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RESUME 

Nous décrivons ici les aspets et résultats fondamentaux du «Projet Catane», étude multi-disciplinaire 

de scénario sismique développé en Italie sur la ville de Catane, en Sicile, qui fut dévastée par un 

fameux tremblement de terre en 1693, et endommagée par plusieurs autres au cours des dix derniers 

siècles. On illustre d’abord la construction, utlisant un systéme GIS, des cartes du mouvement du sol 

engendré par le séisme de scénario, qui s’appuient sur un zonage géotechnique du territoire urbain axé 

sur les vitesses de propagation des ondes S. Les caractéristiques du bâti de Catane, ainsi que 

l’assemblage de l’inventaire géneral des bâtiments résidentiels de la ville sont exposés par la suite;  les 

deux méthodes adoptées pour déterminer la vulnerabilité sismique et pour évaluer les dégâts sont 

illustrées successivement. Il s’agit, d’une part, d’une approche statistique reposant sur la détermination 

du score de vulnerabilité et, d’autre part, d’une approche plus physique axée sur des états limite de 

déplacement. Les cartes d’endommagement des bâtiments résidentiels produites par les deux méthodes 

sont illustrées et discutées. 

Mots clés : inventaire des bâtiments, distribution des dégâts, états limite de déplacement, scénario 

sismique, mouvement du sol, vulnérabilité sismique, structures en béton armé, structures en 

maçonnerie, index de vulnérabilité. 

ABSTRACT 

We summarise the features of the «Catania project», a comprehensive earthquake damage scenario 

study on the city of Catania (Southern Italy), hit by two M7+ earthquakes, and by some damaging 

ones,  in one thousand years.  Discussed first is the construction, via GIS, of deterministic ground 

motion maps for the main scenario event, incorporating  a reliable geotechnical zonation map based on 

near-surface S-wave velocities. The characteristics of typical local buildings, and the assemblage of a 

general building inventory for the wholecity are described next, followed by the two methods adopted 

for assessing seismic vulnerabilty  and estimating building damage: a statistical approach based on a 

vulnerability score assignment, and a more physical approach based on displacement limit states. 

Damage scenario maps to residential buildings obtained by the two methods are illustrated and 

discussed. 

Keywords : building inventory, damage distribution, displacement limit states, earthquake scenario, 

ground shaking, seismic vulnerability, masonry buildings, reinforced concrete buildings, vulnerability 

index 
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1. INTRODUCTION, GROUND SHAKING DESCRIPTION  

We illustrate the salient aspects of a research project, named The Catania project and  dealing with the 

creation of earthquake damage scenarios for the urban area of Catania, in Eastern Sicily. The project, 

carried out within GNDT (Gruppo Nazionale per la Difesa dai Terremoti, a group of Italy’s National 

Research Council), was financially supported by the national Civil Defence Department. The work 

described herein was actually carried out by several research units operating in different institutions.  

Catania, which has presently an urban area with some 500.000 inhabitants, was catastrophically hit by 

two M7 earthquakes in 1169 and 1693 [see Fig. 1 (Azzaro et al. 1999), where the city location is 

shown by the arrow], and damaged by a few other earthquakes. The city – which had been entirely 

rebuilt with a new plan after the 1693 disaster and enriched with outstanding examples of Baroque 

architecture- saw a large expansion after 1945 with somewhat relaxed building standards, and 

especially in the absence of earthquake-resistance norms, enforced in the municipality only since 

1981. Thus, Catania is to some extent representative of the situation of several important cities of 

Southern Italy and other Mediterranean countries facing a high seismic risk exposure.  

 

Figure 1: Séismes historiques qui ont engendré des dégâts à Catane/ Distribution of historical earthquakes that 

caused damage in Catania (from Azzaro et al., 1999). 

Based on the seismic history of the city, the two basic choices were made of: a) taking a deterministic 

approach to the simulation of the scenario ground shaking, and b) considering two different scenario 

events, i.e. a catastrophic earthquake (IMCS = X) such as that devastating the city in 1693 and a 

damaging  earthquake (IMCS = VII-VIII) such as that of 1818 (see Fig.1). Only the first one, or «level 

I» scenario earthquake is illustrated here, for brevity. 



In most Mediterranean regions it is difficult to associate with confidence a scenario event to the 

rupture of faults with well-identified surface expression; many destructive earthquakes of the past 

typically occurred on blind, or on offshore faults as in the Messina – Reggio Calabria earthquake of 

1908. Catania is no exception: based on the less controversial tectonic and historic evidence (but still 

affected by uncertainty), the larger scenario event is assumed to be an M = 7+ earthquake, essentially a 

repetition of the 1693 earthquake, rupturing some 70 km of the Ibleo-Maltese (or Malta) escarpment, a 

major normal fault oriented roughly NS and located at an offshore distance of 10 – 12 km from the 

Catania area.  

