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Abstract
The determination of seismic risk in urban settlements has received increasing attention in 
the scientific community during the last decades since it allows to identify the most vulner-
able portions of urban areas and therefore to plan appropriate strategies for seismic risk 
reduction. In order to accurately evaluate the seismic risk of urban settlements it should 
be necessary to estimate in detail the seismic vulnerability of all the existing buildings in 
the considered area. This task could be very cumbersome due to both the great number of 
information needed to accurately characterize each building and the huge related compu-
tational effort. Several simplified methods for the assessment of the seismic vulnerability 
of existing buildings have been therefore presented in the literature. In order to estimate 
the occurrence of damage in buildings due to possible seismic phenomena, the published 
studies usually refer to response spectra evaluated according to seismic events expected 
in the territory with assumed probabilities. In the present paper seismic events are instead 
simulated using a modified Olami–Feder–Christensen (OFC) model, within the framework 
of self-organized criticality. The proposed methodology takes into account some geological 
parameters in the evaluation of the seismic intensities perceived by each single building, 
extending the approach presented in a previous study of some of the authors. Here, a large 
territory in the Sicilian oriental coast, the metropolitan area of Catania, which includes 
several urbanized zones with different features, has been considered as a new case study. 
Applications of the procedure are presented first with reference to seismic sequences of 
variable intensity, whose occurrence is rather frequent in seismic territories, showing that 
the damage can be progressively accumulated in the buildings and may lead to their col-
lapse even when the intensities of each single event are moderate. Moreover, statistically 
significant simulations of single major seismic events, equivalent to a given sequence in 
terms of produced damages on buildings, are also performed. The latter match well with a 
novel a-priori risk index, introduced with the aim of characterizing the seismic risk of each 
single municipality in the considered metropolitan area. The proposed procedure can be 
applied to any large urbanized territory and, allowing to identify the most vulnerable areas, 
can represent a useful tool to prioritize the allocation of funds. This could be a novelty for 
risk policies in many countries in which public subsidies are currently assigned on a case-
by-case basis, taking into account only hazard and vulnerability. The use of an a-priori 
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risk index in the allocation process will allow to take into due account the relevant role of 
exposure.

Keywords Seismic vulnerability · Urban areas · Gis · Numerical simulations · Self-
organized criticality

1 Introduction

Investigating on the seismic response of buildings at metropolitan scale allows to identify 
the most vulnerable portions of urban areas and therefore to plan opportune strategies for 
seismic risk reduction.

In order to evaluate the seismic risk of urban settlements it should be necessary, in prin-
ciple, to estimate the seismic vulnerability of all the buildings in the considered area. This 
estimate needs in-depth knowledge of the geometric and mechanical characteristics of the 
load-bearing structures of each building and requires the calculation of appropriate safety 
coefficients with respect to possible seismic events (Ramos and Lourenço 2004; Greco 
et  al. 2018, 2020a, b; Senaldi et  al. 2010; Maio et  al. 2015; Polese et  al. 2013). Taking 
into account a great number of buildings this task would require a large amount of data 
and a huge computational effort. This is not always easy to achieve especially in countries 
where awareness of the importance of seismic risk mitigation is still weak. It is therefore 
fundamental that decision-makers have available simplified planning tools which provide 
reliable results even if they are based on reduced information about the buildings present in 
the area under examination.

Due to the great interest in simplified vulnerability assessment several scientific stud-
ies have been published in the last decades (Gaudio et  al. 2015; Zuccaro and Cacace 
2015; Riedel et al. 2015; Maio et al. 2016; Matassoni et al. 2017; Lu et al. 2014; Silva and 
Horspool 2019; Hancilar et al. 2010). In particular Lagomarsino and Giovinazzi proposed 
two models: a macroseismic and a mechanical one, to be used, respectively, with macro-
seismic intensity hazard maps and when the hazard is provided in terms of peak ground 
accelerations and spectral values (Lagomarsino and Giovinazzi 2006). The two methods, 
denoted by LM1 (macroseismic) and LM2 (mechanical), have been included in the Risk-
UE project and taken into account by many countries in the preparation of opportune 
sheets which assess the seismic vulnerability of existing buildings at different detail level.

Among recent studies available in the literature, Boukri proposed simplified method-
ological and operational approaches to assess urban seismic vulnerability and socio-eco-
nomic losses at urban scale in Algeria (Boukri et al. 2018). Vicente estimated the physical 
damage scenarios, economical and human losses related to the vulnerability assessment 
of the old city center of Faro, in Portugal (Vicente et al. 2014). Del Gaudio (Gaudio et al. 
2020) analyzed the data concerning the damage observed in about 25,000 residential rein-
forced concrete buildings inspected in the aftermath of the most devastating earthquakes 
occurred in Italy between 1976 and 2012 and determined different classes of buildings and 
the relevant vulnerability and fragility curves. Ferreira et  al. (1996) presented a simpli-
fied methodology to evaluate the seismic vulnerability of 91 reinforced concrete buildings 
affected by recent earthquakes with different macroseismic intensities. Zhai et al. (2019) 
proposed a GIS-based seismic hazard prediction system for urban earthquake disaster 
prevention planning. Vargas Alzate et al. (2020) developed a method for the seismic risk 
assessment under assigned earthquake records which considers the nonlinear dynamic 
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response of the structures and takes into account some uncertainties related to the loads, 
the geometry of the buildings and the mechanical properties of the materials. The role of 
biases, discrepancies and uncertainties in the hazard and vulnerability components of three 
cities in Columbia has been investigated in Hoyos and Hernandez (2022). The seismic haz-
ard has been recently evaluated for Puerto Vallarta metropolitan area (Jaimes et al. 2022), 
Plovdiv (Stefanov et al. 2023), Mexico City (Gómez-Bernal et al. 2023) also taking into 
account social vulnerability and economic losses. The difference between the objective 
seismic risk of buildings in an urban area and the one perceived from their inhabitants has 
been analyzed with the aim of understanding the critical elements that prevent the adop-
tion of relevant seismic risk mitigation measures (Fischer et al. 2022). All these works are 
based on capacity spectra and refer to expected seismic events probabilities in the territory 
in question. However, there are computational models that, interfaced with territorial maps 
in the GIS environment, allow simulating the effects of seismic excitations in the various 
sites of interest with a good approximation. Among others, Zhao et  al. (2007) obtained 
simulated waveforms using an impulse point source in a 3D velocity structure to synthesize 
seismograms of ground motion as Green’s function for any prescribed rupture scenario and 
source functions. Jin and Smerzini (2022) recently proposed a 3D physics-based numerical 
approach to generate ground shaking scenarios for strong earthquakes in the Thessaloniki 
area.

Some of the authors of this paper have recently published a study (Greco et  al. 
2019) in which the seismic events were simulated using a modified version of the 
Olami–Feder–Christensen (OFC) model (Olami et  al. 1992), recognized in the scientific 
literature as suitable for reproducing seismic stress in a given territory within the context 
of Self-Organized Criticality (Jensen 1998). In the cited study, the OFC model has been 
conveniently combined with urban and geological datasets and applied to the estimation 
of the seismic vulnerability of a small urban center on the south-eastern coast of Sicily. 
Furthermore, instead of taking into account only single earthquake of a certain intensity, 
the typical approach used in urban vulnerability studies, sequences of seismic events are 
accounted for. This aims at modeling realistic seismic activities in which large seismic 
events are often preceded and followed (foreshock and aftershock) by an intense seismic 
activity of variable intensity and duration (Omori Law) (Omori 1894; Utsu et  al. 1995; 
Baiesi and Paczuski 2004; Kossobokov and Nekrasova 2017). For example, the main shock 
of magnitude M 5.9 (Richter Scale) occurred in L’Aquila (Italy) on April 6, 2009, was the 
largest event of an intense activity spanning from December 2008 to the end of 2012.

