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 Gruppo Nazionale per la Difesa dai Terremoti

Brief Report 

Detailed Scenarios and Actions for Seismic Prevention of Damage in the Urban Area of Catania

Coordinator: Prof. Michele Maugeri

Introduction

The main research activities of the Project are related to the tasks: characterisation of the expected ground motion and site effects; vulnerability of physical environment, road infrastructures and urban system; vulnerability and seismic structural improvement of buildings to prevent damage. For each of these tasks, the research activities and goals to be achieved are reported in the following.

Main Research Activities

The main research activities for the task 1, characterisation of the expected ground motion and site effects, are: source modelling of the Scenario Earthquakes; detailed geological survey and geological mapping of the urban area of Catania; noise measurements; site effects evaluation; synthetic accelerograms at the surface and at a given depth (bedrock). The research activity of task 1 was leaded by E. Priolo, who has coordinated the contribution of geologists and geophysics of R.U. No. 4 (Scientific Responsible: G. Lombardo), geophysics of R.U. No. 5 (Scientific Responsible: G. Immè) and R.U. No. 9 (Scientific Responsible: E. Priolo), geotechnical engineers of R.U. No. 1 (Scientific Responsible: M. Maugeri). The research coordination among all the researchers involved has been addressed to the following activities: investigation of the main earthquake sources of South-Eastern Sicily (activity 1.1); Geology, geophysics and rock physics (activity 1.2); Strong ground motion modelling of the Catania area (activity 1.3); local response and site effect evaluation (activity 1.4).

The main research activities for the task 2, vulnerability of physical environment, road infrastructures and urban system, are: test sites including borings located at the relevant sites; in situ tests performed inside boreholes, undisturbed sampling and laboratory tests in the dynamic field for detecting soil non-linearity behaviour; updating soil dynamic parameters and geotechnical mapping, including all borings, all geophysical measurements and all in situ and laboratory test results; seismic microzonation of the urban area of Catania; modelling of the vulnerability of slopes to the Scenario Earthquake and application of the model to the Monte Po landslide behaviour, located in the urban area of Catania; modelling of liquefaction including instability due to lateral spreading; evaluation of soil-structure-interaction; survey of the cavities under the Catania area and implementation of a database of detected cavities; road infrastructures vulnerability, including evaluation of seismic instability of slopes, foundations and retaining walls which can cause interruptions on the road system; infrastructures system vulnerability evaluation. The research activity of task 2 was leaded by M. Maugeri, who has coordinated the contributions of geotechnical engineers, geologists, transportation engineers of R.U. No. 1 (Scientific Responsible: M. Maugeri) and town-planners of R.U. No. 3 (Scientific Responsible: G. Campo). The research coordination among all the researchers involved has been addressed to the following activities: Geotechnical characterisation and test sites (activity 2.1); microzonation of ground motion, landslides and liquefaction (activity 2.2); foundation and retaining wall stability (activity 2.3); vulnerability of road network, infrastructures and urban system (activity 2.4); GIS data management (activity 2.5).  

The main research activities for the task 3, vulnerability and seismic structural improvement of buildings to prevent damage, are: assessment of the construction typology, identification tests and evaluation of vulnerability and earthquake resistance of monumental buildings; evaluation of building vulnerability and earthquake resistance for the most common construction typology of r.c. buildings; evaluation of critical acceleration, for limiting state serviceability vulnerability for most common construction typology of r.c. buildings; remedial works for most common construction typology of r.c. buildings with traditional and innovative techniques; Code of Practice for the improvement of the most common typology of r.c. buildings; transfer of the Code of Practice to the Municipality and other Institution; transfer of the Code of Practice to the Engineers and to the Technicians; transfer to the Municipality office a Geographical Information System (GIS) database of all the results obtained by the Research Project; criteria for priority on the remedial works execution. The research activity of task 3 was leaded by G. Oliveto, who has coordinated the contributions of structural engineers of R.U. No. 2 (Scientific Responsible: G. Oliveto), of R.U. No. 6 (Scientific Responsible: F. Braga) and of R.U. No. 7 (Scientific Responsible: G. Zingone). The research coordination among all the researchers involved has been addressed to the following activities: definition of dynamically identified analytical models of historical and monumental buildings (activity 3.1); analysis of the collapse behavior under seismic loads finalized to the risk mitigation of historical and monumental buildings (activity 3.2); vulnerability evaluation and seismic retrofitting of existing vulnerable buildings (activity 3.3); a Code of Practice, concerning the Assessment and Strengthening of Reinforced Concrete Buildings (activity 3.4).
TASK 1. Characterisation of the expected ground motion and site effects

One of the main results of the first “Catania Project” of CNR-GNDT has been to identify the gross features of the elements needed to assess the seismic hazard for the Catania area, i.e. reference sources, geological set up, local site conditions, expected ground motion and site response. In the course of the present project, Task 1 activity has been mainly focused on validating or supply additional constraints to some of the results obtained by the previous project (i.e. the source characterization and the local geology), and enlarging the data-set of field records/observations and synthetic seismograms, to take into account the variability of the phenomenology more exhaustively. In  particular, the task has provided an alternative characterization of the sources of the January 1693 events, which might suggest a modification of the current seismic zoning of the SE Sicily area. The geological, geophysical and laboratory investigations performed provide additional insight into the surface geological setting of some areas, as well as more constraints to the structure and the physical parameterization of the top 30 m of soil (new borehole data have been acquired to this purpose). Numerical simulations have been extensively used with the aim of 1) estimating strong ground motion scenarios for different earthquake hypotheses, 2) evaluating the transfer functions and theoretic peak accelerations, and 3) evaluating the effectiveness of 1-D non-linear and 2-D linear methods for the estimation of the local response. It is worth noting that some of the methods used (i.e. EXWIM and SPEM 2D) do provide (spectral) estimates of the displacement, including the static offset, an information that can be directly used by engineers for damage prediction and structure design. Finally, an extensive data-set of  H/V spectral ratio estimated from microtremor measurements has been used to define a number of geological cross-sections (some of them across tectonic structures), and determine the perturbation on the natural frequency of vibration due to the presence of buried cavities and monumental buildings. The main goals are: 1. Investigation of the main earthquake sources of South-Eastern Sicily (RU9); 2. Geological and geophysical studies, and rock physics (RU4, RU5); 3. Strong ground motion modelling (RU4, RU9); 4. Local response and site effect evaluation (RU1, RU4, RU9).

Activity 1.1: Investigation of the main earthquake sources of South-Eastern Sicily
The Main goals of activity 1.1 are: 1. Investigation of the main historical events of South-Eastern Sicily from macroseismic intensity data-sets; 2. Inversion of the main source parameters of the two events 9 and 11 January 1693; 3. Testing and validation of the inversion procedure for sources located close to the coast, or with epicentres off-shore. 

The Adopted methodology is the automatic source inversion of the kinematic function KF by Genetic Algorithms with Niching (NGA), which has recently been validated (Gentile et al., 2004; Sirovich and Pettenati, 2004). A series of experiments has been performed, to verify the solutions and their uncertainties when the macroseismic field is asymmetric, or there is a lack of data towards some directions.

The Output Data are the source parameters (i.e. location, depth, fault mechanism, fault length, and rupture direction and velocity) for the two events of 9 and 11 January 1693 and other minor events of South-Eastern Sicily. 

The Modica earthquake (01.23.1980) is a modestly-sized earthquake (Ms=4.3), but it is crucial to proof the presence of an active source in inland SE Sicily (possibly alternative to the Ibleo-Maltese source for the destructive earthquakes of 9 and 11 January). The two solutions found by inversion almost agree with a mechanism with approximate NS strike direction, a mixed mechanism mainly dip-slip, and a pseudo-vertical dip. This is compatible with our inland EBT78 source (Sirovich & Pettenati 1999, 2001) and with the structural framework of the area, but not with the kind of rupture of the Scicli Line. 

The two destructive events of 1693 were inverted using all the available macroseismic intensity data sets. The final result is that the January 9 and 11, 1693 sources – constrained by our inversions – form a NNE-oriented segmented fault, approximately 60 km long. The retrieved complex fault is steeply dipping toward ESE, or WNW, with rupture mechanism from pure strike-slip to 50% strike-slip and 50% dip-slip. This active structure would cross SE Sicily from the Hyblean Plateau to the coast of the Ionian Sea, south of the city of Catania. The Scicli-Ragusa-Monte Lauro active transcurrent fault, which outcrops 12-14km to the west of our line source, is compatible with our inversion, at the error limits. Figure 1.1. summarizes our work on this matter, carried out over five years (see, also, Progetto Catania, 96-99) for events of 1693.