In the near field of a large seismic source one can expect first-order rupture effects on ground motion, 

which are difficult to treat in probabilistic hazard analyses. The same may happen in the presence of 

contrasted, irregular surface geology, likely to give rise to complex site effects. Since Catania is both 

close to the source of M7 earthquakes and characterised by complex geology, deterministic ground 

shaking descriptions were preferred for the scenario study. Actually, a probabilistic earthquake input 

may also be unconservative for earthquake loss studies. To cast further light on this point we 

performed a standard probabilistic analysis both with the seismic source zones of Figure 1 (part of a 

commonly used model for Italy, see http://emidius.itim.mi.cnr.it/GNDT), and with the fault-like 

source-zone representing the Malta escarpment. For each of these two geometric models, shown in 

Figure 2, we computed by Cornell’s (1968) method the so-called «uniform risk» response spectra on 

soft soil and rock (lava flows) in Catania for 476 years recurrence period, using an appropriate 

attenuation relation (Ambraseys et al., 1996). As illustrated in Figure 3, the 50-percentile probabilistic 

spectra for the fault source are about two-thirds the mean spectra computed deterministically with the 

same source geometry and attenuation relation taking a magnitude 7.3. This value is consistent with 

the 7.0 – 7.5 magnitude attributed to the 1693 earthquake, which has an estimated return period of 300 

to 500 years. The consistent differences resulting in the spectra both at the 50-percentile and at the 

81.4 percentile levels, due to the different representation of the seismogenic structures and their 

activity, is probably typical, and can provide guidance on the approach to be used in the choice of the 

scenario earthquake. 

 

Fig. 2 Modèles géometriques des sources utilisés pour calculer l’aléa sismique à Catane./ Seismic source models 

used for the probabilistic hazard analysis in Catania. Extended sources (78, 79,...) are from GNDT model. 
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Fig. 3 Comparaison des spectres de réponse (amortissement 0.05) a risque constant sur rocher et sur sol a Catane 

avec les spectres correspondants calculés de façon detérministe/ Comparison between the «uniform risk» 

spectra» on rock and soil in Catania and the deterministic spectra. 

Catania lies at the foot of Mt. Etna volcano; some city sections lie on lava flows from few m to some 

hundreds of m in thickness, while other ones are on older clayey formations of variable consistency, or 

even on recent, unconsolidated deposits and artificial fills. To enable realistic predictions of site 

effects, much effort was devoted to constructing a reliable geotechnical zoning map  for the municipal 

territory (scale 1:5000, with details at larger scale). The map relies on a newly assembled database of 

over 850 geotechnical and other well borings, which includes in-hole and SASW-type seismic velocity 

measurements at some 16 locations. A few detailed geotechnical profiles across the municipal area 

were also constructed, and introduced in models for advanced simulations of synthetic ground 

motions. Among the outcomes of the geological and geotechnical investigations, shown in Fig. 4 is the 

map of estimated average S wave velocity in the uppermost 30 m of soil, denoted as sv
30 

Scenario ground motions for large-scale damage estimation were calculated by an engineering 

approach, i. e. starting from the assumed fault location and magnitude, the cited geotechnical map, and 

computing via GIS the desired ground motion parameter at all points of the study area through an 

attenuation relation. As an example, the map of the predicted mean horizontal PGA (in g) in Figure 5 

was generated by GIS combining the attenuation relation of Ambraseys (1995) with the geotechnical 

map of Figure 4 using pixels of 40 m  40 m. Predicted PGAs range between 0.15 g and 0.35 g, and 

although a general decreasing trend with increasing distance from the coast is evident, a certain 

complexity in the spatial distribution arises because of the influence of site conditions. The choice of 

the attenuation relation, also in regard of the scanty strong motion data of the only earthquake 

recorded in the region (M5.6, 1990), is discussed elsewhere (Pessina, 1999). 



      

Figure 4: Carte de zonage géotechnique de la 

municipalité de Catane basée sur les vitesses moyennes 

(VS30)des ondes S/Geothecnical characterization of the 

Catania municipality by VS30 values (m/s) 

Figure 5 :Carte de l’accélération maximale du sol / 

Map of peak ground acceleration 

While the map of Figure 5 was used for damage estimations through a statistical score attribution 

approach, an alternative method based on displacement limit states was also applied (mentioned in 

following), which requires that seismic demand be specified in terms of elastic displacement spectra at 

appropriate damping values. Thus, maps for displacement spectrum ordinates were  generated by the 

same approach, using very recent attenuation relations calibrated on European data and expressly 

developed for the displacement design approach. 