In the present paper, the methodology proposed in Greco et al. (2019) has been extended 
assuming a more detailed correlation between geological characteristics of the soil and the 
seismic intensity perceived from the buildings in the selected area and performing numeri-
cal simulations for both the case of single or repetitive seismic events. Moreover, a larger 
territory which includes urbanized zones with different features has been chosen as case 
study: the metropolitan area of Catania, which includes 25 municipalities of different size 
with more than two hundred thousand buildings in total. A local a-priori seismic risk index 
for each municipality, based on “Crichton’s Risk Triangle” (Crichton 1999), has also been 
proposed. The risk has been evaluated considering the Hazard associated to the geological 
features, the Exposure proportional to the number of buildings in each municipality and the 
Vulnerability related to the characteristics of the buildings.

The analysis of the effects of seismic excitations has been carried out by associating to 
the intensity of the earthquake at each site a prediction of the damage on the various build-
ings located in the territory under consideration. In defining the intensity perceived by the 
single building, characteristic parameters of the soil, such as the acceleration referred to the 
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rigid ground and the slope of the ground, have been taken into account. These parameters 
can in fact significantly affect the intensity of the seismic shock at the base of the buildings.

In the applicative section, the results of many simulations for both the case of single 
or repetitive seismic events of variable intensity are shown. With reference to sequences 
of seismic events it will be shown that the damage can be progressively accumulated in 
the buildings and may lead to their collapse even if the intensities of each single event 
are moderate. Furthermore, the effects, in terms of damage on buildings, of major single 
earthquakes of selected magnitude are evaluated. In order to provide statistically significant 
results 100 earthquake simulations for each of the considered magnitudes have been per-
formed and an average damage for each municipality has been evaluated.

The proposed seismic simulations allow classifying the municipalities in terms of aver-
age damage level and the obtained results are in good agreement with the introduced risk 
index. In this way, the proposed seismic simulation allows a risk-based approach, depend-
ing on simulated and reliable scenarios, different from the hazard map, which has been 
adopted so far in the policies for risk reduction management (Saunders and Kivilgton 
2016).

The performed simulations also allow to identify, within each municipality, in which 
areas the buildings are mostly damaged by possible seismic events. This result, eventu-
ally matched with information regarding road infrastructures, could be extremely useful 
in planning appropriate measures for risk management. In particular, the obtained results 
could be useful in defining planning actions aimed at reducing seismic risk, such as prior-
itization of funds, individuation of key renewal areas, inclusion in the urban planning docu-
ments of the results of vulnerability and seismic risk assessment studies, urban transforma-
tion and development previsions in relation to risk maps. This could be done at municipal 
level with direct effects on land use plans.

It is also worth noting that the proposed approach could be applied to different urban-
ized territories with variable geological and structural features and can be enriched with 
further details regarding both the characteristics of the soil and of the buildings.

2  The simulated seismic events

In this paper, the seismic activity dynamics has been simulated by means of a modified 
version of the well-known Olami–Feder–Christensen (OFC) model (Caruso et  al. 2007). 
By means of the adoption of this model, it is possible to reproduce the statistical charac-
teristics of several earthquakes (Omori 1894) as briefly summarized hereafter. The area 
under investigation can be modeled as a two-dimensional rectangular lattice of sides L and 
H with N nodes and K links (see Fig. 1), where the introduction of a few numbers of long-
range connections makes it equivalent to a small-world graph (Watts and Strogatz 1998). A 
seismogenic force Fi (seismic stress) is applied on each node and all the forces on the nodes 
are uniformly increased until one of them reaches a critical value and becomes “active.” At 
this stage, the loading is no longer increased and an earthquake begins: A fraction α of the 
force of the active nodes is transferred to the neighbors, which can consequently become 
active and transfer forces to other neighbors until the dynamics stops, producing an earth-
quake of size S. The latter is defined through the number of nodes activated during the 
dynamics, colored in red in Fig. 1, and represents the energy released by the seismic event. 
After a certain transient, these rules (under an opportune calibration of the control param-
eters, see Caruso et  al. 2007) drive the system into a critical state, where large seismic 
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events can occur with a certain probability. The presence of seismogenic faults present in 
the considered territory can be modeled through nodes (called “fault nodes”) which can be 
activated with a greater probability.

Typically, the OFC model is considered for reproducing sequences of earthquakes dis-
tributed over time, but our modified model is able to simulate also the impact of single 
events of a particular chosen intensity. In the present study, the intensity of the seismic 
input is considered as a continuous parameter in the range 1–12 according to the European 
Macroseismic Scale (EMS-98) (EMS 1998). It is important to point out that due to the 
sub-surface geological setting, amplifications of the seismic input with respect to rigid soil 
conditions can occur and therefore the same intensity can be differently perceived by the 
buildings present in the considered territory. The size S of an earthquake in the OFC model 
can be related to the corresponding intensity I in the EMS-98 by means of the magnitude 
M = lnS as described in Greco et al. (2019). In particular in the following, reference will be 
made to the empirical relation I(M) = 1.71M − 1.02 which takes into account the compari-
son between the magnitude scale and the EMS-98 one (Musson et al. 2010).

Fig. 1  Small world L × H regular lattice of the OFC model with N = 1020 nodes and K = 1976 links, with 
some long-range connections. The color of nodes in gray-scale are proportional to their seismic stress. 
Nodes in red represent the S sites activated by an earthquake of size S. The profile of the metropolitan area 
of Catania, chosen as case study, is distinguishable in the background. See text for further details
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In the present study, the peak ground acceleration ag at rigid soil (PGA, see Sect. 4.2) 
and a slope parameter as will be considered as geological and topographic parameters, so 
that the perceived seismic intensity in a given area will be defined as:

where ag ∈ [0, 1] and, according to the Italian technical code,a
s
=

⎧
⎪⎨⎪⎩

1.0 for 0◦ ≤ s ≤ 15◦

1.2 for 15◦ < s ≤ 30◦

1.4 for s > 30◦

and s is the local slope of the ground with respect to the horizontal layout. Equation (1) 
clearly shows that both the rigid ground acceleration and the slope can sensibly amplify the 
intensity of the seismic event.

3  Damage on buildings produced by seismic events

The seismic vulnerability assessment of a single building require the knowledge of its 
structural, geometrical and mechanical characteristics together with information on the 
geological characteristics of the site. These parameters are not often readily available, in 
particular when the analyses have to be performed at urban scale. However, also in absence 
of detailed data, an approximated vulnerability index can be still estimated. For example, 
according to the macroseismic model presented in Lagomarsino and Giovinazzi (2006), 
suitable ranges [Vmin, Vmax] for the vulnerability index can be assumed, as reported in 
Table 1, for masonry and reinforced concrete buildings. As it can be observed the vulnera-
bility index varies from a minimum value Vmin = − 0.02 for structures with high earthquake 
resistant design (E.R.D) to a maximum value Vmax = 1.02 in total absence of E.R.D. In the 
present study, an initial vulnerability  V0 of each type of building is assigned at the begin-
ning of the simulation by matching the information contained in a given urban GIS data 
set and randomly choosing the value in the related interval of vulnerability presented in 
Table 1. This initial vulnerability will be successively updated considering the damage pro-
gressively accumulated in the building. The damage μD in a building of vulnerability index 

(1)I
(
M, ag, as

)
= (1.7M − 1.02)(1 + ag)as

Table 1  Reference vulnerability of buildings

Typologies Building type Vmin Vmax

Masonry Rubble stone and earth bricks 0.62 1.02
Simple stone 0.46 1.02
Massive stone 0.3 0.86
Masonry with old bricks 0.46 1.02
Masonry with r.c. floors 0.3 0.86
Reinforced /confined masonry 0.14 0.7

Reinforced concrete Frame in r.c. (without E.R.D) 0.3 1.02
Frame in r.c. (moderate E.R.D.) 0.14 0.86
Frame in r.c. (high E.R.D.)  − 0.02 0.7
Shear walls (without E.R.D) 0.3 0.86
Shear walls (moderate E.R.D.) 0.14 0.7
Shear walls (high E.R.D.)  − 0.02 0.54
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V caused by a certain seismic intensity I
(
M, ag, as

