geotechnical characterisation of the selected area in the city of Benevento

· Ob. 4.4: Seismic response analysis of the selected site and guideline for the zonation of the city of Benevento.
Achieved objectives and results

All of the above objectives have been achieved.

Geotechnical model of Benevento subsoil aimed at the seismic response analysis was proposed. The model was defined on the basis of all the pre-existing information available including boreholes, in situ and laboratory tests results. The geotechnical characterisation is included in the GIS which allow both to obtain maps of geotechnical parameters and alphanumeric data on specific location. The GIS is constructed in such a manner as new geotechnical data can be easily integrated by the final user of the system.

Moreover, in the Traiano project a new approach is used to evaluate the reliability of the adopted model based on geostatistical methodology. By this powerful approach it is possible extending local information to a larger area also knowing the consistency of the spreading procedure. Also the results of this new procedure are integrated into the GIS. For instance figure 5 shows the distribution of the shear wave velocity at -1m from G.L. obtained adopting the geostatistical analysis on the basis of 263 available measures and the degree of reliability of the obtained map.

A first attempt in zonation of the city of Benevento was performed following a grade 2 approach that was carried out using correlations between shear wave velocity profiles and response spectra at the ground level under free-field condition. Using this method the majority of the sites belongs to the class B, only one to class A and three to C category.

Detailed zonation of the seismic response for the city of Benevento was obtained using the EERA code, that operates in the frequency domain and assumes that soil behaves as a continuous 1-phase equivalent linear material. 1-D hypothesis was adopted based on the results of some 2-D analysis showing negligible topographic effect on site response and on the results of registered microtremors (Task 5). A single earthquake scenario (1688 Sannio earthquake), consisting of 150 synthetic seismograms, provided by task 2 was employed for the zonation. Relevant variation in the seismic motion can be noticed in different part of the city. At least five different zones can be drawn (Santucci de Magistris et al., 2004) grouping together areas having similar seismic response both in terms of response spectra or representative numerical parameters.

Task 5: Recording seismic data in Benevento and validation of site effects

In charge Dr. A. Rovelli

Foreseen objectives in three years time:

· O5/1 Installation of recording stations in the area

· O5/2 Data acquisition and processing 

· O5/3 Re positioning of some stations and Empirical Green’s Functions

· O5/4 Validation by comparison with different methodologies

· O5/5 GIS implementation through Benevento recording data

Achieved objectives and results

The goal of this task is the collection of ground motion waveforms on the different geological formations outcropping in Benevento. Twelve sites have been monitored, and a data set of 181 earthquakes has been collected at the end of the experiment. A large part (60%) of the data set is composed of the seismic sequence of October-November 2002 in Molise, the two mainshocks reaching Mw 5.7. The entire data set exceed 1000 waveforms in number: it gives, for the first time, a well constrained image of the spatial variations of seismic response of different zones in Benevento (an example is shown in Fig.1). 

The main results of this task are:

i) the estimate of weak-motion amplification at the station sites. These results, jointly with geological information provided by Task 3, are used to divide the study area of Benevento into three zones with homogeneous  seismic response (see Fig.7). Ambient noise was also measured along several profiles to achieve a better spatial resolution;

ii) the construction of a catalog of empirical Green’s functions (EGF) representative of seismogenic zones surrounding Benevento. These data can be used to generate synthetic seismograms of moderate magnitude earthquakes representative of potential seismic input at stations of the different sectors of Benevento.

The two mainshocks of the 2002  Molise sequence were recorded with a clipping level that do not affect significantly their spectral content. These recordings are used for a feasibility test of a simulation technique that, based on the assumption of a fixed source spectral scaling of ground motion, generate synthetic accelerograms through random summation of EGFs. After a satisfactory check of the numerical results compared with the Molise observations, an application is performed simulating a normal-faulting Mw 6.5 earthquake occurring 30 km away from Benevento, using two small-magnitude colocated earthquakes. In Fig.2, the 5% damped pseudo-acceleration response spectra (red curves) of the different sectors are compared with statistical expectations for this target event. The effect of local high-frequency amplification can thus be quantified in terms of parameters prescribed by Italian seismic code (ord. no. 3274 of March 20, 2003).