 

As mentioned, source and wave propagation modelling of acceleration synthetics in 2D and 3D was 

also performed using different methods; the results are mainly being applied in the seismic response 

analysis of specific building and bridge structures in Catania. The reliability of one of the methods, 

which uses 2D spectral elements,(Priolo, 1999), has been very recently checked against the 1990 

strong motion recording in Catania and spectral analysis of noise measurement at the same site. To 

make a comparison between the previous, essentially empirical approach to generating scenario 

ground motions (such as in Figure 5), and the computational seismology methods that generate full 

acceleration time histories at any desired point, some test sites located along the same cross-section, as 

depicted in Figure 6, were considered. The 0.05 damped acceleration response spectra generated by 

the different methods are illustrated in Figure 7; especially at the rocklike site, the agreement among 

the mean empirical spectrum and the spectra of the synthetics is remarkable. This indicates that, 

except perhaps for cases of near-field locations where source rupture effects can be of primary 

importance, the simpler approach is apt to provide quick, realistic estimations of the ground shaking 

scenario.  

 



 

Figure 6: Sites choisis pour la comparaison des spectres d'accélération synthetyques et des spectres obtenus avec 

relations d'attenuation / Test sites for the comparison of acceleration response spectra from synthetic 

seismograms and from attenuation relationships 
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Figure 7: Comparaison des spectres d'accélération synthétyques et des spectres obtenus avec relations 

d'attenuation. / Comparison of acceleration response spectra from synthetic seismograms and from attenuation 

relationships 

 



2. OUTLINE OF BUILDING CHARACTERISTICS, GENERAL INVENTORY  

The methodology adopted aimed essentially at estimating damage to the general building stock and to 

a few other selected classes of structures such as bridges and viaducts, and churches. Only ‘direct 

damage’ was considered, neglecting induced damage and indirect losses because it was felt that should 

a repetition of the 1693 earthquake occur, the impact of direct damage in Catania would be dominant 

in terms of life and direct economic losses. Induced damage was considered to be of limited 

importance, because liquefaction and slope failure hazards may occur only in limited zones outside the 

densely populated city area. 

The masonry buildings in Catania can be classified into the following three main classes: 

A. Those erected in the 18th and 19th centuries by wealthy citizens: they are regular and well 

constructed, with double-leaf walls of well cut volcanic stone cemented with good quality 

puzzolanic mortar, and vaulted ceilings.  

B. Those typically built for lower-class people, until the late 1960es. Originally  with one story only, 

now they often have two stories. Construction quality is lower than for class A buildings, and the 

volcanic stones more coarsely cut. However, the low inter-story height, compared with the 

relatively large wall thickness, tend to make out of plane failure modes less likely to occur. 

C. 20
th
 century buildings, with unreinforced masonry walls and steel or concrete floors, three to four 

stories in height. Volcanic stones and steel floor beams were typically used between 1919 and 

1940, while concrete slabs became standard after 1946 and concrete or clay blocks more and more 

popular. Connections between walls and floors are generally good, with low probability for out-of-

plane collapse.  

The post-war expansion saw the diffusion of reinforced concrete (RC) buildings, typically up to 8-9 

stories in height and with hollow-tile infill walls. Seismic norms for the design of new buildings were 

enforced in the Catania municipality only in 1981; the basic design spectrum applicable has a value of 

0.07 g (incorporating an implicit ductility factor of about 4), and is flat to a vibration period of 0.8 s. 

This implies that, in older RC buildings, beams are present only where they are needed for supporting 

floors or heavy infills, such as in external walls. Hence, those buildings normally considered well 

shaped for seismic response, because their in-plan regularity tends to exclude important torsional 

modes and to make damage concentration less probable, are in Catania much more likely to have 

frames in one direction only. On the contrary, less regular buildings must have frames in both 

directions to support more complex floor arrangements. The response of a building in a direction 

where beams are essentially absent, relying on floor-column interaction, intuitively does not leave 

much hope for a sound strength and deformation capacity. In essence, a method for predicting the 

vulnerability that considers building regularity as one of the fundamental parameters for producing an 

expected damage index may here be significantly in error. The large majority of RC buildings dates 

back before 1981, and more specifically to the 1960s, thus increasing the concern discussed above. 

The substantial number of buildings with a relatively large number of stories (5 or 6) also contributes 

to raise the concern. 

The distribution of masonry and RC buildings according to number of stories and year of construction 

(age class) is shown on Fig. 8, based on the most accurate data sample available (so-called LSU 

survey, described next, updated as of January 1999). The sample includes a total of 11133 buildings, 

of which 7767 are masonry structures and 3366 are RC structures. 