)
 is evaluated by means of the analytical 

function provided in Lagomarsino and Giovinazzi (2006) as follows:

According to what suggested in Greco et al. (2019), the ductility index Q for masonry 
buildings has been assumed equal to 2.3, judged to be representative for buildings not spe-
cifically designed to have ductile behavior. For reinforced concrete buildings the value 
Q = 2.6 has been assumed since, although these are more ductile than masonry buildings, 
most of them have been designed without taking into account the earthquake loadings. 
Damage in buildings may be caused either by a strong seismic event or during repetitive 
sequences of earthquakes of moderate intensity. The damage �D ∈ [0, 5] produced by a sin-
gle seismic event is directly computed by means of Eq. (2) while in the case of repetitive 
events it is assumed that, for each building, the damage progressively cumulates accord-
ing to the relation �TOT

D
=
∑

�D . At the same time, the updated vulnerability Vnew is here 
defined as:

This means that ensuing earthquakes can progressively cause damage on buildings, 
increasing the parameter �TOT

D
 (which starts from 0 at t = 0). The value of �TOT

D
 classifies 

the status of each building: In particular, it is considered “slightly (or moderately) dam-
aged” when 0.5 ≤ 𝜇

TOT
D

< 2 , “heavily (or very heavily) damaged” when 2 ≤ 𝜇
TOT
D

< 4 and 
“destroyed when 4 ≤ �

TOT
D

≤ 5[30].

The knowledge of the total damage for each building after each seismic input allows to 
globally visualize the areas in the considered territory having the same level of damage and 
may therefore be very significant in an urban management.

4  The case study of Catania metropolitan area (CMA)

In this section, we present Catania Metropolitan Area (CMA) located along the east coast 
of Sicily (Italy) which will be considered in the rest of this paper as a case study. The area 
has size 893 sqkm and contains a set of twenty-five municipalities, including the main city 
of Catania (Fig. 2). It considers the current extension of the conurbation that has devel-
oped, in the last 40 years, by a progressive northbound radial expansion of the built up area 
toward the slopes of Mount Etna and along the coast.

The nature of the present built up heritage of CMA is the result of this growth process 
that has progressively included the smaller existing agro-towns and the nearby countryside 
forming an uninterrupted urban settlement (Greca et al. 2011; Rosa and Privitera 2013). 
This explains the considerable heterogeneous age of the buildings in the examined area.

4.1  Description of the urban GIS dataset

Starting from the 50s and early 60s, the city of Catania was characterized by a consider-
able demographic growth. Consequently, the city had a period of great urban expansion 

(2)�D[I
(
M, ag, as

)
] = 2.5

[
1 + tanh

(
I
(
M, ag, as

)
+ 6.25V − 13.1

Q

)]

(3)Vnew = V0

(
1 +

�
TOT
D

5

)
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amplified by a strong attitude toward property speculation by medium and small entrepre-
neurs in the building sector. From the early 1970s, there was a gradual spillover of the 
development toward the municipalities located north of the city border, along the volcano 
slopes and the coastline (Dibben 2008).

This diffusion of residential buildings outside the municipal limits of the main city was 
due to several factors. These include: The refusal of the low quality residential model that 
was prevailing in the decaying historic center and in the new districts built in 1960–70; the 
increased availability of private cars and the connected upsurge in vehicular mobility; bet-
ter environmental an scenic conditions of the surroundings areas of the main city.

The twenty-five municipalities of the metropolitan area of Catania, which represent 
the core of the urban agglomeration around the eponymous municipality, feature a pop-
ulation of 786,234 inhabitants (January 2020) and a total number of 206,916 buildings. 
About 60% of the CMA population lives in the municipalities closer to the main city 
that can be considered as its residential districts (Greca and Martinico 2017). These 
municipalities can be classified in two groups: A “first tier,” around the administrative 
borders of the main city, and a “second tier”, which includes the outer municipalities 
and extends along the south-eastern side of Mt Etna (Fig.  2). The municipalities of 

Fig. 2  Municipality of Catania is shown together with the first tier and the second tier municipalities
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the “first tier” are: Motta Sant’Anastasia, Misterbianco, Paternò, Belpasso, Camporo-
tondo, San Pietro Clarenza, Sant’Agata Li Battiati, Mascalucia, Tremestieri, San Gio-
vanni La Punta, San Gregorio, Valverde, Aci Castello. The “second tier” includes: Nico-
losi, Pedara, Trecastagni, Zafferana Santa Venerina, Viagrande, Aci Bonaccorsi, Aci 
Sant’Antonio, Aci Catena, Acireale, Gravina di Catania.

In Table  2, data relating to urbanized areas for each municipality are reported. In 
detail the overall area is indicated for each municipality; the built-up area represents 
the surface covered exclusively by the buildings and it covers the 5.68% of the whole 
CMA. The urbanized area covers 21,000 ha, 42% of the entire CMA territory. Approx-
imately 45.5% of the building stock was built before 1964, while between 1964 and 
1985, the process of urban expansion showed an increase in the built-up areas of 36%, 
largely without any protection measures against seismic risk (Table 3). Only since 1981, 
according to the Italian National Law no.741/1981, the Regions were obliged to issue 
«rules for the adaptation of general and detailed urban planning tools in force, as well 
as the criteria for the formation of urban planning tools for preventing seismic risk». 
This means that only about 16% of buildings are built with characteristics of resistance 
to seismic stress and that a considerable number of buildings was built without a formal 
authorization, a practice which has been quite common in Southern Europe and in Italy 
(Allen et al. 2004; Chiodelli et al. 2020).

The study, based on the available historical cartographies, has produced a compre-
hensive GIS map of the growth of urban settlements in study area, starting from the 
early 1900s up to 2016.

The cartography, issued by the Regional Territorial Department, retrieved from the 
GIS Sicilian Regional Website (SITR) have been superimposed on historical maps of 
the urban fabric. Urban growth had been mapped by using available cartographies cor-
responding to five main dates (1928, 1964, 1985, 1999 and 2016). In the resulting GIS 
map each existing building features the date in which it is present in the corresponding 
map. This allows a rough estimate of the construction period of each building.

The available Numerical Technical Map contains also the volumetric information 
relating to the mapped buildings, together with the height and surface data.

The information obtained through the support of the GIS tool allowed the identifica-
tion of the initial vulnerability level according to the geometric characteristics of the 
single building, height and width, and construction date; the slope with respect to the 
ground and the peak acceleration are the geological characteristics that will amplify the 
seismic effects on the building in case of occurrence of an earthquake (see Sect. 4.2). 
Due to the asymmetric frequency distribution of the initial vulnerability, instead 
of using the average it is more reasonable to characterize the municipalities with the 
most expressed value (mode) of the initial vulnerability of their buildings, as shown in 
Table 4.