The experiments performed to verify the solutions and their uncertainties when the macroseismic field is asymmetric or incomplete i) confirm that the most significant parameters for the inversion are the epicentral coordinates and the angular values of the fault-plane solution and ii) they tend to exclude the Hyblean Maltese escarpment as the source responsible for the two above-mentioned events. Incidentally, a seismic source with distensive mechanism along the Hyblean Maltese Escarpment seems to be incompatible with the maximum horizontal geodynamical stress orientation so far known inland the study area. The source parameters of the two events of 1693 have been used as a basis for the zonation of the new national seismic hazard map. 
The products are Two Open File Reports (see table below).
Publications (OFR=Open File Report, PPT=Powerpoint presentation, CD=CD-ROM)
Sirovich, L. & F. Pettenati 2001. Test of Source-Parameter Inversion of the Intensities of a 54,000-Deaths Shock of the Seventeeth Century in Southeast Sicily. Bulletin of Seismological Society of America, 91, 792-811.

Pettenati, F. and L. Sirovich, 2003. Test of source inversion of the USGS “Felt Reports” of the Whittier Narrows, 1987 earthquake. Bulletin of Seismological Society of America, 93, 47-60.

Pettenati F., F. Gentile and L. Sirovich, 2003. The Sources of the two destructive Earthquakes of 1693 retrieved by Automatic Inversions. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton.

F. Pettenati and L. Sirovich, 2003. A Summary of the Automatic Source Inversions of the Catalogs: one only segmented source, IN-LAND. Proc. Int. Conf. “Seismogenic faulting and seismic activity in the Calabrian Arc region – Taormina, 16 and 17 October 2003, pp.67 – 68.
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Figure 1.1 – Summary of the inversions of all the available macroseismic intensity data sets of the two destructive events of 1693.

H. Bungum, F. Pettenati, L. Sirovich, J. Schweitzer, 2004. Source Inversion of Regional Intensity Patterns: The Ms=5.5, 1904 Oslofjord Earthquake, and some smaller well-recorded Norwegian Eevents. ESC, Potsdam 2004.

Gentile F., F. Pettenati and L. Sirovich, 2004. Validation of the Automatic Source Inversion of the U. S. Geological Survey Intensities of the Whittier Narrows, 1987 Earthquake. Bulletin Seismological Society of America, In press.
Sirovich L. and F. Pettenati, 2004. A new Automatic Source Inversion Technique of Intensity Patterns of Earthquakes; Validation on a Destructive Shock of 1936 in NE Italy. Journal Geophysical Research, in press.

F. Pettenati, H. Bungum, J. Schweitzer and L. Sirovich, 2004. Automatic Source Inversion of Macroseismic Intensity Data: Case Studies for West Coast Norwegian Earthquakes. Submitted.

Activity 1.2: Geology, geophysics, and rock physics

The main goals are:

1.  (RU5) Evaluation of anisotropy effects in three orthogonal directions on sample rocks of Etnean lavas and limestones.

2. (RU4) Evaluation of site response amplification in different lithotypes and nearby tectonic structures and cavities. Comparison of experimental results with theoretic transfer function obtained through a 1-D modelling. Simulation of soil amplification taking into account the presence of peculiar small-scale heterogeneities such as inclusion of lens with different velocities.

3. (RU4) Detailed geological survey (scale 1:2000) of test zones inside the urban Catania territory and building up of a database collecting all the available information concerning borehole data, geophysical prospecting, morphological and geotechnical features.

The adopted methodologies are:
1. (RU5) Ultrasonic laboratory measurements carried out at room pressure for volcanic rocks and carbonates. 

2. (RU4) Microtremor measurements performed at sites located in different lithotypes outcropping in Catania downtown as well as in areas interested by tectonic structures and the presence of natural cavities. Processing of data through HVSR technique.

3. Use of software devoted to creating a territorial informative system (T.I.S.) for the urban area of Catania. 
The output data are:

1. (RU5) Vp values for volcanic rocks. 
2. (RU4) Database, detailed geological map, local response features at different lithotypes, tectonic structures and cavities.
The results achieved are:

1. (RU5) Laboratory measurements shows that Vp is strongly affected by the different microstructure and mineralogy of rocks investigated.
2. (RU4) The results of microtremor measurements and theoretical simulations are described in Task 1 – Activity 3 and 4 report.

3. (RU4) Geological maps at large scale of areas selected inside the Catania urban area. CD-ROM with a dataset gathering topographic, geologic, morphologic, geophysical and geotechnical features of terrains outcropping in the territory of Catania. The database will allow the possibility of updating and integration with new contributions.

Collaborations with other Research Projects: local seismic response studies have been performed in cooperation with researchers of the INGV-Roma in the frame of the GNDT Project “Development and comparison of methodologies for the evaluation of seismic hazard in seismogenic areas: application to the Central and Southern Apennines”, Coord. M. Cocco.

The products are: Open File Reports (see table below). CD-ROM with database.

Publications (OFR=Open File Report, PPT=Powerpoint presentation, CD=CD-ROM)
Catalano, S. De Guidi, G. Gresta, S. Langer, H. Lombardo, G. Monaco, C. Rigano, R. Tortorici, L. (2003). Geolithological features and site response in the town of Catania. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton.

Grasso, S. Lombardo, G. Maugeri, M. Rigano, R. (2004). Site Effects Evaluation in Monumental and Civil Residence Buildings in the Urban Area of Catania. Proc. of XI National Meeting L’ingegneria Sismica in Italia, Genova, 25-29 gennaio, CD ROM.
Lombardo, G. Langer, H. Gresta, S. Rigano, R. Monaco, C. De Guidi, G. (2004). On the importance of geolithological features for the estimate of the site response: the case of Catania metropolitan area (Italy). Natural Hazard (submitted).
Lombardo, G. Rigano, R. Gresta, S. Langer, H. Monaco, C. De Guidi, G. (2004). Evaluation of the local seismic response in the area of Catania (Italy). Risk Analysis 2004, VI Int. Conf. On Computer Simulation In Risk Analysis And Hazard Mitigation. 27 – 29 September 2004, Rhodes, Greece.

Activity 1.3: Strong ground motion modelling for the Catania area 

Main goals are:

1.
(RU9) Supplement the existing earthquake scenarios with new simulations to re-evaluate the variability of the estimated ground motion. Different source hypotheses and near-source effects are accounted for.

2.
(RU4, RU9) Making more comprehensive the data-set of synthetic seismograms to be used as a seismic input for site response estimation and engineering studies.

3.
(RU9) Evaluation of transfer function and theoretic peak accelerations.

The adopted methodologies are:

a. (RU9) The near-fault strong ground motion is computed through a hybrid stochastic-deterministic method (EXWIM 2.1), which simulates rupture propagation along finite fault and solves the 3-D full-wave propagation in anelastic media with a vertically heterogeneous structure. 

b. (RU9) Simulations performed through the 2-D spectral element method.

c. (RU4) Estimate of maximum acceleration, modelling the source time function in terms of acceleration as a band-limited random sequence of random pulses, and accounting for the wave propagation effects by using Haskell layer matrices.

The output data are:

a. (RU9) Strong ground motion scenario for the reference earthquake M=6.2 of February 20, 1818. The epicenter is close to the northern part of the present settlement of the city (Figure 1.3). The ground motion is computed at a dense grid of receivers covering the northern sector of the Catania municipal area. Local site conditions are taken into account at each site in a simplified way (i.e. the VS30 value). In order to evaluate an exhaustive scenario we consider different settings for: fault size (i.e. different stress drop levels), slip distribution, hypocenter location, as well as rake distribution. A large data-set of synthetic three-component seismograms (about 1500 at each of the 470 receivers), response spectra, and other ground motion indeces (i.e. PGA), as well as an estimation of the displacement, including the static offset.

b. (RU9) 2-D simulations for:

b.1 – The December 13, 1990, M=5.8 earthquake, and a transect (t06) through the site of the Catania accelerometric station;

b.2 – A hypothetic M=6.2 event occurring along the northern segment of the Ibleo-Maltese fault system, and a transect (t01) through Catania and Paternò town, with detailed local 1D structure specified at four sites;  

b.3 – The January 11, 1693, M≈7 earthquake, transect (t01), with detailed local 1D structure specified at seven sites. 