 

 

 



Figure 8 : Distributions des édifices en maçonnerie (à gauche, échantillon de of 7767 édifices) et en béton armé 

(à droite, échantillon de 3366 édifices) par classes d’age de construction et de nombre d’etages. Les données 

proviennent du récensement LSU (à la date de Janvier 1999)/ Distribution of masonry buildings by age classes 

and number of stories (sample of 7767 buildings) and for R.C. Buildings (sample of 3366 buildings). The data 

are from LSU survey (updated January 1999) 

Building data for the Catania municipality are available from three different surveys, i.e.: 

– The nation-wide census of dwellings, or ISTAT census tracts; 

– A survey limited to the central city area, denominated CONARI, that was used only in the initial 

phase of the work and will not not be further described here; 

– An ad hoc local survey of all buildings in the city area, denominated LSU, to be completed within 

1999 or early 2000. 

The ISTAT census of population and residential dwellings is made every ten years, the last one dating 

from 1990. The census tracts cover the whole municipality (using the census parcel as elementary 

unit), but some adjustment is necessary to transform the original data about dwellings into building 

units, with the possibility of significant errors. As an example, there are 2476 ISTAT census tracts in 

the Catania municipality. Also, ISTAT data do not include public or industrial buildings of any type. 

On the other hand, the LSU survey data have been gathered by technically trained people in the frame 

of a specific project aimed at surveying, building by building, all the different sections of the city. The 

LSU survey has so far (October 1999) provided uniformly processed data on about two-thirds of the 

total building stock in the city area, covering most sections except  the city centre. 

The ISTAT census provides such basic information as type of structure (masonry, RC, other), period 

of construction, number of floors, and state of efficiency, which enter in the two damage estimation 

methods discussed later. On the other hand, the aim of the LSU survey is to gather – through the 

compilation of an appropriate form and using some default data calibrated in previous surveys – the 

information directly required for evaluating a vulnerability index; such information includes, among 

other factors, building geometry (height, number of floors, shape in plan), horizontal and vertical type 

of structural members, roof system, regularities, occupancy, and state of the building. By comparing 

the ISTAT and LSU data for many census tracts for which the data of both census are available, the 

ISTAT database errors on the number of buildings in the different classes can be identified and 

corrected. 
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Thus, for city sections near or outside the old city centre the comparison has shown that the LSU and 

ISTAT age distributions of masonry buildings are similar for the post-1919 age classes, while 

substantial overestimation occurs in the ISTAT data for RC buildings (Pessina et al., 1999). 

In conclusion, at this stage, a building inventory for vulnerability and damage evaluation in the whole 

city has been assembled by taking the uncorrected ISTAT data for the historical centre, and by 

correcting the ISTAT inventory through the large LSU data sample elsewhere. Once completed, the 

LSU survey will allow us to assess and map the vulnerability distribution virtually building by 

building in the entire city. 

3. VULNERABILITY ASSESSMENT 

One of the key features of the Catania project is that two basically different methods were followed for 

damage estimation, to allow for comparisons and to better gauge the extent of the uncertainties 

involved (Faccioli et al.,1999). The methods are representative of two different approaches to 

estimating the seismic vulnerability of structures, i.e. an empirical approach based on statistical score 

assignments (widely used in Italy and other countries) and a more recent, mechanical approach that 

uses displacement limit states associated with well-defined thresholds of structural damage.  

3.1. Assessment based on vulnerability score  

Observation-based methods that assign a seismic vulnerability score to buildings are among the most 

widely used, see, e.g., ATC-21 (1988). They essentially consist of : 

 – A field survey methodology, based on visual observations, to identify the primary structural 

resistance features of buildings; 

 – A scoring system applied to the field survey data, by which the level of damage likely to be 

sustained by each building can be related to the severity of seismic ground motion, through 

statistics of past earthquake damage.  

This method has been widely applied in Italy, and also in other European countries, through a field 

version that came to be known as «GNDT I and II level vulnerability forms» (Benedetti and Petrini, 

1984; CNR-GNDT, 1994). A ‘rapid screening’ version of the same approach, has been specially 

devised for the LSU vulnerability survey of the Catania buildings. This uses a single field-survey form 

that draws from both the level I and II forms. The vulnerability score is obtained from the weighted 

sum of the values of 11 parameters; however, only some of them are directly determined from the field 

survey (structural resisting system, non-structural elements, present state of building) or reasonably 

estimated from previous survey data and expert assessment, as in the case of the conventional shear 

resistance of masonry. The score for the remaining parameters (including, e.g., the configuration in 

plan and elevation) is assigned in a range of variation based on considerations on the historic or recent 

construction practice in the city, and existing information from the national database. In this way a 

lower and upper bound value for the vulnerability index Iv (ranging between 0 and 100) has been 

assigned to each building. For the RC buildings in Catania, a re-calibration of the vulnerability model 

has been made using the data synthesised in DPMs (Damage Probability Matrices) for 1980 Irpinia 

(Southern Italy) earthquake (Dolce, 1998). 