Specifically, the municipalities of Gravina, Paternò, Nicolosi, Acireale and Trecastagni 
are found in the higher range of 0.76–0.68. Paternò has the largest percentage of buildings, 
41%, built before 1928, 30% between 1965 and 1985, and the remaining 29% between 1985 
and 1999. Acireale has the largest percentage of buildings, 41%, built before 1928; another 
40% has been built between 1928 and 1985. Nicolosi has 90% of the buildings built before 
1985 and the same percentage holds for Gravina di Catania while 61% of Trecastagni has 
been built before 1985. These values show a vulnerable built heritage, as the building char-
acteristics do not meet the design criteria of the anti-seismic legislation. A very significant 
building stock, which as it can observed in Table  3 is equal to 80%, was built without 
seismo-resistant criteria.
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4.2  Geological framework and seismotectonic

The city of Catania and its metropolitan area are located in a relatively complex geo-tectonic 
region of Eastern Sicily, which encompass part of the Mt. Etna volcano and of the Catania-
Gela foredeep domain (Fig. 3a). Mt. Etna is a Quaternary polygenic volcano formed close to 
the suture zone between the Africa and Europe plates and its origin has been associated to the 
activity of a regional-scale tectonic boundary (Doglioni et al. 2001; Gvirtzman and Nur 1999), 
the Malta Escarpment. Accordingly, crustal faulting and associated fracturing favored magma 
to ascend through the lithosphere up to the Sicily’s Ionian coast. In the last 500 kyr, volcanic 
products have accumulated over a Pleistocene clayey substratum to build a composite strato-
volcano. Throughout the history of Mt. Etna, four volcanic phases have been recognized (see 
Branca et al. 2008 and Fig. 3b): Basal Toleiithic (500–330 kyr), Timpe (220–110 kyr), Valle 
del Bove (110–60 kyr), and Stratovolcano (60–15 kyr). In the southern sector of the Catania 
metropolitan area, Quaternary basin-fill sedimentary rocks consisting of fluvial to marine suc-
cessions of clays, sands, and conglomerates widely outcrop (Fig. 3b). The foredeep system’s 
inner portion is presently buried beneath the Mt. Etna volcano, and its top-surface has been 
reconstructed using bore-hole and geophysical data (Branca and Ferrara 2013).

The investigated area, which encompasses the administrative territories of 25 munici-
palities, can be divided into two domains based on the outcropping rocks; a northern 
domain, characterized by a rigid bedrock of volcanic units and a southern one, character-
ized by a soft bedrock of sedimentary origin. In this frame, the urbanized portion of the 
considered municipalities is primarily based on a rigid volcanic bedrock except for those 
located near the border between the northern (volcanic) and the southern (sedimentary) 
domains. Among these, parts of the urban areas of Belpasso, Motta S. Anastasia, Mister-
bianco, Aci Castello, and the southern portion of the Catania urban settlement, are based 
on a soft sedimentary bedrock. According to the reconstructed top-surface of the foredeep 
system beneath the Mt. Etna volcano (see Branca and Ferrara 2013), a system of paleo 
fluvial incisions, carved on the Pleistocene sediments, is buried under the southern side 

Table 3  Numerical and 
percentage increase in the 
building stock by time interval

The time span within which the city grew the most and without the 
adoption of seismic building regulations are highlighted in bold

Period Increase Percentage (%) Cumulative (%)

Before 1928 59,053 28.54 28.54
1928–1964 37,369 18.06 46.60
1964–1985 76,249 36.85 83.45
1985–1999 21,892 10.58 94.03
After 1999 12,353 5.97 100

Table 4  Mode (most expressed value) of the initial vulnerability (V0) per municipality

Mode of initial vulnerability per municipality

Aci Bonaccorsi 0.67 Belpasso 0.64 Misterbianco 0.66 San G. LPunta 0.52 Trecastagni 0.68
Aci Castello 0.62 Camporotondo 0.62 Motta SA 0.60 San Gregorio 0.19 Tremestieri 0.52
Aci Catena 0.62 Catania 0.64 Nicolosi 0.69 San Pietro C 0.51 Valverde 0.53
Acireale 0.68 Gravina 0.76 Paternò 0.70 Sant’Agata LB 0.54 Viagrande 0.66
AciSant’Antonio 0.62 Mascalucia 0.52 Pedara 0.52 Santa Venerina 0.57 Zafferana 0.60
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of the volcano. The fluvial incisions were then progressively filled by the lava flow units 
erupted during the growth of the Mt. Etna volcano, resulting in a complicated subsurface 
stratigraphic setting. The thickness of the stiff volcanic units might vary greatly depending 
on their vicinity to the axis of the buried fluvial channels.

This aspect could have considerable implications on the behavior of the bedrock under 
dynamic conditions (i.e., during an earthquake) since site amplification of seismic waves 
is also a function of the subsurface rock layering and of the thickness of the rigid bed-
rock. These local geological effects, known as “site effects,” can amplify or de-amplify the 
seismic ground motion, producing differences in the shaking intensity (Bard and Bouchon 
1985; Bard et al. 1988). The investigated sector lies in a rather tectonically unstable area 
where local and regional tectonics interact with each other at different rates. Local tectonics 
is largely concerned with the dynamic of the Mt. Etna volcano and particularly of its east-
ern flank, where volcano-tectonic and gravity-driven processes take place simultaneously 
(Azzaro et al. 2013). Gravity-related deformation gave rise to a large sliding area across 
whole eastern side of the volcano (Rasà et al. 1996; Rust and Neri 1996). As evidenced by 
geodetic data (Puglisi and Bonforte 2004; Bonforte and Puglisi 2006) and interferometric 
studies (Froger et  al. 2001; Lundgren et  al. 2004), the sliding area is characterized by a 
seaward motion of several blocks at a rate in the order of the cm/yr (Bonforte et al. 2011). 
The spreading toward the Ionian Sea is generally accommodated by (i) ground rupturing 

Fig. 3  a Investigated sector (blue polygon) framed in the tectonic context of Eastern Sicily. The studied 
region encompasses part of the Mt. Etna volcanic district (in the north) and of the Gela-Catania foredeep 
(in the south). Major regional-scale active faults are reported given their vicinity with the study area. b 
Geological map of the study area displaying the bedrock where the several analyzed urban areas are based. 
The Mt. Etna volcanic phases are from Branca et al. (2008)
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along shallow discontinuities mainly developed at the northern and southern boundaries of 
the sliding block or (ii) by a reactivation of pre-existing tectonic structures (Azzaro et al. 
2013).

The ensuing deformation field is therefore characterized by variously oriented fault 
systems (Fig. 4a), whose recent activity makes the eastern slope of the volcano the most 
tectonically active region of the volcanic edifice (Azzaro et al. 2011). A prominent set of 
active faults, locally knows as the Timpe Fault System (TFS in Fig. 4a), occur at the north-
eastern corner of the investigated area with an NNW-SSE direction. The system consists of 
at least 20 fault segments (Barreca et al. 2013), which were responsible in the last centuries 
for relatively shallow yet damaging earthquakes of low magnitude (Azzaro et  al. 1989). 
The intense tectonic activity along the system is demonstrated by the occurrence of mul-
tiple shallow earthquakes (< 5–6 km) of medium–low magnitude (M < 4.5) (Azzaro et al. 
2011).

Most of the tectonic structures of the TFS have been then identified as active and capa-
ble faults by ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale) and 
included in the ITHACA (ITaly HAzard from CApable faults) dataset (http:// sgi2. ispra 
mbien te. it/ ithac aweb/ viewer). The South Fault System (SFS in Fig. 4a, see Barreca et al. 
2013), accommodates deformation along the southern border of the SE-ward sliding sector 
of Mt. Etna. The system is composed of four non-seismogenic fault branches (see Barreca 
et al. 2013 and Fig. 4a). Although local tectonics might contribute to the seismic hazard 
of the investigated region, a major seismotectonic role is attributed to the occurrence of 
regional-scale tectonic structures and particularly to the late Quaternary reactivation of the 
Malta Escarpment (Gambino et al. 2021). The Malta Escarpment (Fig. 3a), is a NNW-SSE 
trending tectonic lineament located in the near-offshore of eastern Sicily. Seismic explora-
tion in the marine realm (Gambino et al. 2021; Gutscher et al. 2016), highlighted the recent 

Fig. 4  a Major local and regional-scale active faults slicing across or nearby the investigated sector. The 
north-eastern sector is actively deformed by fault belts (in red) and b Map of PGA (Peak Ground Accelera-
tion) for the investigated area

http://sgi2.isprambiente.it/ithacaweb/viewer
http://sgi2.isprambiente.it/ithacaweb/viewer
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activity of the northern sector of the Malta Escarpment, which manifests mainly off Cata-
nia (in the north) and Siracusa (in the south) with seafloor displacement along three fault 
segments. Among these, the longest (~ 60  km-long) and most continuous fault segment 
might generate M > 7 earthquakes. According to historical catalogs (CPTI15, see Rovida 
et al. 2016), Eastern Sicily is one of the most seismically hazardous regions of Italy having 
experienced large earthquakes in the past centuries such as the February 4, 1169, and the 
January 11, 1693, events. The latter seismic event is commonly reported as the strongest 
earthquake of the Italian Peninsula (Io = X/XI MCS and Mw 7.4).