Task 6: Urban centre vulnerability









In Charge Prof. E. Cosenza
Foreseen objectives in three years time: 

· O6/1 Individuation of typologies for r.c., masonry and monument structures

· O6/2 Field survey activities for sample areas

· O6/3 Definition of suitable survey forms for field screening

· O6/4 Definition of simplified and sophisticated analytical models and execution of parametric analyses

· O6/5 Validation of the models through the execution of experimental test on essential structural elements: joints and columns.

· O6/6 Shaking table tests on elements of masonry structures

· O6/7 Built environment reclassification based on response models criteria

· O6/8 Analysis of significant monuments (Arco di Traiano)

· O6/9 Guidelines for classification and survey of built environment in the urban area 

· O6/10 Guidelines for vulnerability assessment of monumental heritage

· O6/11 Vulnerability maps

· O6/12 GIS implementation through data from Benevento town 
Achieved objectives and results

Typologies for r.c. and masonry buildings as well as for monuments have been established, survey forms for those typologies were determined and a field screening for all the buildings in the sample districts and for the monuments were carried out.

Suitable assessment procedures for large scale vulnerability analyses, based on simplified models for r.c. and masonry buildings, were defined. The established methodology for building monuments is based instead on the typological classification of monuments and on the attribution of suitable vulnerability indexes.

Data collected in the field survey allowed to apply the procedures singularly implemented by each of the 3 RU dealing with this task and to prospect vulnerability maps for the built environment. Laboratory tests on structural elements (joints and columns of r.c. frames, and relative reinforcement details) and on reduced scale models (dry stone masonry specimens) were pursued. Moreover, after the definition of sophisticated analytical models, detailed analyses were performed for sample r.c. and masonry buildings and for S. Sofia church; simplified cinematic analysis for Traiano’s arch, that is a simpler, yet symbolic and important structure, has been carried out. 
Regarding r.c. constructions, a rational mechanistic based approach for the vulnerability assessment of classes of buildings is developed. The procedure is based on the artificial reproduction of a building stock via “building model generation” and on the evaluation of the seismic capacity (lateral strength and ultimate drift) for the models. The simplified mechanical model for capacity assessment of buildings, in fact, enables to “generate” a structural system (elements dimension and reinforcement, and relative mechanical and deformability characteristics) based on building geometry, and to execute parametric analyses for vulnerability assessment of buildings classes. Building classes are defined by construction time (i.e. code class) and number of storeys. The first parameter enables to link the constructions of the area to building codes applying at the time of construction, and consequently to actions and prescribed rules considered in design; the second parameter is chosen because of its direct influence on capacity. Because the level of information on input parameters should explicitly influence the analysis results, the implemented procedure enables to reduce dispersion on results depending on the knowledge level of the built environment. As example, given the base plant shape (morphologic information), dimensional ranges of plant sizes (for rectangular shaped plants) allow to give a first level specialization of a building class and to assay vulnerability variation among buildings of the same class. The innovative model “generation” process was validated by comparison with sample building chosen in Rione Libertà (the town district studied for r.c. buildings); for this sample building detailed push-over analysis was also performed.

Regarding masonry buildings, a mechanically-based procedure for the seismic risk assessment of masonry buildings at urban scale was developed. The procedure consists of a substantial modification, extension and probabilistic implementation of the displacement-based procedure proposed by Calvi (1999). The main improvements are relevant to three issues. The first is to take into account the out-of-plane collapse mechanisms. The second is to take into account the effect of the building strength on the effective period of vibration. The third is the probabilistic formulation of the procedure, which recognizes that the period T and the displacement  are not independent variables. In order to characterize parameters necessary for the application of the proposed procedure, regression analyses of parametric nonlinear dynamic analyses using more than 400 recorded ground motions on degrading oscillators (with hysteretic behaviour typical of a global response dominated by shear failure) were performed. They allowed to find a set of seismic input parameters (including duration) which are better correlated with structural damage. On the same set of analyses it was possible to establish a correlation between the response of the elasto-plastic oscillator and the degrading oscillator, in dependence of the duration of the seismic input. 

Parallel to the study of the global nonlinear response, a numerical and experimental study on the out-of-plane response of walls was carried out, developing a simplified assessment procedure based on the use of variable damping displacement spectra and the definition of a suitable effective stiffness and period. The procedure was initially validated for simple collapse mechanisms and then extended to more complex mechanisms. Reduced scale model tests were performed on dry stone masonry specimens to calibrate the simplified formulae used for more complex mechanisms in the procedure.