The cumulative distributions of Iv derived from the LSU data by the rapid screening and score 

assignment procedures are shown in Fig. 5, both for the masonry and RC buildings.  
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Figure 9 : Distributions statistiques de l’index de vulnerabilité Iv pour les édifices en maçonnerie (à gauche) et en 

béton armé (à droite)/ Statistical distribution of the vulnerability index Iv for masonry and R.C. buildings base on 

the rapid screening data and procedure 

For masonry, the Iv values based on the upper bound of the range mentioned above have been used. 

Inspection of the Iv statistical distributions has led us – with some simplifications – to distinguish two 

age classes, i.e., buildings erected before and after 1919. The distinction is obviously crucial for the 

historic centre, where the pre-1919 buildings predominate and the correspondingly higher (by 10- to- 

15 points) values of Iv strongly influence the predicted percentage of collapsed buildings. If the whole 

sample is considered and age classifications are neglected, the resulting cumulative distribution is very 

close to that for post-1919 buildings, since the sample size for the pre-1919 buildings is only a fraction 

of the total sample. 

For RC buildings, preliminary age classification analyses and the criteria used for developing the 

vulnerability model indicate that the year 1980 is necessarily the dividing line, because the 

enforcement of a seismic code started in 1981. Here, the sample size of the post-1980 RC buildings is 

514. Thus, for RC buildings we also retain two separate vulnerability distributions based on the 

construction period, as shown in Fig. 9.  

In conclusion, for damage evaluation within the score assignment approach, each residential building 

of the Catania inventory is characterised by one of the vulnerability distributions of Fig. 9, depending 

on age and type of resisting structure. 

3.2. Assessment based on displacement limit states.  

An alternative method for evaluating the probability of attainment of a given limit state (LS), based on 

the assessment of the displacement capacity corresponding to the LS and of the displacement demand 

resulting from a displacement spectrum, has been applied (Calvi, 1999). The spectrum willl obviously 

depend on local site condition, but also on the dissipation capacity corresponding to LS and building 

type. In the worst case, the available data for a given building would include period of construction, 

number of stories and the basic construction material (i.e., concrete or masonry). 

For RC buildings, the year of construction is used to detect whether some seismic provision was 

enforced at the time of construction. As a first criterion, buildings erected after 1981 (year of 

enforcement of seismic norms in the Catania municipality) have been classified as ‘well designed’, 

assuming a ductile response with a uniform distribution of energy dissipation capacity. For older 

buildings a limited ductility capacity, with a high potential for damage concentration (i.e. a soft-story 

type of response) or for fragile failure modes (e.g., shear failure modes), has been assumed. Such 

limited ductility capacity is confirmed by Cosenza et al. (1999), who present results of independent 

nonlinear analyses of two multi-story RC buidings representative of the pre-1981 group, considering 

borh in-filled and uninfilled frames. For one building (denominated «Monterosso»), 4 stories in height 

and having an equivalent vibration period in the 0.7 – 0.9 s range, collapse acceleration values of 



about 0.10g have been determined. Using a synthetic accelerogram (Priolo, 1999) for scenario ground 

motion, the seismic action demand was found to be about three times higher than the available 

strength. This points to a critically high vulnerability for such class of structures, which are present in 

a large number and would thus contribute a large share of the catastrophic damage and victims in case 

of a repetition of the 1693 earthquake. 

The following five post-earthquake situations of a building are assumed to be of interest for damage 

scenarios: 

1. Essentially undamaged;  

2. Slightly damaged, but usable without any repair or strengthening; 

3. Extensively damaged, but still repairable 

4. Not collapsed, but so severely damaged that it must be demolished; 

5. Collapsed. 

To assess these five possibilities four limit states have been defined, considering both structural and 

non-structural damage; the former is obviously fundamental to assess a probability of collapse, but the 

latter can govern in most other cases. In the present approach only inter-story drift has been 

considered. 

In several cases it is not reasonable to make distinctions between the first two or between the last two 

situations above, and the classes can be reduced to four or three. Keeping in mind that the results will 

have a statistical meaning, and that consideration of a single building may be completely misleading, 

the limit states are defined as follows: 

LS1 Below this LS no damage, either structural or non-structural should take place and the expected 

response is essentially linear elastic. 

LS2 Below this LS only minor structural damage and/or moderate non-structural damage can be 

accepted. The building is ready for occupancy after the earthquake, without any need for 

significant strengthening and repair to structural elements. Member flexural strengths could be 

attained, and some limited ductility developed. For masonry buildings a drift limit of 0.3% has 

been considered appropriate, because of the increased structural damage at the same drift level. 