According to the Seismic Hazard Map of Italy [MPS04, see Stucchi et  al. 2004], the 
seismic hazard of a region is defined in terms of predicted PGA (Peak Ground Accelera-
tion), the maximum horizontal acceleration expressed by a fraction of the gravity accel-
eration ag (9.8 m/s2). The expected PGA is computed through ground-motion predictive 
equations (GMPE), where magnitude (M), epicentral distance (R), soil conditions, and a 
specific spectral period (T) are considered. For the MPS04, three sets of GMPE (Sabetta 
and Pugliese 1996; Ambraseys et al. 1996; Malagnini et al. 2002, 2000) were adopted in a 
logic-three approach to evaluate epistemic uncertainty.

The resultant seismic hazard map is expressed by the 10% probability of exceed-
ance in 50  years of the calculated PGA, assuming a rigid soil with S-waves velocity in 
the 30 m-depth (Vs30) > 800 m/s (see point 3.2 of NTC/2008 NTC 2008) and a flat topo-
graphic surface (Meletti et al. 2006). In this frame, the Italian territory has been classified 
into four seismic zones according to the range of calculated PGA. Available database, con-
taining the standard values of ag and related uncertainties (http:// zones ismic he. mi. ingv. it/ 
elabo razio ni/ downl oad. php) for the Sicilian territory, was exploited to derive the PGA dis-
tribution for the investigated sector. Georeferenced data points format (0.02°space-array), 
were then transformed in a continuous function (Grid) by using the Kriging interpolation 
method operated into the  ARCGIS® platform. The resulting map (Fig. 4b), displays how 
the PGA values vary for the considered region ranging from 0.15 to 0.25 g (seismic zone 
2). As previously stated in Sect. 2, the local values of PGA and ground slope with respect 
to the horizontal layout have been considered as input data to calculate the perceived seis-
mic intensity I in Eq. (1).

5  Calibration of the model

A further calibration of the proposed model for earthquakes simulations is needed in order 
to allow a proper interaction between the OFC lattice and the buildings of the chosen data-
set. This can be obtained by tuning the value of an appropriate control parameter fB, repre-
senting the fraction of randomly chosen buildings around each node of the lattice, through 
a comparison of the damage produced by a simulated seismic scenario with real observed 
data. Since, according to the Italian seismic hazard map (http:// zones ismic he. mi. ingv. it), 
the considered CMA has a seismic risk very similar to the territory of L’Aquila, the refer-
ence data are chosen as those related to the seismic sequences occurred at L’Aquila in April 
2009.

A seismic scenario similar to the one occurred at L’Aquila in 2009 has been reproduced 
within our model and reported in Fig.  5. This seismic sequence exhibits 1000 seismic 
events in 10 days with three shocks of magnitude greater than M 5.

According with a procedure already tested in Greco et  al. (2019), the comparison 
between the damage produced by the simulated seismic scenario and those really observed 

http://zonesismiche.mi.ingv.it/elaborazioni/download.php
http://zonesismiche.mi.ingv.it/elaborazioni/download.php
http://zonesismiche.mi.ingv.it
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in L’Aquila (Kawashima et al. 2010; Bosi et al. 2009; Carocci 2012; Decanini et al. 2009) 
allows to calibrate the value of the control parameter fB. Table 5 reports the percentages of 
heavily damaged and destroyed buildings for the seismic scenario of L’Aquila compared 
with the same data obtained for the municipality of Catania, calculated performing differ-
ent earthquake simulations in correspondence of increasing values of fB (going from 0.35 
to 0.44). As it can easily be noticed, damages increase with fB and the most similar percent-
ages for both the heavily damaged buildings (13.09%) and destroyed buildings (29.78%) is 
observed for the value fB = 0.37. Therefore, this value will be chosen as the reference one. 
Notice that, once fixed fB, all the parameters of the proposed model have been properly 
calibrated in order to find the optimal values allowing us to proceed with the simulation 
scenarios of the next section.

6  Simulation results

In this section, two different sets of simulations are presented: three scenarios with mul-
tiple earthquakes sequences of variable average intensity and three scenarios with single 
earthquakes of increasing intensity.

6.1  Multiple earthquakes scenarios

Let us start with three seismic sequences with earthquakes of different intensities, which 
allow investigating their effects in terms of accumulated damage on the buildings in the 
considered area.

In particular, the seismic sequences have duration 10 days inside the critical state and, 
after a transient of 600 events, exhibit 100 events per day. The “low intensity” seismic 
scenario has no events of magnitude greater than M 5; the “medium intensity” seismic 
scenario shows one event with magnitude greater than M 5; the “high intensity” seismic 
scenario includes two events of magnitude greater than M 5.

Figure 6 considers the low intensity seismic scenario. The plot in the top panel reports 
the increase in the total damage caused in the urban area by the chosen sequence of 1000 
seismic events, whose sizes are shown in the bottom panel. The sequence is characterized 
by 25 earthquakes of magnitude between 3 and 4, 7 earthquakes of magnitude between 4 
and 5, and no earthquake of magnitude greater than 5.

The total number of events (EV) cumulated up to days 1, 4, 7 and 10 are displayed in 
Table 6 for three different intervals of magnitude. In the same table, the corresponding per-
centages of slightly damaged (SDB), highly damaged (HDB) and destroyed (DB) buildings 

Fig. 5  Simulated seismic scenario similar to the one occurred in L’Aquila in 2009
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related to the considered time intervals are also reported. The effects of this low intensity 
seismic sequence are that the majority of the buildings turn out to be undamaged at the end 
of the 10 days, about 17% of them results to be slightly damaged and about more than 13% 
are heavily damaged and destroyed. The greatest damage increment in this scenario can be 
observed at day 10, when the overall number of slightly, heavily damaged and destroyed 
buildings goes from less than 9% to more than 30% after a single earthquake of magnitude 
M 4.78.

It is also interesting to observe the different percentages of slightly, heavily damaged 
and destroyed buildings distinguished, at the end of the 10 days, for masonry and reinforced 

Fig. 6  Low intensity seismic scenario: The number of damaged and destroyed buildings are reported, in the 
top panel, as function of 1000 seismic events, whose sequence is shown in the bottom panel

Table 6  Low intensity seismic scenario: number of seismic events of different magnitude and percentages 
of slightly damaged (SDB), highly damaged (HDB) and destroyed (DB) buildings, both cumulated up to 
four different days during the considered time period

Day 1 Day 4 Day 7 Day 10

N. ev. with 3 < M < 4 4 9 16 25
N. ev. with 4 < M < 5 1 2 3 7
N. ev. with 5 < M < 6 0 0 0 0
%SDB 3.07 5.21 6.96 17.69

(8.67 masonry
9.02 reinforced concrete)

%HDB 0.2 0.58 0.91 9.09
(5.41 masonry
3.68 reinforced concrete)

%DB 0 0.28 0.51 4.49
(2.88 masonry
1.61 reinforced concrete)



135Natural Hazards (2023) 118:117–153 

1 3

concrete typologies. While these percentages are similar with respect to the slightly dam-
age condition, the number of reinforced concrete buildings highly damaged or destroyed 
turns out to be smaller than the correspondent values for masonry buildings.

In Fig.  7, the color map of damages for the low intensity seismic scenario is shown. 
The color scale is divided in seven ranges of increasing intensity. Color darkness for each 
municipality of the metropolitan area is proportional to the percentage of heavily damaged 
and destroyed buildings registered at the end of the simulation in the corresponding terri-
tory. Before the label of each municipality, the corresponding value of this percentage is 
also reported.