Three-component seismograms response spectra, and other ground motion indeces (i.e. PGA), for a limited number of source hypotheses. In case b.2 and b.3, seismograms along a vertical column down to depth 25 m and 100 m, respectively. 

c. (RU9) Large number of shallow borehole data. Source parameters (magnitude, epicentral distance, seismic moment and stress drop) of the January 11, 1693 earthquake, considered as scenario earthquake.

The main results are:

a. (RU9) The simulated scenario predicts average accelerations (Figure 1.2, left panel) quite close to those predicted for the same reference earthquake by previous studies (Pessina, 2000), with remarkable amplification effects due to the different soil types (e.g. the fine alluvium of the Catania plain). A large variability of PGA is predicted in the near-fault, and this addresses the need of having more constraints on the source input. The median values predicted for the 1818 earthquake are smaller (about 50 %) than those predicted for the 1693 event, while comparable or larger values have been obtained by considering high stress drop values (Figure 1.2, right panel) and directivity effects.

b. (RU9) The results of the simulations have been used for site response analysis and are described in Task 1 – Activity 1.4 report.

c. (RU4) Results of the numerical simulations of the peak accelerations reveals a strong dependence on the subsurface structure, in particular, significant amplification effects are observed when the 5 Hz – acceleration responses are computed. Such value corresponds to the resonant frequency of one or two story buildings that are indeed the majority of the existing edifices in the downtown area. Strong amplifications are found at outcrops of detritic material as well. 

Products

Open File Reports for the scenario of the 1818 earthquake and  the amplification effects observed in Catania downtown. Due to the huge amount of the synthetic data-set produced, seismograms are available upon request to the authors.

Collaborations

EXWIM method has been developed and validated in collaboration with the GNDT Project “Development and comparison of methodologies for the evaluation of seismic hazard in seismogenic areas: application to the Central and Southern Apennines”, Coord. M. Cocco. 

Publications (OFR=Open File Report, PPT=Powerpoint presentation, CD=CD-ROM)
Priolo, E. and Laurenzano, G. (2001). Earthquake ground motion estimation in Catania (Sicily, Italy): 2-D spectral element modeling and measurements of microtremors. 18th Symposium of the International School of Geophysics: Advances in the Assessment of Earthquake and Volcanic Hazard. EMCSC, Erice, 5-15 July, 2001.

Panza, G.F., Romanelli, F., Vaccari, F., 2001. Seismic wave propagation in laterally heterogeneous anelastic media: theory and applications to the seismic zonation, Advances in Geophysics, Academic press, 43, 1-95.

Priolo, E., Laurenzano, G., Vuan, P. and Klinc, P. (2002). 2-D Spectral Element Simulations of the Ground Motion for Seismic Hazard Assessment. In: Boschi E., Cocco M., and Morelli A. (eds),  Int. School of Geophysics,  Erice, Sicily, 1-8 August, 2002. 22nd Course: ERMES – Earthquake Mechanics, Earth Structure and Related Problems, Book of the Expanded Abstracts.

Laurenzano, G. and Priolo E. (2003). Numerical modelling of the December 13, 1990, M=5.8 Eastern Sicily earthquake. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton. ― Also: submitted to Bull. Seis. Soc. Am.
Grasso, S. Laurenzano, G. Maugeri, M. Priolo, E. (2003). Seismic response in Catania by different methodologies. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton.

Priolo, E. (2003). Ground Motion Modeling Using the 2-D Chebyshev Spectral Element. In: Method Numerical Analysis and Modeling in Geomechanics, J. W. Bull (Ed.), Spon Press–Taylor and Francis Group Ltd., London, pp. 250-273.

Laurenzano, G. Priolo, E. Klinc P. and Vuan A. (2004). Near-Fault Earthquake Scenarios for the February 20, 1818 M=6.2 ‘Catanese’ Event. Risk Analysis 2004, VI Int. Conf. On Computer Simulation In Risk Analysis And Hazard Mitigation. 27 – 29 September 2004, Rhodes, Greece 

Catalano, S. De Guidi, G. Gresta, S. Langer, H. Lombardo, G. Monaco, C. Rigano, R. Tortorici, L. (2003). Geolithological features and site response in the town of Catania. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton.

Lombardo, G. Rigano, R. Gresta, S. Langer, H. Monaco, C. De Guidi, G. (2004). Evaluation of the local seismic response in the area of Catania (Italy). Risk Analysis 2004, VI Int. Conf. On Computer Simulation In Risk Analysis And Hazard Mitigation. 27 – 29 September 2004, Rhodes, Greece.
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Figure 1.2 - Map of the study area (left panel) and average PGA scenarios computed for (left) all stress-drop values (i.e. the three source sizes shown in the map), and (right) the highest stress drop values, respectively. Note that the two scenario maps have different colour scale.

Activity 1.4: Local response and site effect evaluation

The main goals are:

1. (RU4) Noise measurements to assess the main resonant frequency of sites and buildings, and investigating the effectiveness of noise measurements to detect amplification effects due to the presence of faults and cavities;

2. (RU1, RU9) Performing a comparison among different method used for site response analysis (HVSR from microtremors, 1D and 2D methods), and evaluating the range of applicability of non-linear 1-D and linear 2-D approaches in the case of strong ground motion. Evaluating the concept of “bedrock seismic input” through 2D simulations and understanding the effect of different choices of the seismic input on 1D simulations.

3. (RU1) Evaluating the 1-D non-linear soil response at sites which are locations of ecclesiastical buildings.

The adopted methodologies are:

1. (RU4) New microtremor measurements have been performed at sites located in Catania both downtown and the surrounding areas interested by tectonic structures. The horizontal-to-vertical-spectral-ratio technique (HVSR) is used to assess the main resonant frequency, and comparison with results of a 1-D modelling is performed both to test the reliability of experimental spectra and to interpret them from a geologic-structural point of view.

2. (RU1) 1-D method (GEODIN code), which takes into account the detailed shear waves soil profile of superficial layers, including soil non-linearity. (RU9) 2-D spectral element (SPEM 2D) method. More details on the method are given in Task 1 – Activity 3 report.  Simulations performed at several sites of Catania and Paternò where the local 1D structure is specified in detail.

3. (RU1) 1-D method including soil non-linearity for evaluating the local response spectra at the site where ecclesiastical buildings are located.
The output data are:
1.  (RU4) Geological cross-sections with H/V spectral ratios along short profiles in the main lithotypes and across both tectonic structures and natural cavities. Resonance frequency of civil and monumental buildings.
2. (RU9) Three-component seismograms and spectral amplification functions (fmax=6Hz) at surface and along a vertical column, in depth, at the following sites: 1) the site of the Catania accelerometric station, 2) four sites in Paternò, 3) seven sites in Catania centre.

3. (RU1) The response spectra at the 108 Churches site location to be used for response analysis of historical buildings and monuments typical of a Mediterranean city as Catania, as described in task 3, activity 3.2 and 3.3.
The main results are:
1. (RU4) The natural period of buildings, evaluated through spectral ratio technique, does not significantly contaminate the peak response at sites. The H/V microtremor spectral ratios do not show pronounced spectral peak amplifications in most of the sampling sites investigated along the downtown profile. Significant amplifications are only observed in sites located on the recent alluvial deposits, while some moderate amplifications appear in a few sites located on the detritus and pyroclastics. The absence of amplifications in most of the sampling sites can be explained in terms of the poor wave velocity contrast between the lithotypes forming the sedimentary sequence outcropping in the study area.

The existence of significant amplification effects due to the focusing of seismic energy in the gouge zone of a fault was clearly observed. Such effects sensibly decrease few tens of meters away from the fault area.

The H/V amplification peaks obtained from measurements performed both inside and over the vault of the cavities show only moderate differences with respect to those calculated from measurements performed nearby the cavities.

2.  (RU9) A strong local response is predicted at all sites. In particular, the “anomalous” response of the Catania station during the 1990 earthquake is explained as a combined effect of both the site and deeper crustal structure. 


The simulations performed for Paternò clearly show that surface soils have the effect not only of amplifying the amplitude but also that of increasing the overall duration. In addition, the light-blue clay layer (which is commonly found at some metres of depth in the whole Catania area) acts as a real seismic bedrock only for the clayey sites, while for the other sites (e.g. gravely/sandy sites), where the impedance contrast with this layer is much lower, the seismic bedrock cannot be clearly identified. 