LS3 Below this LS significant structural damage and extensive non-structural damage can be 

accepted. The building cannot be used after the earthquake without significant repair of the 

structure. Still, repair and strengthening is feasible. Fracture of transverse reinforcement or 

buckling of longitudinal reinforcement should not occur, and the core concrete in plastic hinge 

regions should not need replacement. An average drift limit between 0.5 and 1.5 % has been 

considered appropriate. Similar to the previous LS, a drift limit of 0.5% is set for masonry 

buildings. 

LS4 Below this LS any level of damage can be accepted, provided that the building did not collapse. 

Repairing may be neither possible nor economically reasonable. The structure will have to be 

demolished after the earthquake. Beyond this LS global collapse with danger for human life has 

to be expected.  

Attainment of shear capacity or instability due to excess of displacement are examples of this 

LS. 

The choice of the drift limit values is discussed by Calvi (1999). The method requires the definition of 

a structure-equivalent model for each LS and for each type of structure considered. Each model is 

defined in terms of secant stiffness to the maximum displacement allowed by the appropriate LS, and 

of a displacement demand reduction factor dependent on the energy dissipated by the structure, again 

for the appropriate LS. The paucity of the data used to define the equivalent model obviously results in 

a low reliability of estimate of the two parameters of the model. Therefore, intervals rather than single 



values will be defined for stiffness and damping. Within the surface obtained by the intersection of the 

two intervals, a uniform probability density function is assumed to assess the probability that the 

couple of parameters which represent most appropriately the actual response of the structure falls 

within a given sub-domain.  

Possible out-of-plane failure modes are not considered in this approach. However, the expulsion of 

masonry walls may be a concern only for class A buildings, which constitute roughly 7% of the 

masonry buildings total. In this connection, we point out that the out-of-plane seismic response of 

peripheral walls in two existing masonry buildings, i. e. a three-story construction of the 19
th
 century 

and a four-story one erected in 1952, has been studied in detail by Liberatore et al. (1999). These 

authors use as scenario earthquake excitation one of the synthetic accelerograms generated by Priolo 

(1999), with a peak scaled between 0.35 and 0.48g. In the first building, for instance, overturning is 

found to occur for the 0.35 g peak acceleration; however, the phenomenon is prevented by elimination 

of horizontal thrusts at the upper stories.  

In order to define the limit displacements and equivalent period of vibration, the dimensions of vertical 

structural elements must be known. Data from two different building inventories were considered, 

namely ISTAT and LSU previously introduced. For the ISTAT data set, which includes all residential 

buildings in the city but does not provide the dimensions of structural elements, the column size in RC 

buildings was assumed vary in the range 0.3 to 0.5 m and the inter-story height, both for RC and 

masonry buildings, between 3 m and 4.5 m. On the other hand, the LSU data set, provides more 

detailed information on the structural elements and the characteristics of the structural system.  

The results obtained from ISTAT and LSU data were reasonably close, with the  exception of the LS3 

limit state for well designed RC buildings, which is negligible in terms of number of cases. It was 

therefore deemed acceptable to examine the results from the ISTAT dataset, which covers the whole 

urban area. Based on the analyses performed, two representative vibration periods for masonry and RC 

buildings have been identified, namely: 

 0.4 s, characteristic period of vibration of masonry buildings for the severe damage limit state 

(LS4), that has a high probability of being attained, and 

 1 s, median period of RC buildings considering non structural damage that is the dominant 

condition for this kind of structures. 

Needless to say,  these are the values of the vibration period for which ground motion maps in terms of 

displacement spectral response (at appropriate levels of damping) were generated. 

4. FROM GROUND SHAKING AND VULNERABILITY TO BUILDING DAMAGE 

In the process of obtaining the damage estimations, we have assumed in the first step that the scenario 

ground shaking is deterministically given. Next, to cope with the large uncertainties at play, the 

relevant structural characteristics of buildings have been characterised as random variables. This is 

done through empirical distributions for the vulnerability index Iv (statistical, score assignment 

approach), or making use of uniform probability density over appropriate intervals of the governing 

structural, as in the LS approach. These intervals define a domain of spectral response vs. period that, 

when compared with the seismic demand (displacement spectrum of scenario earthquake), allows to 

directly estimate the probability that the actual response of the structure leads to a given post-

earthquake damage state for a building. 

To link vulnerability and level of ground shaking to building damage in the score assignment 

approach, a deterministic correlation with the characteristics shown in Fig. 6 has been assumed. This 

was calibrated on damage observations from the 1976 Friuli and 1984 Abruzzo earthquakes, and has 

been extensively used in Italy in recent years. 