Detailed nonlinear push-over analyses have been carried out for a representative building at "rione Libertà". The pushover analyses were also used for a preliminary estimation of the seismic response using code response spectra.

Regarding monumental evidences, on the basis of a list of the ‘Protected monuments’ furnished by the “Soprintendenza per i Beni Architettonici ed Ambientali” and of other bibliographic references (TCI Red Guide), a set of 119 buildings have been defined. For such buildings vulnerability analysis was performed through a specific methodology developed in the course of the project. The employed methodology is based on a typological characterization of the buildings and gives an analytical relation between the seismic severity (in terms of macroseismic intensity) and the probabilistic distribution of the damage levels. Considering the typology and taking into account other specific aspects of the construction, a vulnerability index is assigned to each building. The method is based on the experience made after the Umbria-Marche earthquake (1997) and has been calibrated on surveyed damages. Through specific numerical tools it is possible to correlate the macroseismic intensity to the PGA defined in task 4. The vulnerability analysis of Benevento’s monumental buildings clarify how, globally, such buildings have a low vulnerability index. This feature is probably connected to the long seismic history of the city. A damage scenario (in term of damage entity level and of collapse probability) shows the distribution of the previewed damages on buildings for a earthquake with intensity I=10. A further analysis, referred to the sub-set of the relevant buildings, illustrates the effect of the earthquake on the historical and artistic goods of the city.

The detailed analysis of the church of S.Sofia through the FEM Model allowed to know its fundamental seismic behaviour: modes of vibrations, high vulnerability zones, interactions between different structural parts, damage localization. Moreover, a  seismic collapse multiplier has been defined.

Regarding Traiano’s arch, the simple fact that Traiano’s triumph arch is still integer, after 20 centuries and many earthquakes, is an intrinsic confirmation of its low seismic vulnerability. Moreover this monument has a very regular and massive structure, for which a non linear FEM modelling would be not meaningful. Therefore, a simplified cinematic analysis has been carried out, in order to evaluate the collapse multiplier of structure. The result (=0.6) has been aligned with the previewed hypotheses.

Task 7: Damage scenarios and methods for the reduction of vulnerability









In charge prof. G. Magenes

· Foreseen objectives in three years time:
· O7/1 Definition of the effect, through implemented vulnerability models, of some intervention techniques for risk mitigation

· O7/2 Vulnerability reduction systems based on subsoil treatment

· O7/3 Evaluation of damage scenarios for r.c. buildings

· O7/4 Evaluation of damage scenarios for churches

· O7/5 Evaluation of damage scenarios for Benevento old town centre

· O7/6 Damage scenario modification due to seismic upgrading systems 

· O7/7 Guidelines for the employment of advanced composites in the vulnerability reduction of existing structures

· O7/8 Guidelines for soil treatment for subsoil vulnerability reduction

Achieved objectives and results

The development of mechanical based procedures for vulnerability assessment of r.c. and masonry buildings allows the rational and ‘quantitative’ evaluation of the effects of strengthening intervention techniques for risk mitigation. Since the procedure are mechanically-based, in fact, upgrading techniques (such as the insertion of steel ties or r.c. ring beams, and/or FRP wrapping) are reproduced in a simplified fashion in the mechanical models. The execution of experimental tests on r.c. elements strengthened with CFRP allowed to evaluate the effects of such techniques on the structural element’s behaviour.

Damage scenarios were evaluated applying the procedures, developed for r.c. buildings, urm buildings and for the monumental buildings, to the chosen sample areas of the city of Benevento.

Regarding masonry buildings the scenario is re-evaluated supposing that "minimal" strengthening interventions (insertion of steel ties ) are applied to prevent out-of-plane collapse mechanisms.

An analogous approach is adopted to evaluate the effect of upgrading techniques (eg. column frp wrapping) for r.c. frames. The effect of global system ductility enhancement, in fact, could be reproduced thanks to the mechanical model adopted, and the scenario is re-evaluated.

Bibliographic studies were performed on vulnerability reduction systems based on soil treatment, and an analysis strategy was outlined. Research moves following two main branches: first technique assumes to build highly stiff soil layers in order to partly reflect seismic waves, with the attenuation of the waves that actually reach the surface, second one aims at the realisation of soil layers with relatively high damping factor, so that the soil itself could be able to partly absorb the energy transferred by the earthquake.