(RU1, RU9) At seven sites of the Catania centre, where the shallow structure has been specified in detail, we have compared two numerical methods, i.e. the 2-D Spectral Element Method and 1-D GEODIN (Figure 1.4). In particular, we have analyzed the effects on site amplification due to several factors, such as seismic input (e.g., a synthetic one, specifically computed for that site, vs. one recorded elsewhere), depth of the conventional bedrock, shear wave soil profile, and soil non-linearity. The uncertainties related to these factors have also been estimated. The results suggest that the uncertainty in the site response is related, in order of relevance, to soil-nonlinearity, definition of the shallow structure and numerical method employed in the simulation. However, the similarity observed in the results obtained by the 2-D and 1-D methods can be explained by the lack of strong lateral heterogeneities in the shallow part of the structural model used in this study.

3. (RU1) The 1-D non-linear soil response has been evaluated for 108 geo-settled sites which are locations of ecclesiastical buildings. The results show significant soil amplification of the ground motion, which must be taken into account for the activity 3.3 of task 3: analysis of the collapse behavior under seismic loads finalized to the risk mitigation of historical and monumental buildings.
The main products are: Open File Reports (see table below). Other data are available upon request to the authors.
Publications  (OFR=Open File Report, PPT=Powerpoint presentation, CD=CD-ROM)
Priolo, E. and Laurenzano, G. (2001). Earthquake ground motion estimation in Catania (Sicily, Italy): 2-D spectral element modeling and measurements of microtremors. 18th Symposium of the International School of Geophysics: Advances in the Assessment of Earthquake and Volcanic Hazard. EMCSC, Erice, 5-15 July, 2001.

Laurenzano, G. and Priolo E. (2003). Numerical modelling of the December 13, 1990, M=5.8 Eastern Sicily earthquake. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton. ― Also: submitted to Bull. Seis. Soc. Am.

Grasso, S., Laurenzano, G., Maugeri, M., and Priolo, E. (2003). Seismic response in Catania by different methodologies. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton.
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Figure 1.3 – Shallow structure of the 2D model (top) and seismic response estimated at site 1 (bottom). From left to right: vertical velocity profile; example of computed acceleration (horizontal radial component); ratios of the amplitude spectra at three different depths.

Lombardo, G. Langer, H. Gresta, S. Rigano, R. Monaco, C. De Guidi, G. (2004). On the importance of geolithological features for the estimate of the site response: the case of Catania metropolitan area (Italy). Natural Hazard (submitted).

Grasso, S. Lombardo, G. Maugeri, M. Rigano, R. (2004). Site Effects Evaluation in Monumental and Civil Residence Buildings in the Urban Area of Catania. Proc. of XI National Meeting L’ingegneria Sismica in Italia, Genova, 25-29 gennaio, CD ROM.
TASK 2. Vulnerability of physical environment road infrastructures and urban system

The vulnerability of physical environment, road infrastructures and urban system are the main topic of research activity of the R.U. No. 1 (Scientific Responsible: M. Maugeri) and R.U. No. 3 (Scientific Responsible: G. Campo). The Research Unit No. 1 is subdivided into different working groups: the working group 1 on geotechnical analysis, including site investigation and vulnerability of physical environment, the working group 2 on cavities, the working group 3 on roads infrastructures, the working group 4 on foundation and retaining wall, the working group 5 on Geographical Information System (GIS).

The GIS research activity has updated the database available by the first Catania Project and created a new database for cavities, landslides and road infrastructures. New research activities, in relation to the first Catania Project are the analysis of seismic behaviour of foundation and retaining wall, with particular reference to the foundation retrofitting and the analysis of the vulnerability of road infrastructures and urban system including pipelines.

Activity 2.1: Geotechnical characterisation and test sites 

Following the site characterisation made by the previous Catania Research Project, in addition to the test sites of Via Stellata, the four new test sites of Piazza Palestro, San Nicola alla Rena Church, via Monterosso and via Dottor Consoli were analysed. Borings, in situ tests and laboratory tests including resonant column tests and cyclic loading torsional shear tests were performed to detect soil non-linearity. The four test sites are located in different soil types, in correspondence of relevant buildings. The Piazza Palestro test site is located in sandy soil, typical of some Catania area. The San Nicola alla Rena test site is located in medium stiff soil, in correspondence of the San Nicola alla Rena Church. Geotechnical characterisation is relevant for the research activity 3.2 and 3.3 of task 3. Via Monterosso test site is located on lava soil, in correspondence of a R.C. building analysed by the R.U. No. 2. The via Dottor Consoli test site is located in clayey soil, in correspondence of a masonry building analysed by structural engineers. 

To evaluate the geotechnical characteristics the following in situ and laboratory tests were performed in the municipal area of Catania: 22 Boreholes; 5 Standard Penetration Test (SPT); 1 Cone Penetration Test (CPT); 1 Cross-Hole test (CHT); 5 Down-Hole tests (DHT); 1 DMT test; 9 Edometer tests; 17 Direct shear tests; 4 Triaxial CD tests; 7 Triaxial CU tests; 7 Triaxial UU tests; 11 Cyclic loading torsional shear tests; 15 Resonant column tests. Recently the new seismic dilatometer Marchetti test (SDMT) was made at the following locations: San Giuseppe La Rena location, in a potential liquefiable sandy soil (see activity 2.2); Monte Po location in a potential instable slope (see activity 2.2); Piana di Catania location, in an very densely industrial building area; the Villa Bellini of Catania, in a clay soil, in a very densely residential building area, characterised by high soil amplification (see activity 2.2). The new SDMT allows the Vs measurement, with a major accuracy than the Down-Hole test. The SDMT and DH results are compared and discussed.

The specific laboratory test for detecting soil non-linearity behaviour is a key point for evaluating local response and site effects, because as it is possible to see in activity 4 of task 1, 1-D non-linear soil response is preferable to 2-D linear soil response in the epicentre area. The correct evaluation of local soil response is in turn a key point for the microzonation study reported in the following paragraph. 

By way of example, the non-linearity for sandy soil at Piazza Palestro test site is reported in figure 2.1. Similar laws have been obtained for 6 different locations representing the typical foundation soil conditions in the city of Catania. The experimental laws evaluated by lab tests have been implemented in a computer code for the evaluation of the ground motion (see activity 2.2).
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Figure 2.1. Soil non-linearity at Piazza Palestro test site. a) G-  curves from CLTST and RCT. b) Damping ratio curves from CLTST and RCT.

The main products are the publications reported below and the power-point presentations to international and national conferences. 
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Cavallaro A., Grasso S. and Maugeri M., 2001a. A Dynamic Geotechnical Characterization of Soil at Saint Nicola alla Rena Church Damaged by the South Eastern Sicily Earthquake of 13 December 1990. Proceeding of the 15th International Conference on Soil Mechanics and Geotechnical Engineering, Satellite Conference “Lessons Learned from Recent Strong Earthquakes”, Istanbul, 25 August 2001, pp. 243 - 248.
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Cavallaro A., Grasso S. and Maugeri M., 2002. Seismic Geotechnical Hazard and Soil Response Analysis for the Historical Ecclesiastical Buildings of the City of Catania (Italy). Proceeding of the 7th U.S. National Conference on Earthquake Engineering, Boston, 21 – 25 July 2002.

Cavallaro A., Maugeri M., 2004. Non linear behaviour of the soil of the city of Catania at the test sites. In: Seismic Prevention of Damage for Mediterranean Cities. A Case History: the city of Catania (Italy). Editor M. Maugeri. WIT Press, Southampton.
Activity 2.2: Microzonation of ground motion, landslides and liquefaction

The microzonation of empirical prediction of ground shaking (Pessina, 2000), available from the previous Catania Project could be considered as microzonation of grade 2, according to the Manual for Zonation on Seismic Geotechnical Hazards (ISSMGE, 1999), because this is based on local ground conditions and attenuation relations (Ambraseys 1995; Spudich et al. 1997), without evaluating local soil response. An alternative microzonation of grade 2 was performed by Grasso and Maugeri (2003b), based on the Spudich et al. (1999) attenuation relation and on Geotechnical Hazard Index (Castelli et al., 2000). A grade 3 microzonation has been carried out during the second year of research, based on the response analysis performed for the soil profiles given by the about 910 boreholes available on the GIS database. The seismic response at the ground surface has been evaluated defining the input motion through both a conventional approach (i.e., scaled recorded accelerograms at bedrock) and the synthetic accelerograms given by the 2-D code at a given depth, according to activity 1.4 of task 1. By way of example, the grade 3 microzonation of the northern part of the city of Catania is reported in fig. 2.2 (Grasso and Maugeri, 2003).  During the third year of 
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Figure 2.2. Ground shaking map in terms of PGA for the northern part of the city of Catania. 

research, the detailed microzonation of grade 3 has been completed for the whole city of Catania. The microzonation of the whole city of Catania, in addition to ground motion, has been taken into account slope instability and potential liquefaction.