The same study has been repeated for the medium intensity seismic scenario, (charac-
terized by 46 earthquakes of magnitude between 3 and 4, 10 between 4 and 5, and an earth-
quake of magnitude greater than 5). The results are reported in Fig. 8.

The figure shows the percentage of slightly damaged buildings increases almost lin-
early starting from the first day, going from 5%, due to a 4.02 magnitude earthquake, 
to 18% on the last day in correspondence with an earthquake of magnitude 5.60. The 

Fig. 7  Color map of damages for the low intensity scenario, with no earthquakes with 5 < M < 6. Color 
intensity in the different areas of the map is proportional to the ratio between the sum of heavily damaged 
and destroyed buildings present in a given municipality and the corresponding total number of buildings, 
expressed in percentage. Values for each municipality are reported before the corresponding label
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highest percentage of growth of the heavily damaged buildings and destroyed buildings 
occurs at day 10, where it goes from 4.50% to more than 22%, in correspondence with 
an earthquake of magnitude 5.60. As expected, the percentage of destroyed buildings 
reported in Table 7 is sensibly higher than the correspondent ones showed for the low 
intensity scenario. Also in this case similar percentages of slightly damaged masonry 
and reinforced concrete buildings can be observed at the end of the 10 days while the 
number of reinforced concrete buildings highly damaged or destroyed turns out to be 
smaller than the correspondent values for masonry buildings.

Fig. 8  Medium intensity seismic scenario: The number of damaged and destroyed buildings are reported, in 
the top panel, as function of 1000 seismic events, which are shown in the bottom panel

Table 7  Medium intensity seismic scenario: number of seismic events of different magnitude and percent-
ages of slightly damaged (SDB), highly damaged (HDB) and destroyed (DB) buildings, both cumulated up 
to four different days during the considered time period

Day 1 Day 4 Day 7 Day 10

N. ev. with 3 < M < 4 8 20 35 46
N. ev. with 4 < M < 5 1 2 5 10
N. ev. with 5 < M < 6 0 0 0 1
%SDB 5.58 7.42 13 18.46

(9.31 masonry
9.15 reinforced concrete)

%HDB 0.44 1.00 2.68 10.15
(5.79 masonry
4.36 reinforced concrete)

%DB 0.18 0.18 2.16 11.18
(8.83 masonry
2.35 reinforced concrete)
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From this scenario, it emerges that the quantity of buildings involved (SDB, HDB, 
DB) has increased by 20% with respect to the previous scenario. It should be noted 
that a moderate increase in slightly damaged corresponds to a tripled increase in the 
percentage of heavily damaged buildings and destroyed buildings. As for the previous 
scenario, in Fig. 9 the color map of damages for the medium intensity seismic scenario 
is also shown. Again, the color scale is divided in seven ranges of increasing intensity 
and color darkness is proportional to the percentage of heavily damaged and destroyed 
buildings registered at the end of the simulation in each territory.

Finally, a high intensity seismic scenario, with several events between M 4 and M 5, 
one event of M 5.24 at day 7, a second intense earthquake of M 5.88 at day 8 and one 
event of M 5.71 at day 10. The sequence is the same used for the calibration in Sect. 5 
(applied here to the whole metropolitan area) and is reported in the bottom panel of 
Fig.  10, while the upper panel of the same figure shows the evolution of damages in 
terms of slightly damaged, heavily damaged and destroyed buildings (expressed in per-
centage, as usual).

Fig. 9  Color map of damages for the medium intensity scenario, with only one earthquake with 5 < M < 6. 
Color intensity in the different areas of the map is proportional to the ratio between the sum of heavily 
damaged and destroyed buildings present in a given municipality and the corresponding total number of 
buildings, expressed in percentage. Values for each municipality are reported before the corresponding label
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For this high intensity seismic scenario the total number of events cumulated up to days 
1, 4, 7 and 10 together with the corresponding percentages of slightly damaged, highly 
damaged and destroyed buildings related to the considered time intervals are reported in 
Table 8. In this case, the percentage of slightly damaged masonry buildings at the end of 
the 10 days turns out to be smaller than the correspondent value for reinforced concrete 
ones. For higher levels of damage, similarly to what already described for the previous 
seismic sequences, masonry buildings are the ones more affected.

At variance of what observed for the previous seismic sequences, in this case the num-
bers of highly damaged and destroyed buildings are significant. The observation of Fig. 10 

Fig. 10  High intensity seismic scenario: The numbers of damaged and destroyed buildings are reported, in 
the top panel, as function of 1000 seismic events, which are shown in the bottom panel

Table 8  High intensity seismic scenario: number of seismic events of different magnitude and percentages 
of slightly damaged (SDB), highly damaged (HDB) and destroyed (DEB) buildings, both cumulated up to 
four different days during the considered time period

Day 1 Day 4 Day 7 Day 10

N. ev. with 3 < M < 4 9 26 39 54
N. ev. with 4 < M < 5 1 2 8 13
N. ev. with 5 < M < 6 0 0 1 3
%SDB 6.52 11.03 17.07 20.51

(9.14 masonry
11.37 reinforced concrete)

%HDB 0.92 2.04 7.64 11.37
(5.82 masonry
5.55 reinforced concrete)

%DB 0 0.87 6.76 24.86
(17.391 masonry
7.47 reinforced concrete)



139Natural Hazards (2023) 118:117–153 

1 3

clearly shows that, after the end of the time interval considered, about 37% of buildings are 
either highly damaged or destroyed. The first main increase in the percentage of heavily 
damaged buildings is observed in correspondence of the shock of M 5.24, between day 6 
and day 7, in which the percentage triples. Instead, the main increase in the percentage of 
destroyed buildings is observed in correspondence of the main shock of M 5.88, between 
day 8 and day 9, where the percentage increases by 4 times. The percentage of destroyed 
buildings reported in Table 8 confirms what one could expect, showing a further increment 
with respect to the medium intensity scenario. Furthermore, the map of the metropolitan 
area, reported in Fig. 11, shows darker colors with respect to the analogous one of the pre-
vious scenario.

The comparison of the results obtained for the three seismic sequences shows that, as 
expected, for all the considered ranges of parameters, the increase in the intensity of the 
seismic scenario produces an increase in the number of destroyed buildings. Notice that 
sometimes the number of slightly damaged buildings as function of time seems to decrease 
(for example in scenarios 2 and 3) typically in correspondence of some important seismic 

Fig. 11  Color map of damages for the high intensity scenario, with two earthquakes with 5 < M < 6. Color 
intensity in the different areas of the map is proportional to the ratio between the sum of heavily damaged 
and destroyed buildings present in a given municipality and the corresponding total number of buildings, 
expressed in percentage. Values for each municipality are reported before the corresponding label
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event: This is not strange and simply means that those buildings have changed status, from 
slightly damaged to heavily damaged or destroyed.

It also important to highlight that the system is very sensitive to its past seismic history; 
this means that similar seismic events may produce different damage effects because they 
occur at different time.

Besides the evaluation of the percentage of heavily damaged and destroyed buildings 
of each municipality, previously reported, the performed simulations also allow to iden-
tify in detail the location of the mostly damaged areas inside each city. Figure 12 shows 
for example the effects of the three considered seismic sequences on the buildings of the 
city of Catania. The observation of the figure clearly shows the spread of heavily damaged 
and destroyed buildings (marked respectively in yellow and red) when the intensity of the 
seismic sequence increases. The highest concentration of red points is located as expected 
in the oldest part of the city around the harbor. The availability of this kind of maps could 
represent a powerful tool in the design of appropriate emergency or risk reduction munici-
pality plans with economic and decision-making advantages.

6.2  Single earthquakes scenarios

Let us now address a new set of three scenarios, where we consider only single major seis-
mic events with increasing magnitude, producing damages on buildings comparable with 
those of the three seismic sequences previously discussed. In order to obtain statistically 
significant results, for each selected magnitude we repeated 100 runs starting from different 
initial conditions of stress over the nodes and averaged the observed damages.