Task 8: Geographical Information System for risk management









In charge: prof. R. Papa

Foreseen objectives in three year time

· O8/1  Definition (implementation) of the GIS

· O8/2  Connection to databases and integration with the local government GIS

· O8/3  Mapping of the damage connected with the different scenarios

Achieved objectives and results

The main result is represented by the design, the implementation and the population of the GIS that constitutes both a support tool for the research activity, a development environment for the definition of damage scenarios and the main deliverable product that can be  handed to the city managers and planners.

The customizing of the GIS for a non-expert use, represents the last effort of the research unit in the Traiano project.

The definition of the GIS has regarded the design of the data structure, the topological definition of the data layers, the population of the data layers referred to the different research units regarding the different Tasks of the project: Task 2 - Polygon feature layer, referred to the geophysical input; Task 3 - Polygon feature layer, referred to the geological analysis; Task 4 - Polygon feature layer, (same as task 3) referred to the geotechnical analysis; Task 4 - Point feature layer, referred to the bore-holes position; Task 5 - Point feature layer, referred to the position of the seismic measurement stations; Task 6 - Point feature layer, referred to the buildings position; Task 8 - Polygon feature layer, referred to the sociological and urban planning data.

The last part of the study has been dedicated to the development of automatic procedures based on relational algorithms between different data levels that give the urban planner or the city manager an immediate evaluation of damage referred to a certain seismic hazard.

It has been developed a customization of the system for a non-expert use, in order to make the GIS a “deliverable product” for the local government that will update and upgrade it to use it as a decision support system for the management of both functional  reallocation and structural reinforcement of the buildings.

Products

Task 1: Reference mapping 

Deliverable 1: digital cartographic base for Benevento town

Description The digital cartographic base is structured in different data layers that represent the spatial connection for the different databases developed by the various research units and stored in the central GIS database

Format The cartographic database is stored in .dwg and .shp format
Use for Civil Protection Definition of an original database that allows the interaction among different fields (seismological, geological, geotechnical, structural etc.)
Task 2: Definition of expected input

Deliverable 2: Two dimensional P-wave velocity model, maps of the three dimensional P-wave velocity structure of the Sannio area at different depths (maximum depth 15 km).
Description: It is inferred from the interpretation of a seismic refraction profile, constrained by well informations and commercial seismic lines, and checked by gravity data and by finite difference simulations of the complete seismic wavefield. Starting from this model the deep structure of the area was explored and a 3D velocity model performing a tomographic inversion of local earthquake traveltimes was produced.
Format. Interface depths, their geometry and P wave velocities for each layer will be given. Vertical section maps, together with events localization and 3D grid with P wave velocity. 

Use for Civil Protection. Deterministic scenario studies and seismic hazard studies with probabilistic approach; earthquake’s hypocentre and epicentre localization 

Deliverable 3: Maps and main parameters describing the potential sources for earthquakes concerning the Sannio area. 

Description. Utilising macroseismic intensity data from historic earthquakes, instrumental ones and numerical simulations, source cinematic parameters for the main seismic events are inferred  (1688, 1850, 1930, 1962, 1980).

Format. Forms with main source parameters forms 

Use for Civil Protection. Definition of seismogenic faults for deterministic and probabilistic hazard studies. 

Deliverable 4: PGA, response spectra and waveforms of three component accelerograms  estimated at the bedrock of Benevento town (earthquake of June 1688
Description. Synthetic accelerograms and peak parameters maps are derived for 1688 event.

Format. Waveform. PGA, PGV and relative uncertainties maps for 1688 event.

Use for Civil Protection. Scenario studies and dynamic analyses for civil and/or strategic stuctures. Strong motion attenuation studies for the area of interest. 
Task 3: Geological characterization of the sample area
Deliverable 4: stratigraphic Logs of n. 10 boreholes in the city of Benevento

Description. n. 7 boreholes carried out in the Contrada Cellarulo, and n. 3 boreholes in the city down town. Their stratigraphic logs show, graphically and with detailed notes, all the characteristics observed in the deposits (lithology, sedimentary structures, fossils, nature of the contacts and thickness of the units). Such logs were of reference to re-interpret more than hundred stratigraphic logs of old boreholes carried out in the city.

Format. the stratigraphic logs are on magnetic support and also printed on paper, and they will be attached to the conclusive report of the project.