To detect the slope stability hazard two new models have been developed of which one for clay slope for which soil stability is affected by strength cyclic degradation (Biondi and Maugeri, 2003) and one for saturated sand slope for which soil stability is affected by pore pressure build-up (Biondi et al., 2002). The model referred to clay slope has been applied for based displacement analysis of the Monte Po landslide in Catania. The model referred to the saturated sand slope has been applied to the shore line of Catania city were flow failure with lateral spreading can be expected because of liquefaction phenomena.
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Biondi G., Cascone E., Maugeri M. (2001): “Una procedura per la valutazione delle condizioni di stabilità sismica dei pendii costituiti da terreni incoerenti saturi”. X Congresso Nazionale “L’ingegneria Sismica in Italia”, Potenza-Matera 9-13 settembre 2001.
Biondi G., Cascone E., Maugeri M., Motta E. (2002). “Earthquake effects on the displacements of the liquefiable slopes”. Topic: 2.2 - “Dam and Slopes”. 12-th European Conference on Earthquake Engineering, Londra, 12-16 September 2002.
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Activity 2.3: Foundation and retaining wall stability

A new model for bearing capacity analysis taking into account inertial forces not only in the foundation but also in the soil, according to the suggestion of Eurocode EC8, has been developed (Maugeri and Novità, 2003). The model has been applied to the foundation analysis of one R.C. building built in Catania with no seismic design. The analysis of foundation stability is based on the results of the test sites investigation (see activity 2.1). The results achieved show that the existing foundation must be improved to resist against seismic forces. The information on the typology and the behaviour of the foundation will be given to structural engineers to include the reinforcement of foundation in the Code of Practice concerning the assessment and strengthening of reinforced concrete buildings (see activity 3.5). Soil-foundation-interaction has been analysed by shaking table tests for a shallow foundation. Soil-structure interaction is not usually taken into account in the codes, so it has been analysed by shaking table test on a frame of a R.C. building (Massimino and Maugeri, 2003). . 

A new model for analysing retaining wall stability has been developed (Caltabiano et al., 2003) and application of the model for evaluating the factor of safety has been presented (Caltabiano et al., 2004). The risk analysis of road infrastructure system is related to the stability of retaining walls; in some cases in the city of Catania the retaining wall is supporting a building; the model developed takes into account different typology of surcharge applied on the backfill due to buildings, vehicles etc.

New criteria for reinforced wall and slopes have been analysed and tested by shaking table tests (Lo Grasso et al., 2004; 2004; 2004).   
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Lo Grasso A.S., Maugeri M., Montanelli F., Recalcati P. (2004). Response of geosynthetic-reinforced soil walls under seismic condition by shaking table tests. Third European Geosynthetics Conference Munich, 1 – 3 March 2004.
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Activity 2.4: vulnerability of road network, infrastructures and urban system 

Road infrastructures assume a central role in the management of the emergency both in the phases that follow the disaster, in order to guarantee a timely reaching the affected areas by first aid means, and in the “long period” for an optimal planning of repair and rebuild operations. Only after these disaster, a consolidated knowledge about the problem has been acquired; indeed, a large number of studies finalised to the evaluation of seismic risk, have been started also taking into account the fundamental role of the road network, mainly according to the problems of direct and indirect seismic exposure. 

The examination of the transport system and its functionality is thus very important for the wider evaluation of territorial risk.

The analysis of the effects induced by calamities on the transport system clearly shows how the destruction or severe damage of even one element has serious consequences for all the territory, such as the impossibility to access the urban network, interruptions or overloading of part of the transport system or on other means of transport, delay in emergency services arriving at the scene of the calamity, etc. Nevertheless, the majority of this studies, have developed on a large territorial areas, often neglecting the similar delicate problem concerning the management of the emergency inside the affected urban centres.

Based on these considerations, the research programme of the operating unit (Working Group 3) was conducted with reference to the road seismic risk both in the rural road network of the province of Catania area and in the urban road network of Catania City

Rural Network Reliability Analysis mainly measures network performance related to its capability to oppose or react against the failure of single elements. When a catastrophic event strikes a wide area, it is necessary that the infrastructure system is designed with a high redundancy, to have effective alternatives in choosing a route to maintain network function.

However, if in mathematical analysis of a simple structure, a redundancy rate could clearly be defined, it would not be sufficient to quantify the redundancy effect in a more complex and real-life structure such as a road network.

A GIS based methodology to study the road Network effectiveness after a seismic event, was proposed. The method is based on the concepts of Encountered Reliability and Terminal Reliability.

Terminal reliability is “the probability that nodes are connected, i.e. it is possible to reach the destination” and this is surely the parameter that is easier to evaluate. The encountered reliability can be defined as “the probability of not encountering a link degradation on the path with least (expected) cost”.

The proposed methodology has been applied to the Catania Province area. The province of Catania has an area of about 3,552 Km2 with a population of 1,054,778 inhabitants, in which there are 58 Towns. Among these the most important is the province capital (Catania), with 313,110 inhabitants. There are also five urban centres with a population of more than 30,000 inhabitants (Acireale, Paternò, Misterbianco, Caltagirone, and Adrano).

Specifically, the analyses were carried out considering bridges as the “weak” element of the road infrastructure in cases of seismic events. Based on the values of indirect exposure of the town and on the value of reliability calculated on the various stretches of the road network, it was possible to define a risk hierarchy on the stretches and routes. The results show which towns and links are in the most critical condition and must be considered for road planning and management prioritisation.

An operative methodology for analyse and verify the reliability of urban roads network (Lifelines) was defined. Apposite indices to value the intrinsic vulnerability and the expected damage for each road branch have been defined, considering even the structural vulnerability of the border buildings. Besides, specific procedures to value direct and indirect exposure have been carried out. The proposed methodology, based on the use of the most evolved functionalities of the GIS, has been applied to a wide urban district for the city of Catania and the first experiences have given some results that could be considered meaningful. All the models developed during the research project find as a natural applicative completion the most advanced GIS software functionalities, which represent not only a powerful instrument of filing and positioning the numerous and various data to manage, but also an advanced analysis and querying systems to support decisions (DDS). 

The urban system is also vulnerable by the interaction of lifelines as the gas distribution network, electrical distribution network, aqueducts, etc. Particularly gas network interaction could be very dangerous because of fire development during and after an earthquake. The seismic risk connected to lifelines have been modelled, considering also the soil non-linearity. The seismic risk is evaluated for a pipeline crossing unstable slopes (Casamichele et al., 2004a; 2004b; 2004c).   

The seismic vulnerability of the urban system of Catania is considered as a set of relationships between built areas and void areas for connection. 1.346 void space are considered, consisting of streets and squares. The prevailing causes for the exposure of the population (in each empty urban space) caused by the activities practised in the built areas have been defined. To this aim the main typologies of economic activities have been determined and specific forms of evaluation have been defined. The points are assigned to the five categories of judgement (year of construction of the manufacture were the activity is located, number of consumers/hour, function of the road, presence of analogous activities within the radius of 300 m, general vulnerability), with maximum value of 50, which is also the index of maximum risk. As regards the evaluation of the general vulnerability of the urban framework of Catania, the following factors have been considered: organisation of the vertical structures (the presence of the connections between orthogonal walls); nature of the vertical structures (employed materials and their conditions); position of the building; type of foundations; distribution of the resistance elements; regularity of the project; presence of appendixes or projections; state of fact and evident interventions of amelioration or maintenance carried out; lack of joints.  The seismic vulnerability of urban system is linked not only with the vulnerability of buildings (see task 3) but also with the functionality of road network (see paragraph 8) and interruption of economic activities. Also the exposition of the population due to economic activities is considered for the evaluation of the seismic risk (Campo G., 2001).
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Campo G. (2001). Città e territori a rischio. Analisi e piani di protezione civile. Atti Convegno: Verso una città sicura: strumenti tecnici e normativi per la riduzione dei rischi in un'area ad elevata sismicità. Maugeri e Grasso editori. Le Nove Muse, Catania, dicembre 2002, pp. 60-68.