The damage factor d (ratio between repair and replacement costs of a building) is used as a damage 

indicator in Fig. 10 and in the following; d is assumed to vanish for peak ground acceleration values 

less than a threshold yi, and to increase linearly between yi and a collapse acceleration yc. Each of the 

curves in Fig. 10 corresponds to a different vulnerability index. 
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Figure 10: Corrélations assumées entre l’index de vulnérabilité Iv, l’accélération maximale du sol (PGA, en g), et 

l’index de dommage d / Vulnerability-damage-peak ground acceleration relationship for masonry and R.C. 

buildings. Shown on the curves are some values of the vulnerability index  

To get some feeling on the reliability of the limiting accelerations appearing in Fig. 10, we note that 

the cited non-linear analyses performed on the pre-1981 RC Monterosso building in Catania (Cosenza 

et al. 1999), with beams spanning in one direction only, have yielded accelerations for initiation of 

damage of 0.03-0.05g. while the largest value determined for the base shear coefficient is about 0.13g 

(in the weakest direction) for a model including well-executed infill walls.  

A different, independent vulnerability and general damage evaluation has also been carried out on the 

basis of a carefully selected sample of 135 masonry buildings in Catania (Arezzo et al. 1999) using the 

so-called VULNUS methodology, and Damage Probability Matrices calibrated on the 1980 Irpinia 

earthquake. With a reference PGA of 0.30g over much of the city area for the level I scenario 

earthquake (see Figure 5), this alternative approach leads to probabilities of very heavy damage or 

collapse in the range between 0.60 and 0.90 for the entire sample of 135 buildings. These estimates are 

basically consistent with the information given in Figures 9 and 10. For areas with PGA around 0.20g, 

the same probability is in the 0.25-0.70 range. The indicated ranges suggest that much caution should 

be exercised in predicting the damage scenarios for masonry buildings under the assumed reference 

events. 

As is often the case with damage scenarios, we chose to represent damage at the census tract level. To 

evaluate the damage factor in each tract, we used for the ground motion parameter (PGA or 

displacement spectral ordinate) the value at the tract centre of gravity; where an abrupt change in site 

conditions would occur inside the tract, such as those arising from contacts between lava flows and a 

clay unit, the highest ground motion value was used.  

Within the statistical approach, starting from the Iv distributions of Fig. 10 and the applicable PGA 

values, four different damage distributions were generated for each census tract. At this stage, 

different criteria can be followed to obtain a single, synthetic indicator of damage for the tract. One 

option is to sum, for a given probability level, the values of the damage factor yielded by the 

individual distributions, weighted in proportion to the number of buildings present in the tract for the 

corresponding age class and structural type. Alternatively, the damage in the tract (for a given 

percentile level) could be represented by means of the prevailing value range of d, i.e., the range 

affecting the category with the largest number of buildings present in the tract. The corresponding 

damage scenario is illustrated in Fig. 11 (map at left) at the 50-percentile level, and does not differ 

substantially from the mean weighted damage representation at the same level, although a slightly 



stronger presence of zones with higher damage can be noted. The elementary cell in this figure 

corresponds to the ISTAT census tract. 

 

Figure 11 : Cartes de distribution des dégâts pour le scenario sismique de niveau I, répresentation basé sur les 

dégâts prévalents aux édifices résidentiels en chaque céllule de récensement. A gauche, resultat donné par la 

methode statistique, niveau de probabilité 0.5; à droite, résultat obténu par la methode des états limites / Maps of 

predicted damge to residential buildings for the level I scenario earthquake, based on the weighted prevailing 

damage in each census tract. Left, predicted by the statistical score assignment (GNDT) approach at the 50-

percentile level; right, predicted by the displacement limit state approach 

The choice of the percentile level should be considered in the light of the different requirements 

arising from the perspectives of emergency management and risk reduction policies. Thus, the 50-

percentile representation may be better suited for estimating the average extent of the urban area 

affected by light (d  0.2 and buildings available for immediate occupancy after the earthquake) and 

intermediate levels of damage (d up to, say, 0.6, and buildings not suitable for immediate occupancy). 

As such, it could be used for estimating the number of people to be sheltered in the emergency phase, 

as well as to obtain a rough, order-of-magnitude estimate of the costs of strengthening and upgrading a 

large part of the existing building stock. On the other hand, a scenario at the 90-percentile level – not 

shown here – would be suitable for upper bound estimates of the extent of severely damaged or 

collapsed buildings (indicatively, d  0.9) and, hence, of the number of victims.  