Among all the simulation results, we selected three increasing values of single event 
magnitude each able to produce an average level of damage comparable with the one pro-
duced by each one of the three already proposed earthquake sequences. As can be seen in 
Table 9, the average percentage of damage, expressed as the sum of the heavily damaged 
and destroyed buildings, is equal to 13.45% for a single 5.63 magnitude earthquake, which 
is comparable to that obtained at the end of the low intensity seismic sequence (13.58%). 
On the other hand, a single earthquake of magnitude 6.00 produces an average damage of 
21.04%, comparable with the 21.33% registered for the medium intensity scenario. Finally, 
the 34.80% of average damage produced by a single earthquake of magnitude 6.50 is com-
parable with the 36.23% of the high intensity scenario.

Fig. 12  Location of slightly damaged (in green), heavily damaged (in yellow) and destroyed buildings (in 
red) in the city of Catania. a low intensity scenario, b medium intensity scenario, c high intensity scenario
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These matches confirm that the accumulation of damage on buildings deriving by 
repeated seismic events with moderate intensity can be considered as equivalent to a sin-
gle stronger earthquake. This evidence could be of great interest for seismic prevention 
measures.

In Figs. 13, 14 and 15, the color maps of the metropolitan area are shown for the three 
single events of increasing magnitude. As usual, the various municipalities are character-
ized by colors organized in seven ranges of increasing intensity and assigned proportion-
ally to the percentage of heavily damaged and destroyed buildings registered at the end 
of the simulation in each territory. Details of these maps can be better appreciated if dis-
cussed in comparison with the analogous ones reported in the color maps of the three mul-
tiple earthquakes scenarios. Such a comparison has been performed in Table 10, while in 
Fig. 16 further details concerning damages observed in each municipality for all the six 
considered scenarios are reported.

The low intensity multiple earthquakes scenario (with seven events with magnitude 
included between M 4 and M 5, and none exceeding M 5) shows, as expected, a very high 
percentage of municipalities, equal to 13 (52% of the 25 considered), in the first intensity 
range, with a percentage of heavily damaged buildings and destroyed buildings per each 
municipality lower than 5%. On the other hand, the single earthquake of M = 5.63 has the 
largest number of municipalities equal to 14 (56%) in the third intensity range, between 10 
and 20%.

The medium intensity multiple earthquakes scenario (where a few events between M 4 
and M 5 and only one event above M 5) shows the largest number of municipalities in the 
first and in the fifth intensity ranges. Single event scenario of magnitude 6.00, similar to 
the medium intensity scenario for the overall percentage of heavily damaged and destroyed 
buildings, is characterized by a higher number of municipalities in the third and fourth 
interval.

Finally, the high intensity multiple earthquakes scenario is characterized by a higher 
number of municipalities in the third and fifth interval. This is the only scenario among 
those analyzed that reaches the seventh interval, consisting of 60–80% of buildings heavily 
damaged and destroyed for 3 (12%) of the CMA municipalities; the single event scenario 
of magnitude 6.50 shows the largest percentage of municipalities in the fifth interval, not 
reaching the last two intervals of the scale.

Table 9  Comparison between the percentages of heavily damaged buildings and destroyed buildings, aver-
aged over three sets of 100 single earthquakes of increasing magnitude, and for the three, multiple earth-
quakes seismic scenarios

Single earthquake scenarios
(averages over 100 runs)

%HDB %DB %HDB + DB

M 5.63 9.20 7.05 16.25
M 6.00 10.10 12.12 22.22
M 6.50 10.30 25.29 35.60

Multiple earthquakes scenarios %HDB % DB %HDB + DB

Low intensity sequence 9.09 4.49 13.58
Medium intensity sequence 10.15 11.18 21.33
High intensity sequence 11.37 24.86 36.23
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These results allow us to conclude that the three multiple earthquakes scenarios, ana-
lyzed with the methodology adopted, cover a wider spectrum in the percentage ratio of 
heavily damaged and destroyed buildings if compared to what was highlighted in scenarios 
with single events.

Furthermore, three municipalities of the south-eastern side (Zafferana Etnea, Santa Ven-
erina, Acireale) show the highest damage percentages (above 25% on average) in all the 
three single earthquake scenarios. In the innermost part, the municipalities that are most 
affected by the earthquake are those of the “first tier” (Gravina di Catania, Sant’Agata Li 
Battiati, San Giovanni La Punta, Tremestieri Etneo) with percentages between 21 and 23%. 
Higher percentages but similar damage behaviors are found in the case of a 6.00 magnitude 
earthquake and a 6.50 magnitude earthquake. Even in these cases the municipalities that 
are most affected by the earthquakes are those of the southeastern side of the Etna Volcano 
(Zafferana Etnea, Santa Venerina, Acireale, Aci Sant’Antonio, Aci Catena) with average 
percentages ranging between 26 and 32%, and 38% and 46% in the case of 6.00 and 6.50 
magnitude earthquake, respectively. The percentages of “first tier” municipalities range 

Fig. 13  Color map of damages for the single earthquake of magnitude 5,63. Color intensity in the different 
areas of the map is proportional to the ratio between the sum of heavily damaged and destroyed buildings 
present in a given municipality and the corresponding total number of buildings, expressed in percentage. 
Values for each municipality are reported before the corresponding label
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between 25 and 30% and between 43 and 46% in the case of the 6.00 and 6.50 magnitude 
earthquake, respectively.

7  A‑priori risk index

In the previous chapters we considered the impact of seismic events (sequences or sin-
gle) in terms of the percentages of damaged buildings in the various municipalities. 
However, being the number of buildings in each municipality very different, in order 
to quantify the real impact and the total damage due to seismic events, one should con-
sider the number of damaged/destroyed buildings. In this section, we present this new 
analysis introducing an a-priori risk index. General risk assessment theory relies on 
“Crichton’s Risk Triangle” (CRT) (Crichton 1999; Kron and Wu 2002). This approach 
has been initially adopted in the insurance industry (Crichton 1999) and then applied 
to spatially distributed risk assessment in fields related to disaster management, such 

Fig. 14  Color map of damages for the single earthquake of magnitude 6,00. Color intensity in the different 
areas of the map is proportional to the ratio between the sum of heavily damaged and destroyed buildings 
present in a given municipality and the corresponding total number of buildings, expressed in percentage. 
Values for each municipality are reported before the corresponding label
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Fig. 15  Color map of damages for the single earthquake of magnitude 6,50. Color intensity in the different 
areas of the map is proportional to the ratio between the sum of heavily damaged and destroyed buildings 
present in a given municipality and the corresponding total number of buildings, expressed in percentage. 
Values for each municipality are reported before the corresponding label

Table 10  Number of CMA municipalities (out of the 25 considered) which present a percentage of heavily 
damaged and destroyed buildings included in the various ranges of damage intensity

Intensity ranges 1° 2° 3° 4° 5° 6° 7°
%HDB + DB 0–5% 5–10% 10–20% 20–30% 30–50% 50–60% 60–80%

Low intensity sequence 13 5 2 3 2 – –
Single event M 5.63 – 1 14 1 – – –
Medium intensity sequence 9 4 3 3 5 1 –
Single event M 6.00 – – 12 11 2 – –
High intensity sequence 3 – 7 4 7 1 3
Single event M 6.50 – – 2 3 20 – –
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as climate change impact (Tomlinson et  al. 2011; IPCC 2014; Thomalla et  al. 2006; 
Kim et al. 2015; Collins et al. 2009; Estoque et al. 2020) or earthquakes (Babayev et al. 
2010). In the CRT framework, risk is calculated as a function of 3 main components: 
Hazard, Exposure and Vulnerability. Hazard expresses the potential for an event to 
produce harm (e.g., earthquake, epidemics, flooding); Exposure evaluates the amount 
of assets exposed to harm (e.g., buildings, population, infrastructures); Vulnerability 

Fig. 16  Multiple Earthquakes Scenarios: a low intensity; b medium intensity; c high intensity. Single earth-
quakes scenarios: d magnitude 5.63; e magnitude 6.00; f magnitude 6.50. For each of the six scenarios, 
details of the percentage of highly damaged and destroyed buildings for all the municipalities in the Catania 
metropolitan area are reported
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represents the attitude of those assets to be damaged when exposed to hazard events 
(e.g., building characteristics, age of population, drainage systems).