Activity 2.5: GIS data management

All the data available from the previous Catania Project (CNR-GNDT, 2000), and all the data available for this research activity of the research Project were collected and assembled in a GIS. From the previous Catania Project, the data available are the cartographic data of the city of Catania and the databases of about 860 borings and water wells (Pastore and Turello, 2000). The database of borings was upgraded up to 910 boreholes including new borings and new soil profiles. The level of the available information were upgraded in homogenous and corrected soil profiles and by correlation between soil profile and shear waves velocity. This was obtained by geo-settling the test sites (see activity 2.1) and by the correlation of the laboratory test results to the geotechnical profiles obtained by the geo-settled boreholes. Soil non-linearity has been so taken into account for the ground motion evaluation (see activity 2.2). The geological map of the city of Catania was geo-settled, as well as the geophysical map of shear waves velocity was geo-settled and upgraded. All the potential landslides areas were geo-settled, as well as the liquefaction potential areas (see activity 2.2). Some pilot buildings (about 40 buildings) without seismic provisions, built before the ’60, have been geo-settled. Some of them (8 buildings) have been analysed for foundation retrofitting (see activity 2.3) The GIS database gave the possibility to individuate the nearest boring to the building, as well as the geotechnical profile and geotechnical dynamic properties.The interferences between landslides and rural and urban roads have been evaluated and reported in the GIS database (see activity 2.4) (Biondi et al., 2004). The GIS was made directly accessible by ArcView user (Grasso and Maugeri, 2003; 2004). A CD with all data, becoming  available so far, can be distributed to individual group of users at the end of the third year of research.     

Survey of the cavities under the Catania area is also implemented in the Gis database. The following cavities have been studied in detail: Casa di Sant’Agata, cavity Piazza A. Di Benedetto, cavities via Lavandaie, Pozzo Gammazita, cavity Piazza Currò, Cripta of S. Agostino Church (Bonaccorso et al., 2004). In the city of Catania the cavities represent a high risk for foundation stability of some buildings.
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TASK 3: Vulnerability and seismic structural improvement of buildings to prevent damage

The main goal of this task is the development of strategies for retrofitting the masonry historical buildings and ancient monuments and the development and dissemination of strategies for masonry and reinforced concrete building vulnerability assessment and retrofitting. 

Concerning masonry ancient monuments, the sequence of activities is: 1) definition of an improved surveying form (improved with respect to the form proposed insight the previous Catania project) and consequently definition of score based methodology for vulnerability evaluation; 2) data acquisition and elaboration by means of  the previous defined form with regard to a set of ancient monuments and selection of the most vulnerable one in order to carry out specific study; 3) assessment of the selected monument based on diagnostic tests and numerical simulation; 4) identification of action to mitigate the seismic risk of the selected monuments; however, because a monument is an unique structure, more emphasis has been stressed on modelling the monument by numerical procedure (other than mechanism method that could be unreliable in some cases), by in situ dynamic tests concerning dynamic identification in both the linear field  and the non-linear field. 

Concerning masonry and reinforced concrete buildings, the sequence of activity is: 1) data acquisition in order to better define (with respect to the previous Catania project) geometry and mechanical property of a set of buildings typologically representative of the Catania city buildings; 2) numerical assessment of the selected buildings; 3) definition of different retrofitting strategies in order to improve the performance of the selected buildings with regard of the defined seismic scenario; 4) Codification of numerical assessment procedures and retrofitting strategies in a “Code of practice” for RC buildings; 5) Implementation of a “Data Bank” tailored to Reinforced Concrete building data acquisition and management. 

Activity 3.1: Definition of dynamically identified analytical models

For the typological classification in terms of vulnerability of historical and monumental buildings, like churches, a set of quantitative surveying forms are elaborated, suitable to define the first and second level vulnerability. The set of forms dealing with the churches are used to do a research upon a large number of monumental building, belonging to the historical center of Catania, thus arriving to the typological classification reported in the following Table 3.1. The obtained results allowed to individuate the monumental building which has the highest vulnerability. This building is the S. Nicolò l’Arena church, a building with a significant architectural value and topped by a very slender dome with drum. This church is chosen as the representative specimen for the whole category, and on this the research was focused.

Regarding to complex structural systems as historical buildings or churches, the main goal to achieve is to define very reliable analytical models. The most used analysis methods, based on the mechanisms method, revealed inadequate and scarcely reliable. The Noto’s Cathedral (Sicily) went out of order six times in about two centuries, always redesigned using a mechanisms method. The achievement of these requirements essentially depends on the correspondence between the mechanical characteristics of the actual system and those assumed for the definition of the analytical model. One obtains a dynamically identified analytical model if this correspondence concerns the dynamic characteristics in terms of frequencies and modal shapes. In order to achieve this, methods based on the modern techniques of dynamic identification are very useful. The analysis methodologies adopted are those used in literature. These methodologies have been adapted for the study of the masonry structural systems. 
Table 3.1. Classification in terms of vulnerability

	Church
	No.
	V’G
	V’’G
	Class.

	  1. Basilica Cattedrale
	501
	0,417
	0,497
	7°

	  2. S. Maria dell’Elemosina
	502
	0,250
	0,409
	10°

	  3. S. Biagio
	505
	0,582
	0,554
	5°

	  4. S. Maria dell’Indirizzo
	518
	0,667
	0,575
	4°

	  5. S. Maria della Guardia
	521
	0,415
	0,443
	9°

	  6. S. Cristoforo minore
	552
	0,667
	0,650
	2°

	  7. S. Maria della Provvidenza
	555
	0,665
	0,627
	3°

	  8. S. Francesco Borgia
	569
	0,503
	0,521
	6°

	  9. S. Maria di Ognina
	574
	0,332
	0,445
	8°

	10. S. Nicolò l’Arena
	580
	0,675
	0,657
	1°


Specifically, results obtained in previous works concerning dynamic identification both in linear field (Cavaleri et al., 2000) and in non linear field were used. The logical process and the analysis phases preformed for the definition of the identified numerical model of the church of S. Nicolò l’Arena were the following: a) definition of a reference analytical model based on data revealed by means of the surveying forms; b) design of the vibrational test in situ, by means of numerical simulations, to acquire the dynamic characteristics, subjecting the systems to different types of dynamic loads; c) execution of the test in situ and acquisition of the dynamic characteristics in terms of accelerations; d) developing of an accurate analysis in the time and frequency domain of the acquired responses and definition of both flexural and torsional modal shapes. By using the dynamically identified numerical model, an accurate analysis of the acquired responses was performed, both in the time and in the frequency domain. The results provided useful information with regard to the strength of the structural elements, to the damage state accrued over the years and to the dissipative capacity of the used materials. The amplitude of the measured acceleration at the top and at the bottom of the lantern have shown the high deformability of the lantern itself and the damage existent state The irregularities founded in the signal at the basis of the lantern evidenced the different behavior between the dome, with an high stiffness, and the lantern very deformable. The asymmetric oscillations found have revealed the presence of cracks at the basis of the lantern. Referring to the torsion, acquired data have shown three independent modal shapes at the level of the top and of the bottom of the drum, confirming the torsional rigid behavior in correspondence of these plans. Others information about the global behavior of the system were founded by means of the determined flexural and torsional modal shapes. 

The results confirm the validity of the analysis methodology adopted for the solution of the problems related to the protection of the monumental heritage.  In order to demonstrate the high reliability provided by a dynamically identified model, compared to the usual numerical model. The results obtained were also useful for identifying at-risk situations of significant macro-elements of the system (Zingone et al., 2004). Specifically, some of these modal shapes clearly show the at-risk situation of the drum on which the dome is based. Substantially the pier walls of the drum, which among other things have cracks at the bottom and at the top, behave like true rigid pendulums, making a plan collapse mechanism likely, which is one of the most insidious and the cause of the collapse of many buildings subjected to earthquakes. The very useful information derived by means of the performed structural analysis, confirm the significant advantages attained using analysis methodologies based on the dynamic identification. The most important product, obtained by means of the developed research, is the dynamically identified analytical model of the examined Church. Once obtained this model, a series of seismic analyses can be performed in order to determine the at-risk situations and to design conservative improving interventions. Lastly, referring to the practical use of the results, it is important to stress that these advantages can be evaluated only at the level of the final product of the research. These products concern, in particular, the upgrading actions serving to mitigate the seismic risk. With regard to the monumental work analyzed, the advantage consist in the fact that the chosen actions can be extended to the whole class of the typology identified, basing on the vulnerability levels described above. An other advantage can be achieved by limiting the use of the dynamic identification techniques to acquisition of the dynamic characteristics of the structural system, for the purposes of identifying the significant at-risk macro-elements. 
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Activity 3.2: Analysis of the collapse behavior under seismic loads finalized to the risk mitigation

The main goal of this research is to determine the collapse load under seismic action of significant macro-elements of the whole structural system. The main aim of the research is to individuate conservative upgrading actions in order to mitigate the seismic risk. Two structural typologies are been analyzed: the vault system (the floors in the historical buildings) and the dome-drum system (in the Churches with high architectural value). For both structural systems important result have been obtained. For the Saint Nicola alla Rena Church monument the design spectrum has been evaluated, taking into account the soil non-linearity (see activity 2.1 and 1.4). 