The damage predictions obtained from the displacement LS approach have shown that the limits 

imposed by non-structural damage are in most cases dominating for RC buildings. Actually, the large 

majority of RC buildings are found to fall into the ‘extensively damaged, still repairable’ class, due to 

the influence of non-structural damage. It can be observed that a dominant period of vibration around 

1 s was found for this case. For masonry buildings the case of «severely damaged, not repairable» 

buildings is dominating, with a significant portion of buildings predicted to collapse when the number 



of stories tends to increase. Considering all RC and masonry buildings together, the LS yields a 

prediction of extensive damage, more or less repairable, for approximately 60 % of the total building 

stock. 

The spatial distribution of damage from the LS approach is depicted in Fig. 11 (map at right), allowing 

a comparison of the two approaches adopted. If the prevailing damage class is considered for each 

census tract, a remarkable similarity of damage distribution and intensity is evident. The relative 

arbitrariness involved in choosing a 50-percentile level for the left-hand map in Fig. 11, and in 

assuming some correspondence between damage factor and predicted damage state can easily explain 

the somewhat larger extension of higher damage shown on the right-hand map of Figure 11. 

5. CONCLUSIONS 

To avoid stretching over an exceedingly broad spectrum of topics, in the previous sections we did not 

mention important aspects and results of the project concerning the assessment of vulnerability and 

damage to other types of structures. We notably refer to the analysis of the numerous ancient churches 

in the old city centre – often of remarkable beauty and architectural value - and of the bridges and 

viaducts located in the Catania urban area. The study on the churches, based on static and dynamic 

modelling by macro-structural elements (Lagomarsino 1998), is a particularly stimulating contribution 

(Cavaleri et al. 1999), made possible by the experience gained on the churches damaged by recent 

Italian earthquakes in different regions of the country. As for bridges and viaducts, the work done 

includes an inventory and synthetic structural and importance characterisation of the main bridges, the 

seismic assessment of representative bridge piers, the detailed analysis of an overcrossing, and the 

development of a damage scenario. All of these contributions are contained in the final report on the 

Catania Project, scheduled to appear in December 1999. 

The study illustrated herein presents, to our knowledge, the first attempt at constructing a complete 

damage scenario of residential buildings for a potentially catastrophic earthquake in a mid-size 

European city. Emphasis has been laid on some methodological aspects, that have sometimes been 

overlooked in recent literature on seismic damage scenarios. As a first indication, the need to use 

engineering ground motion parameters such as peak acceleration or response spectral ordinates as 

quantitative indicators of ground shaking is stressed. Such parameters can, in fact, appropriately and 

easily account (through the use of recent attenuation relationships) for the often dominating influence 

of site effects, and of near-field conditions, when the source of large earthquakes is close to the area of 

study. This also implies, especially for European countries, that vulnerability-damage models should 

be as much as possible updated in terms of engineering ground motion parameters, rather than of 

macroseismic intensity. The use of synthetics generated by different source representation and wave 

propagation algorithms, while strongly recommended for generating the input of parametric response 

analyses to specific structures, cannot yet be used with the same level of confidence as the simpler 

engineering approach based on attenuation relations.  

The second key issue addressed in this paper has to do with the difficulties involved in constructing a 

reliable and fit-for-the-purpose inventory of existing buildings. While we believe that Catania may be 

better off than many European cities from the viewpoint of available information that describe the 

built environment, it is evident that an inventory suitable for seismic evaluations requires substantial 

effort in terms of using, interpreting, and adapting different sources of data. In fact, for cities 

characterised by high vulnerability and seismic hazard, specific rapid-screening surveys of the type 

described here may be indispensable. For these reasons, statements of the type ‘building inventory 

data were assembled from the tax assessor’s file’ or the like, sometimes encountered in the current 

literature on the subject (especially in the U.S.), should be regarded with considerable skepticism. 

For a critical evaluation of the predicted damage scenarios to residential buildings, we have resorted to 

two alternative approaches. The first belongs to the family of the score assignment, statistical methods 



and is in many ways comparable to the ATC-13 method used in the U.S.; it has enjoyed considerable 

diffusion in Italy and in recent projects in other European countries, and has the advantage of being 

calibrated in part on damage statistics of recent Italian earthquakes. The second approach, based on the 

use of displacement limit states as indicators of post-earthquake damage situations, is a novel one and 

needs field calibration. However, it has the advantage that it can naturally account for the parameters 

controlling the dynamic response of buildings  (fundamental period and dissipated energy), and was 

calibrated on large-scale laboratory tests at least for masonry structures. Thus, it is rather remarkable 

that the scenarios predicted through the two approaches are quite similar, although a detailed 

quantitative comparison is precluded by the differences in the approaches. 

A final point regards the criteria used for damage representation: while the prevailing and mean 

weighted (over the census tract) damage criteria lead to very close results, the choice of the percentile 

level to be used for the prediction should be tailored to the requirements of city planners and risk 

managers, and the need of documented case histories is clearly felt. 
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