For the aim of this paper, we will consider Hazard (H) as proportional to the impact of 
a generic strong earthquake on buildings and affected by factors related to geological char-
acteristics of the municipality area, in particular the average ground acceleration, the aver-
age slope and the presence of faults. Exposure (E) will be proportional to the number of 
resources who might potentially be damaged or destroyed by the earthquake, i.e., the num-
ber of buildings present in that municipality. Finally, Vulnerability (V) will be proportional 
to the most expressed initial vulnerability (mode) of buildings present in the municipality.

More in detail, we define, for the k-th municipality (k = 1, … , 25):

where: < ag >k
 is the ground acceleration ag averaged over the sites of the k-th munici-

pality; < as >k is the slope as averaged over the sites of the k-th municipality; (Nf )k is the 
number of “fault nodes” of the OFC network included in the k-th municipality; (Nb)k is the 
number of buildings present in the k-th municipality; Mode(V0)k is the mode of the initial 
vulnerability of the buildings present in the k-th municipality.

All the considered quantities in Eqs. (4), (5) and (6) have been normalized to their maxi-
mum values over the 25 municipalities.

Finally, the risk index Rk which characterizes the k-th municipality is easily obtained as 
the product of the three components of the risk triangle (multiplicative model):

and will be normalized to its maximum value over all the municipality in order to have val-
ues included in the interval [0, 1]. Since this index has been built on the basis of geological 
and building stock data not related with a specific earthquake, we can also call it “a-priori” 
risk index, since it can be considered as a sort of prediction of the a-priori risk level of a 
certain geographical area.

In Table 11, the ranking of the 25 municipalities present in the CMA (left column) is 
reported according to decreasing values of the a-priori normalized risk index Rk (central 
column). Looking at the ranking, we can easily identify four classes of municipalities char-
acterized by a different aggregated level of risk: Catania and Acireale are in the first class, 
with a “very high” a-priori risk level, Rk > 0.5; immediately below, four municipalities, 
namely Misterbianco, Paternò, Belpasso and Mascalucia, are labeled with an “high” level 
of risk, 0.2 < Rk < 0.5; then, a group of 10 municipalities with 0.1 < Rk < 0.2 are classified 
with a “medium” risk level; finally, a group of the last 9 municipalities are labeled with a 
“low” risk level, for Rk < 0.1.

Of course, these predictions about the aggregated a-priori risk level of the considered 
municipalities need to be compared with the “a-posteriori” damages observed in the same 
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municipalities, as they result from our numerical simulations. In this regard, we decided to 
take into account the results coming from the single earthquakes scenarios, which—thank 
to the average over 100 repetitions—have a greater statistical significance.

In the last column of Table 11 we report, for each municipality, the number of buildings 
heavily damaged or destroyed, averaged over the three single earthquakes scenarios with, 
respectively, magnitude M 5.63, M 6.00 and M 6.50. These values represent the average 
response of a given number of buildings, present on a given territory and exposed to a seis-
mic hazard, toward the occurrence of a strong earthquake. As one can see, the four a-priori 
risk groups are able to account for the a-posteriori average damage quite well: actually, 
only three municipalities, San Giovanni La Punta, Aci Sant’Antonio and Tremestieri (text 
in red), result to have been underestimated (of one class only) by the prediction of our 
risk index. This risk ranking analysis reveals the municipalities at higher risk toward major 
seismic events in terms of the average number of buildings heavily damaged or destroyed, 
at variance with what discussed in the previous chapter, where only the percentage of the 
damaged buildings inside the municipalities was considered. Obviously, municipalities 

Table 11  Risk ranking of the 
25 municipalities of the Catania 
metropolitan area compared 
with the corresponding average 
damage resulting from our 
numerical simulations as effect 
of the three major single seismic 
events of magnitude M 5.63, 
M 6.00 and M 6.50 (each one 
repeated 100 times to obtain a 
statistical relevance)

The four risk groups identified by the risk index values are in very 
good agreement with the observed damages (only three municipalities 
have been underestimated, since have been classified in the risk group 
immediately below the right one)

Municipality Risk index Av. damage over 
3 seismic events

Very high risk Catania 1.00 10401
Acireale 0.74 5870

High risk Misterbianco 0.30 2291
Paterno’ 0.28 2736
Belpasso 0.25 1801
Mascalucia 0.23 2728

Medium risk Pedera 0.17 1588
Trecastagni 0.16 1309
Nicolosi 0.15 1130
Sangiovannilapunta 0.15 2705
Acicatena 0.15 1814
Motta Sant’anastasia 0.14 695
Zafferana 0.14 1377
Acisantantonio 0.14 2328
Acicastello 0.13 1495
Gravina Di Catania 0.12 1630

Low risk Tremestieri 0.09 1611
Santavenerina 0.08 937
Viagrande 0.07 966
Valverde 0.05 856
Santagatalb 0.04 811
Acibonaccorsi 0.04 614
Sanpietroclarenza 0.03 393
Camporotondo 0.02 170
Sangregorio 0.01 501



148 Natural Hazards (2023) 118:117–153

1 3

with a higher number of buildings have in general a higher propensity toward the possibil-
ity to have a more severe impact and so a higher risk.

8  Conclusions

In the present paper, we investigated the seismic risk of metropolitan areas simulating 
earthquakes by means of a modified Olami–Feder–Christensen (OFC) model, in the con-
text of self-organized criticality (Olami et  al. 1992; Jensen 1998). We took into account 
also some geological features in the evaluation of the seismic intensities perceived by 
each single building. A large territory in the Sicilian oriental coast, the Catania metropoli-
tan area, which includes several urbanized zones with different features, was considered 
as case study. First, we presented applications of the procedure with reference to seismic 
sequences of variable intensity, which are rather frequent in seismic territories. We showed 
that the damage can be progressively accumulated in the buildings and may lead to their 
collapse even when the intensities of each single event are moderate. As a second step, 
we studied statistically significant simulations of single major seismic events, equivalent 
to a given sequence in terms of produced damages on buildings. Finally, we introduced a 
novel a-priori index able to characterize the seismic risk of each single municipality in the 
considered metropolitan area. The predictions based on this index results to be in a very 
good agreement with the results of numerical simulations. In particular, the evaluation of 
the damage produced by the simulated ground motions on the buildings of the considered 
territory and the new risk index we introduced, allow to characterize in a quantitative way 
the most vulnerable areas and therefore to plan appropriate measures for risk management.

The simulations here presented show that the examined area is characterized by high 
seismic risk. This condition has been aggravated by the lack of proper consideration of 
seismic hazard in land use planning and the consequent release of building consents. This 
happened especially during the long season of tumultuous development that took place 
between 1960s and late 1980s. In this period, decision makers purposely underestimated 
the relevance of this risk, giving priority to the development of the construction industry. 
Today, the awareness of the relevance of this issue is by all means higher than in the past, 
but effective actions are urgently needed in order to implement sound policies aimed at 
reducing seismic risk. The study here presented gives some hints for setting up these poli-
cies, i.e., for guiding the definition of priorities in the allocation of funds for upgrading the 
most vulnerable buildings. In particular, it is evident that municipalities lying in higher 
positions in the proposed a-priori risk index ranking should be prioritized in the allocation 
of funds. The adoption of such a decision tool would represent a novelty for risk policies 
in Italy, since public subsidies are currently assigned taking into account only hazard and 
vulnerability, without explicit reference to exposure.
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