A correct analysis of the seismic behavior at the ultimate limit state require the use of non-linear dynamic identification techniques. The application of a non-linear analysis to very complex structural systems is very difficult due both to the fact that the procedure available in literature are still hard to apply, and to the high computational effort involved. This problem become more and more complex if one takes into account the damage state. Due to the difficulties above mentioned the problem was simplified looking at significant macro-elements of the entire structure. The individuation of the significant macro-elements is obtained through a linear analysis using dynamically identified analytical models. Then, using an iterative step-by-step procedure is possible to perform an analysis of the seismic behavior of the macro-element, in order to determine the collapse load multiplier, taking into account both material non-linearity and damage state. This procedure is finalized to the individuation of conservative upgrading actions, whom effectiveness in mitigation o seismic risk can be easily evaluated making a comparison between the response of the system in the actual state and in presence of the proposed upgrading action. The proposed analysis methodology will be further investigate from both the theoretical and experimental point of view, during the third year of activity of the project.

Using the methodology above discussed, some collapse behavior analyses were performed on two interesting masonry structural systems: the former one is a dome-drum system belonging to the S. Nicolò l’Arena church; the latter one is a vault with lunettes belonging to an historical building of the 18th century, retrofitted with FRP strips. In the following the most important results are shown. Regarding to the dome-drum system, by means of the mitigation of the risk, it was possible to determine the effectiveness of the upgrading actions, that is some steel frames disposed among the pier walls of the drum. The FE model and the load-displacements diagrams are reported. Referring to the vault system, an upgrading action is been set up. Some FRP strip are been attached to the extrados of the vault in order to achieve the recover of the bearing capacity after the collapse. Other important results, clearly shown by experimental activity, deal with the interface phenomena between the FRP strips and the masonry.

The obtained results are been issued and presented in several both Italian and international congresses. In order to verify the effectiveness of the adopted methodologies, several dynamic test on full scale models using the shaker table available in the Casaccia (Roma) center of ENEA are programmed. The data that will be acquired during this experimentation will be certainly useful in order to set up the final product in terms of recommendations and requirements referred to the protection and to the recover of the historic-heritage.
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Activity 3.3: Vulnerability evaluation and seismic retrofitting of existing  vulnerable buildings 
Two main topics have been considered in this research activity, namely: 1) vulnerability evaluation of existing buildings and 2) seismic retrofitting of existing vulnerable buildings. A general approach for the evaluation of the vulnerability of existing reinforced concrete buildings has been developed and its applications have been reported in the international literature [1] and have been disseminated at various levels within the scientific and technical community [4-16]. Some attention has been devoted recently to masonry constructions and a new versatile macro-model has been developed for masonry walls on the basis of previous work done on reinforced concrete walls [3, 4, 17]. The new model appears to be very promising and, on the basis of the results already obtained, it may be expected to be able soon to deal with non linear dynamic analyses of 3D masonry constructions. Many relevant results where collected in [1] with important international contributions. The work has been received so well in the international technical and scientific community that it has already been reprinted.

The topic of seismic retrofitting has been attacked with both traditional and innovative approaches, comparing their relative advantages. 

The opportunity has arisen for a real world, practical application of modern techniques of seismic retrofitting. Two reinforced concrete buildings, built in the seventies in the absence of seismic regulations, were considered for seismic retrofitting by base isolation. The proposal has been accepted by the owner and the work is currently being completed. This experience has been highly rewarding for the research group, for the task coordinator, for the owner, for the contractor and for the society in general. Several meetings have been organised in Italy and abroad [8-14] where the theme of seismic retrofitting has been illustrated in a straightforward and, perhaps, original way. The meetings were in Solarino (2002), Lecce (2003), Tampa FL (2003), Napoli (2003), Thessaloniki (2004), Udine (2004). The text of these presentations was distributed to the audiences in each case and has also been submitted for publication in the Bulletin of the European Association of Earthquake Engineering (EAEE). 

A significant factor appears to be that the design and construction of the retrofitting system has been achieved with local expertise. From the original recommendation from the head of the research team to the research work by the research team, the structural engineering team that took care of the structural details, the contractor, everything was local. The rubber laminated bearings and the sliding bearings, if not Sicilian, were also nationally built. Therefore the seed has been sown for the application of this relatively new technology directly in the territory of Eastern Sicily and elsewhere.

A new application like the one considered, being carried out for the first time by all the participants in the process, needs adequate testing. This was already considered in the original proposal and experimental tests were planned for the on-site identification of the dynamical characteristics of the retrofitted buildings, and also of the mechanical properties of the laminated rubber bearings and sliding bearings used. The tests are currently being run and results will be presented in a forthcoming international seminar [20]. Repeat tests in the presence of the participants to the seminar are planned for July 16th 2004.
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Activity 3.4: a Code of Practice, concerning the Assessment and Strengthening of Reinforced Concrete Buildings 

Two main topics have been considered in this research activity, namely: 1) A Code of Practice, concerning the Assessment and Strengthening of Reinforced Concrete Buildings, that will allow the dissemination of retrofitting strategies; 2) An intelligent Data Bank supporting and integrating the Guidelines and aiming at assisting the operators in the task of acquiring the data and assessing the vulnerability. 

The Code of Practice, concerns inspection, assessment and strengthening provisions. It is organized, like the ATC 40 “Seismic evaluation and retrofit of concrete buildings” in two volumes: the first one describes the proposed methodology, the second one contain a typological case study and a real case study that include a cost effectiveness study and supplemental information on foundation effects. 

The methodology (Volume 1) is presented in 12 chapters, among which some will be analyzed: In chapter 3 the Performance Levels (PL) for a building are introduced. Chapter 4 define the Seismic Hazard. Chapter 5 and 6 provide an overview of “The process of developing retrofit strategies” on the base of the selected performance objectives: these Chapters are tailored to be a good step by step guideline for those who deals with preliminary and general decisions, then involving both technical and not technical matters: simple, clear and user friendly procedures and forms help both designer and owner to achieve good information and a complete vision of the project as well. Chapter 7 regards the non-linear static analysis procedures based on the pushover analysis method. The principal steps of the procedure (capacity curve evaluation, demand spectra definition and performance point identification) are presented. In Chapter 8 and 9 rules and formulas are suggested to model both structure and foundation component. While the latter mainly offers a good and well-detailed set of equations and models to deal with different geotechnical matters, the importance of the former is capital in order for the engineer to develop a correct and effective non-linear model.  Chapter 11 includes both qualitative and numerical criteria (deformation limits) for structural checks.

The Data Bank is an integrated software expert system for the seismic vulnerability evaluation. The system provides an expert interface and a vulnerability analyzer. The expert interface will assists the surveyor in the geometric and mechanical description of reinforced concrete buildings; the vulnerability analyzers will assist the engineers in the planning and estimation of the interventions for seismic risk management. Organism data are collected from on-site surveys, while the system provides an expert interface to assist the surveyor in the geometric and mechanical description of the building. Data are subsequently integrated in a C.A.D. (Computer Aided Design) system interface and then analyzed on the basis of  “intelligent” risk estimation models, in order to compute the organism seismic risk. Finally, the “local” risk analysis is connected to the “global” analysis (city or province) through a G.I.S. (Geographical Information System) interface.