Use for Civil Protection. They are essential to know the thickness and the nature of the deposits; they will give information, even if punctual, on the seismic hazard. 

Deliverable 5: Geological  map of the city of Benevento

Description. The geological map of the city of Benevento that represents the synthesis of the geologic and stratigraphic studies, made for this project shows the geological and structural framework of the study area the outcropping of the units and recent covers. The legend was organized taking into account the recent norms given by the National Geologic Service (CARG Project) for the compilation of the new geological map of Italy and it has been connected with the geological map constructed for the VIA Project in the Sabato valley.

Format. a CD-ROM with the map in a GIS format.

Use for Civil Protection. Geological map of reference that integrated with other data represents a useful tool for the reduction of the seismic hazard.

Deliverable 6: Geologic cross sections 

Description. n. 5 geological cross sections attached to the geological map of the city of Benevento crossing the city downtown. Such sections show the structural setting of Benevento and allow to have a bidimensional vision of the sedimentary bodies in the units and then to define their geometries and thickness. The punctual knowledge and the distribution not homogeneous of the data do not allow to clearly defining the geometries of the sedimentary bodies.
Format.  They will be attached to the geological map. 
Use for Civil Protection. They represent, with the geological map, a useful tool for the reduction of the seismic hazard.
Deliverable 7: Geological report and geological model  

Description. The geological report will be essential to a better comprehension of the geological map and of the cross sections perform in the studied area. It   will contain, besides the geological framework of the area and a detailed description of the units, even a geological model showing the evolution.

Final version. It will be printed on paper and on magnetic support.

Utility for the civil defence. Necessary for a better reading of the stratigraphic logs, geological map and geological cross sections.

Task 4: Geotechnical characterisation and hazard analysis

Deliverable 8: Geotechnical model of Benevento subsoil aimed at the seismic response analysis. 

Description. The model was defined on the basis of all the pre-existing information available including boreholes, in situ and laboratory tests results. The main part of the available data refers to a conventional site characterisation. On the selected area (Rione Libertà) site and laboratory tests were specifically carried out.  To better define the soil behaviour under cyclic and dynamic loading. 19 shear wave velocity profiles are available in the whole urban area. 
Final version. The geotechnical characterisation will be included in the GIS which allow both to obtain maps of geotechnical parameters and alphanumeric data on specific location. 
Use for Civil Protection. Essential feature for the evaluation of seismic hazard at an urban scale. The GIS is constructed in such a manner as new geotechnical data can be easily integrated by the final user of the system 
Deliverable 9: Guidelines for seismic zonation

Description. Due to the complex interaction of earthquake waves and geomorphologic characteristics, it was necessary to develop a systematic procedure to study such effects.; it is based on the most recent indication by international literature and on ad hoc studies developed within the project. 

Final version.. Synthetic report included also in the GIS. 

Use for Civil Protection. Microzoning extension also to other sites of Benevento area or to other towns. 

Deliverable 10: Local hazard maps for Benevento town and their extension based on data reliability

Description. Based on geothecnical model for the town a local hazard map is proposed.  Moreover, a new approach was used to evaluate the reliability of the adopted model based on geostatistical methodology. By this powerful approach it is possible extending local information to a larger area also knowing the consistency of the spreading procedure. The results of this new procedure are integrated into the GIS.
Final version. Thematic hazard maps, in the GIS, with distribution of syntetic seismic parameters, together with accelerograms at the round level. Analogous maps based on geostatistical elaborations. 

Use for Civil Protection. Localisation of the most hazardous areas in the town. Possibility of extending the data thanks to geostatistic methods. 

Task 5: Recording seismic data in Benevento and validation of site effects

Deliverable 11: Empirical Green function catalogne and seismicity recordings 

Description. The installation of 12 seismologic stations in Benevento town gave an important dataste for the generation of sintethic seismograms and the evaluation of local seismic response in the urban area.  The dataste includes approximately 1000 waveforms of local and regional earthquakes.

Final version.. A CD-ROM with all useful recordings (signal/noise ratio greater than 3) will be given, together with a map indicating stations position and geological condition of recording sites, of seismic events and epicentral localization.

Use for Civil Protection. Original instrumental data in a high risk conurbation.