The proposed “Data Base Driven System” will help the technician in applying the methodology proposed in the “Code of Practice” so that, on the basis of a Rule Based System, the Performance Objectives will be defined. Further on the system will drive, if needed, the engineer in the selection of the best retrofitting strategy by means of heuristic rules and comparative numerical simulation. Further on the system allows large-scale vulnerability evaluation by means of simplified mechanical model as well as vulnerability score-based assessment. The simplified mechanical-based module evaluates the expected damage by means of a simplified pushover analysis performed with an n-DOF stick model.
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Conclusions

The results achieved are partially based upon the previous Catania Project. In fact the R. U. 1, R.U. 6, R.U. 7 and R.U. 9 were working for the previous Catania Project. Also R.U. 2 was partially working for the previous Catania Project. The link with the previous Catania Project is almost with task 1, concerning the scenario earthquake. However some improvements of the scenario earthquake have been made. In  particular, the task has provided an alternative characterization of the sources of the January 1693 events, which might suggest a modification of the current seismic zoning of the SE Sicily area. The source parameters of the two events of 1693 have been used as a basis for the zonation of the new national seismic hazard map. For the seismic microzonation it was also considered the geology of the site (U.R. 4), which was ignored by the previous Catania Project and detailed site response analysis by 1-D non-linear model and 2-D linear model. Almost innovative is the work of task 2, because in the previous Catania Project only databank of geo-settled boreholes by GIS and liquefaction risk evaluation were considered. In the present project databank and liquefaction risk evaluation are improved, but also non-linear site characterisation are deeply investigated, innovative model for slope stability, foundation, retaining wall are proposed and applied to the city of Catania. This geotechnical work is linking the task 1 and the task 3 research activity. On the basis of synthetic and scaled accelerograms given by the task 1, the task 2 has evaluated the response spectra and the design spectra given to task 3, for some specific building and Church considered by task 3 itself. Other innovative aspects are related to the presence of cavities in the Catania subsoil, which can deserve some additional risk to the vulnerability of superimposed structures. Also it is innovative to consider not only the vulnerability of the single element at risk (building, Church, stability of retaining wall, etc.), but also the vulnerability of the system made by the single element at risk and the surrounding physical environment. With this respect, the reliability of road system, pipelines and urban system during the earthquake have been analysed. The task 3 is partially based on the results achieved by the previous Catania Project, mainly as far as concern the vulnerability analysis of reinforced concrete buildings and Churches. New subjects are related to the strengthening of reinforced concrete buildings and to the intelligent Data Bank. In particular the code of practice concerning inspection, assessment and strengthening provisions, will be disseminated among professionals engineering and technicians for an efficient policy of awareness and mitigation of the actual risk. Also the GIS database and microzonation will be transferred to the Municipality when the work will be completed and approved.

About the 57 objectives planned in the research project, in spite of the reduction of the financial support they was almost reached (51 objectives) with the exception of the archeological seismicity (objectives B1 and C8), the Code of Practice of masonry buildings (B15 and C2) and the detailed damage and dead evaluation (C10 and C11). The Code of practice of masonry buildings was included in the objectives because of the support of the Catania Municipality. This objective was not reached because of some administrative problems which stopped the financial support. In substitution of six objectives not reached, six new objectives were added, concerning soil-foundation and soil-structure interaction, reinforced slope and retaining wall, modeling and non-linear analysis of pipelines. According to the research activities of different tasks, the main objectives obtained can be summarised as follows:

Activity 1.1 Investigation of the main earthquake sources of South-Eastern Sicily
1.Investigation of the main historical events of South-Eastern Sicily from macroseismic intensity data-sets; 

2.Inversion of the main source parameters of the two events 9 and 11 January 1693;

3.Testing and validation of the inversion procedure for sources located close to the coast, or with epicentres off-shore. 

Activity 1.2 Geology, geophysics, and rock physics

1.Evaluation of anisotropy effects in three orthogonal directions on sample rocks of Etnean lavas and limestones;

2.Evaluation of site response amplification in different lithotypes and nearby tectonic structures and cavities. Comparison of experimental results with theoretic transfer function obtained through a 1-D modelling. Simulation of soil amplification taking into account the presence of peculiar small-scale heterogeneities such as inclusion of lens with different velocities;

3.Detailed geological survey (scale 1:2000) of test zones inside the urban Catania territory and building up of a database collecting all the available information concerning borehole data, geophysical prospecting, morphological and geotechnical features.

Activity 1.3 : Strong ground motion modelling for the Catania area 

1 Supplement the existing earthquake scenarios with new simulations to re-evaluate the variability of the estimated ground motion. Different source hypotheses and near-source effects are accounted for;

2.Making more comprehensive the data-set of synthetic seismograms to be used as a seismic input for site response estimation and engineering studies;

3.Evaluation of transfer function and theoretic peak accelerations;

Activity 1.4 Local response and site effect evaluation

1.Noise measurements to assess the main resonant frequency of sites and buildings, and investigating the effectiveness of noise measurements to detect amplification effects due to the presence of faults and cavities;

2.Performing a comparison among different method used for site response analysis (HVSR from microtremors, 1D and 2D methods), and evaluating the range of applicability of non-linear 1-D and linear 2-D approaches in the case of strong ground motion. Evaluating the concept of “bedrock seismic input” through 2D simulations and understanding the effect of different choices of the seismic input on 1D simulations;

3.Evaluating the 1-D non-linear soil response at sites where are located the ecclesiastical buildings.

Activity 2.1 Geotechnical characterisation and test sites 

1.Test sites for geotechnical characterisation of Catania soil;

2.Pre-normative study of the criteria and the methodologies for geotechnical investigating for seismic microzoning;

3.Execution of the new SDMT tests;

4.Non-linear behaviour of Catania soils

Activity 2.2 Microzonation of ground motion, landslides and liquefac

1.Criteria for second and third level microzoning of ground motion;

2.Microzoning of landslides;

3.Microzoning of potential liquefiable areas;

4.New model for slope displacement analysis;

5.New model for lateral spreading evaluation.

Activity 2.3  Foundation and retaining wall stability

1.New model for inertia effects evaluation on foundation stability;

2.Soil-foundation and soil-structure interaction by physical modelling;

3.Soil-structure interaction by numerical modelling;

4.New model for retaining wall seismic stability analysis.

5.New criteria for reinforced retaining wall and slopes by physical modelling

Activity 2.4 vulnerability of road network, infrastructures and urban system 

1.New methodology for urban and rural road network reliability analysis;

2.Modelling and non-linear analysis of pipelines crossing unstable slopes;

3.Analysis of the most critical situation for the urban system vulnerability.

Activity 2.5 GIS data management

1.GIS data management of geological, geophysical and geotechnical data;

2.GIS management of microzoning of ground motion, landslides and liquefaction;

3.GIS management of the database of detected cavities;

4.GIS management of the interference between landslides and road network.

Activity 3.2 Definition of dynamically identified analytical models

1. Improved surveying form for vulnerability evaluation of monuments.

2. data acquisition, score and selection of the most vulnerable monuments .

Activity 3.3 Analysis of the collapse behaviour under seismic loads finalized to the risk mitigation

1.evaluation of the design spectra for the selected monument;

2.assessment of the selected monument based on diagnostic tests and numerical simulation;

3.identification of action to mitigate the seismic risk of the selected monuments.

Activity 3.4 Vulnerability evaluation and seismic retrofitting of existing  vulnerable buildings 

1.A new procedure for vulnerability evaluation of existing r.c. buildings;

2.Innovative seismic retrofitting of existing r.c. vulnerable buildings;

Activity 3.5 a Code of Practice, concerning the Assessment and Strengthening of Reinforced Concrete Buildings 

1.A Code of Practice, concerning the Assessment and Strengthening of Reinforced Concrete Buildings, that will allow the dissemination of retrofitting strategies; 

2.An intelligent Data Bank supporting and integrating the Guidelines and aiming at assisting the operators in the task of acquiring the data and assessing the vulnerability. 

Publications

The results obtained by the research project have been partially published in International Journals, Books, International Conferences and National Conferences. The list of publications is reported at the end of each research activity. Generally only publication in International Journals, Books and International Conferences are reported. Only in the case when for some topics there is not the English reference, exceptionally the publication on National Conference has been included. For the four activities of task 1, 28 publications have been listed, 6 of them have been published or submitted to International Journals. For the five activities of task 2, 39 publications are listed, 5 of them have been submitted to International Journals. For the four activities of task 3, 27 publications are listed, 1 of them is submitted to International Journal. A total of 94 publications are listed, 12 of them are published or submitted to International Journals; the papers presented to International Conferences have been mostly selected for oral presentation. 

Several seminars and workshops have been organised for disseminating the results achieved. The book: “Seismic prevention of damage for Mediterranean cities. A case history: the city of Catania (Italy)” has been edited by the Coordinator and published by WIT Press (Southampton), reporting the results obtained during the first two years of the research activity. A special session on “Seismic prevention of damage for Mediterranean cities” will be held during the Conference Risk Analysis 2004. Another book reporting the results achieved by the three years research activity could be published, if requested and supported by the Director of GNDT.     

The Scientific Coordinator of the Project

Prof. Ing. Michele Maugeri
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