Deliverable 12: Seismic response variation map in the two sample urban areas (Centro Storico and Rione Libertà)
Description. The analysis of recordings showed a diversification in response of the two urban areas. Integrating such information with geologic and geotechnic data, and with ambient noice recordings 3 sectors of homogeneous response were delimitated.   For these sectors response spectra for Molise earthquake  (31 Ottobre e 1 Novembre 2002 (Mw 5.7)), are given. 

Final version.. Georeferenced map for homogeneous areas.

Use for Civil Protection. Useful to build hazard and/or damage scenarios

Task 6: Urban centre vulnerability
Deliverable 13: Vulnerability analysis methodology for a urban historic centre and connected data-base for the monumental buildings of Benevento (in GIS) 

Description. A new methodology for monumental patrimony vulnerability assessment was developed; it is based on typological classification and on few geometric and constructive parameters. In this framework, a survey of the main vulnerability factors of the considered set of buildings, by mean of an appositely defined survey form, was performed and  a GIS data-base containing, for each building, all the surveyed information about its seismic vulnerability is constituted.
Final version. Survey forms for different monument typologies and model to calculate vulnerability and damage. Georeferenced database of the monuments, with collected data durino survey.

Use for Civil Protection. It may be applied at a large scale for cultural heritage. Scenarios can be used to estimate the impact of an earthquake on architectural town patrimoni. Example of application of a new methodology.

Deliverable 14: Seismic analysis of S. Sofia Church 

Description. The detailed analysis of the church of S.Sofia through the FEM Model allowed us to know its fundamental seismic behaviour: modes of vibrations, high vulnerability zones, interactions between different structural parts, damage localization. Moreover, a  seismic collapse multiplier has been defined
Final version. Church’s fem model and seismic damage patterns, referred to the scenario earthquake 

Use for Civil Protection. The model is useful to evaluate the actual state and also to verify the effectiveness of future retrofitting interventions.

Deliverable 15: Seismic analysis of Traiano’s arch
Description. Traiano’s Arch is the most representative monument in Benevento, but certainly not the most vulnerable (is still integer, after 20 centuries and many earthquakes). The analysis was performed with simplified methods, such as limit analysis.  

Final version. Traiano’s Arch capacity model, and evaluation of expected damage for scenario earthquake.

Use for Civil Protection. Paradigmatic example of the application of an analysis method that could be applied at a mean scale to other important monuments.

Deliverable 16: Survey criteria and survey form for masonry buildings used in the procedure applied in the project. 

Description Survey form which includes parameters and data needed for the application of mechanics-based risk assessment procedures. The data collected with the form are also compatible with other previous procedures such as GNDT level I and II.

Format. Survey form and instruction manual in paper format. Software for direct input of data and storage in a database on personal computer. 
Use for Civil Protection: Possible use in surveys in other areas of interest.
Deliverable 17: Database containing the surveyed data for masonry buildings of two sample areas of the city of Benevento 
Description. Set of data collected from the survey of buildings of two representative sample areas (an area of the historical centre and the "Libertà" district), characterized by different construction ages, and by different urban layout.
Format. Georeferenced database. 

Use for Civil Protection. The data can be used for other studies and applications , since they are compatible with other vulnerability and risk assessment preocedures (GNDT level I and II).
Deliverable 18: Survey criteria and survey form for reinforced concrete buildings used in the procedure applied in the project.
Description Survey form which includes parameters and data needed for the application of mechanics-based risk assessment procedures. The data collected with the form are organised in multilevel sections, in order to allow partial filling and the application of the method at a low level detail.

Format. Scientific report with the description of the methodology. Survey form and instruction manual in paper format. 
Use for Civil Protection. New assessment procedure that is an alternative to the classic GNDT I and II level methods. Possible use of the model generation process to perform “simulated project” as prescribed by new Italian code (ordinanza 3274). Possible use in surveys in other areas of interest.

Deliverable 19: Database containing the surveyed data for r.c. buildings of a sample areas of the city of Benevento 
Description. Set of data collected from the survey of r.c. buildings of the "Libertà" district.

Format. Georeferenced database, together with photo images.

Use for Civil Protection. The data contained in the form can be useful to have preliminary information on building’s mechanical behaviour.

Task 7: Damage scenarios and methods for the reduction of vulnerability
Deliverable 20: Mappe Damage scenario for reinforced concrete buildings in the sample area.
Description. Evaluation of the damage produced by the scenario input, based on the application of a new mechanics-based probabilistic methodology, developed within the project. 
Format. Scientific report with the description of the methodology. Georeferenced database of the predicted damage in the sample areas.

Use for Civil Protection. Example of application of a new methodology. Possible use for the evaluation of new scenarios.
Deliverable 21: Damage scenario for masonry buildings in the sample areas. 
Description. Evaluation of the damage produced by the scenario input, based on the application of a new mechanics-based probabilistic methodology, developed within the project. 
Format. Scientific report with the description of the methodology. Georeferenced database of the predicted damage in the sample areas. 
Use for Civil Protection. Example of application of a new methodology. Possible use for the evaluation of new scenarios.
Deliverable 22: Damage scenario of r.c. buildings in the sample area after  upgrading interventions (frp wrapping).
Description. The procedure applied in deliverable 20 is applied again on the same population of buildings, supposing that upgrading interventions are applied in order to enhance system’s ductility. 
Format. Georeferenced database of the predicted damage in the sample areas. 
Use for Civil Protection. Example of evaluation of benefits of "minimal" upgrading intervention on structural elements, based on the new mechanics-based procedure. 

Deliverable 23: Damage scenario of masonry buildings in the sample areas after  strengthening interventions aiming to prevent "first mode" (out-of-plane) damage mechanisms.
Description. The procedure applied in deliverable 21 is applied again on the same population of buildings, supposing that strengthening interventions are applied to prevent out-of-plane collapse mechanisms. 
Format. Georeferenced database of the predicted damage in the sample areas. 
Use for Civil Protection. Example of evaluation of benefits of "minimal" strengthening intervention on masonry, based on the new mechanics-based procedure. 

Task 8: Geographical Information System for risk management

Deliverable 24: SIT for Traiano’s project

Description. Definition of alphanumeric data structure related to cartographic database; population of database with the data of each task; tools for graphic and logic inquiry.

Format. Project in apr format (ESRI - ArcView 3.2), storing the relations between cartographic and alphanumeric data, with inquiry functions to data and hotlinks to external files and/or images.

Use for Civil Protection. Instrument for the management of useful data for the evaluation of seismic risk.

Deliverable 25: Automatic procedures based on relational algorithms between different data levels
Description. Development of automatic or semi-automatic procedures to correlate and analyse geophysical, geological, geotechnical, and structural data
Format. Additional functions implemented in the .apr of Traiano’s project

Use for Civil Protection. Instrument for risk analysis 

Conclusions

After three years activities we think that the main objective of the project has been certainly fulfilled: we managed to cooperate integrating the competencies of different research units (RUs) dealing with very different subjects and delivering a final product, the SIT (task 1-8), that can be certainly useful for local administrators and that contains innovative features for risk management at an urban scale. The fulfilment of this final objective was made possible thanks to the single objectives prospected for each task, that singularly contain innovative aspects in their research fields, and to the coordination of the activities of all the RUs.

The seismic input (task 2), based on potential active seismic sources models, and models for regional and local propagation was defined. In order to simulate the expected input a the bedrock, an innovative technique based on simulation of a large number of possible rupture processes, on the same fault, parameterized by different rupture nucleation points and final slip distributions on the fault plane was applied.

Geological map (task 3) of the area of interest was produced.

Regarding site effects, they were investigated employing different methodologies, both numerical (task 4) and instrumental (task 5). Twelve sites have been monitored (task 5), and a data set of 181 earthquakes has been collected at the end of the experiment. The entire data set exceed 1000 waveforms in number: it gives, for the first time, a well constrained image of the spatial variations of seismic response of different zones in Benevento (an example is shown in Fig.1). Microzonation maps were produced, joining geotechnical information (task 4) with weak-motion amplification at the station sites recorded in (task 5). Moreover, a new technique to evaluate the reliability of the adopted model based on geostatistical methodology was developed (task 4). By this powerful approach it is possible extending local information to a larger area also knowing the consistency of the spreading procedure.

Regarding the built environment (task 6), new assessment procedures for large scale vulnerability analyses, based on simplified models for r.c. and masonry buildings, were defined. The established methodology for building monuments is based instead on the typological classification of monuments and on the attribution of suitable vulnerability indexes. On such base, suitably survey forms were proposed for r.c., urm ordinary and ancient buildings and monumental evidences, field survey in the town districts of Rione Libertà and Centro Storico was performed and the built environment was classified. Data collected allowed to investigate on damage scenario (task 6-7). Moreover, thanks to the mechanical model adopted in the procedures for r.c. and masonry buildings, it is possible to evaluate the effect of strengthening interventions (task 7) and to re-evaluate the scenario.

St. Sofia Church, that is one of the most relevant and vulnerable monuments in Benevento, was studied in detail with a fem model, adopting nonlinear constitutive law for the masonry. Parallely, symbolic Traiano’s arch was studied with simpler methods, evaluating the collapse multiplier of structure.

Finally, the Geographic Information System (GIS) has been completely defined (task 1-8), programming the system for the mapping of damage scenarios, and developing a customized software to be used by the local authorities for the urban an territorial protection. A significant innovation is the implementation of automatic procedures based on relational algorithms between different data levels.
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Figure 1 (task 1): GIS structure and data layers
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fig. 2 (task 8) the relational rasters
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Fig. 4. Upper panck:inal Pavave velocity model. Thick continaous lnes correspond t the seismic intefaces investigated by seismic
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Western Carbonate Platform (Meso-Cenozoic limestones); 7 — Apulia Carbonate Platform (Jurassic-Testiary limestones), § —
Apulia Carbonate Platform (Upper Triassi dolomites and anhydsites of the Burano formation); 9 — Verrucano formation (Permo-
Triassic lastic deposits); 10 — main thrust plancs, as suggested by Taurashwell data and by previous structural models of the region.




Figure 3 (task 2): Upper panel: final P-wave velocity model. Thick continuous lines correspond to the seismic interfaces investigated by seismic rays, and dashed lines refer to extrapolated interfaces; numbers indicate P-wave velocity values. Shot points and wells are also shown. Lower panel: geological interpretation of the P- wave velocity model. 1-middle pliocene clastic deposits of the Benevento basin; 2-late Tortonian.Messinian thrust-sheet-top deposits; 3-upper Miocene flysh deposits unconformably overlying the western platform carbonates; 4-Sannio and Molise nappes; 5-Molise nappe; 6- Western carbonate platform; 7-Apulia carbonate platform (Jurassic-tertiary limestone) ; 8- Apulia carbonate platform (upper Triassic dolomites); 9-Verrucano formations; 10-main thrust planes.
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fig. 4 (task 3) geological map of the Benevento region.
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fig. 5 (task 4)  Distribution of Vs at -1m from G.L. and reliability map.
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Figure 6. (task 5) Station sites are overimposed on the geological map of Task 2. Seismograms are the ground motion velocities (NS component) of a M 3.8 earthquake in Molise. The amplitude of stations in the alluvial plain of the Sabato river is significantly larger than those on the hill. In the inset, the epicenters of the earthquakes collected in the data-set are shown. Red triangles indicate the city of Benevento and the mainshock of the Molise sequence.
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Fig. 8 (task 6): self-weight non linear analysis of the church of S.Sofia (stresses along z).
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Figure 7 (task 5). The study area of Benevento (historical center and Rione Libertà) shows three characteristic shapes of spectral response. The grey zone, corresponding to the historical center on the hill where cemented conglomerates outcrop, has the smaller ground motion amplitudes: it is used as the reference for the relative amplication estimates of the other zones. The pink zone results in a broad-band amplification (typically larger than 3 between 3 and 7 Hz), mostly due to the Sabato river deposits. The two green zones are characterized by soft upper layers (debris, colluvium, alluvium, lacustrine deposits, etc.) overlying cemented conglomerates or stiff alluvium. This zone shows narrow-band spectral peaks, typically at frequencies larger than 5 Hz.

Panels in the bottom show the effect of amplifications due to near-surface geology in terms of response spectra. A scenario is simulated through EGFs for a target Mw 6.5 event occurring 30 km from the city. The red curves are the 5% dumped acceleration response spectra (average value and statistical uncertainties) that are compared with expected response spectra (blue and green are the Sabetta-Pugliese expectations for stiff and soft sites, respectively, whereas the black curves are the different soil classes elastic spectra anchored to the PGA of Sabetta-Pugliese regression).  
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Figure 7 (task 6): Experimental modelling of out-of-plane collapse mechanisms A-B2
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Fig. 7 (task 6): r.c. model generation process
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