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ABSTRACT:  

In this paper we present a multidisciplinary approach aimed at assessing seismic risk due to non-structural 

damage. The study has been carried out in the framework of the European KnowRISK Project and focuses on the 

pilot area of Mt. Etna volcano (Italy). Both instrumental data and as well as macroseismic observations provide 

unique opportunities for testing innovative and classical approaches for assessing seismic risk. Starting from the 

seismic hazard analysis, we first identify a test site (Zafferana) affected by non-structural damage. We produce 

seismic scenarios based on macroseismic and ground-motion data and finally obtain the relevant risk map using 

the Italian census data to classify buildings into vulnerability classes and a model to predict damage distribution. 
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1. INTRODUCTION 

Simulating earthquake scenarios is a multidisciplinary field of investigation aimed at assessing the 

level of seismic risk to which an area is exposed. A variety of methods, leading to deterministic or 

probabilistic seismic scenarios, have been developed according to different levels of accuracy 

required. The most complete are generally based on numerical models taking into account ground-

motion prediction relationships, local geologic conditions, historical macroseismic intensity data, 

together with building typologies and their vulnerability. The seismic scenarios are usually referred to 

large earthquakes causing structural damage, with the aim of estimating casualties, economic and 

social costs of recovery etc. 

On the other hand, damage to non-structural elements of buildings (partitions, ceilings, cladding, 

electrical and mechanical systems, furniture etc.) is known to cause injuries, losses, business 

interruption, and limit the functionality of critical facilities, such as hospitals and schools, causing a 

significant impact on earthquake resilience.  

In this paper we present the procedure and preliminary results of seismic scenarios focused on non-

structural damage in the pilot area of Mt. Etna volcano, Italy. In methodological terms, we first carried 

out the hazard analysis to map the volcano’s areas that are most exposed to macroseismic intensities 

typically representative of non-structural damage, and to identify the earthquakes to be assumed as 

typical scenarios. Then we estimated ground motion scenarios,  instrumentally recorded or calculated 

by means of synthetic simulations, considering different geological site conditions (hardrock, D-type 

soils). In particular, we selected as significant parameters both response and drift spectra. Finally we 

derived risk maps that depict the extent of non-structural damage following the scenario earthquake, 

using the Italian census data to classify buildings into vulnerability classes and a model to predict 

damage distribution as a function of the intensity degree in the European Macroseismic Scale (EMS, 

see Grünthal, 1998). In doing this, we assume that non-structural damage corresponds to grades 1, 2 

and 3 on EMS. 



2. SEISMIC HAZARD 

Assessing seismic hazard at Etna have been tackled in the last years by means of a probabilistic 

approach based on the use of macroseismic data (Azzaro et al. 2013a, and references therein). These 

analyses indicate that hazard is determined by two distinct seismotectonic regimes: i) large regional 

earthquakes occurring in eastern Sicily (6.2 ≤ MW ≤ 7.4) associated with long exposure times (50 

years), ii) local events due to seismic sources of the volcano associated with short exposure times (30 

years or less). Although characterized by different magnitude ranges and occurrence rates, both 

produce the same values of intensity (degrees VIII and IX) in the study area. 

In particular, volcano-tectonic earthquakes, although of low energy (MW ≤ 5.3), produce heavy 

damage (up to IX degree EMS) due to the shallowness of hypocenters (Alparone et al., 2015) but 

affect small areas because of the rapid attenuation of seismic intensity (Azzaro et al. 2006; 2013b). 

Most of them are located in the eastern flank of Etna (Fig. 1), crossed by a system of active faults, but 

it is noteworthy that all the historical destructive events (some with epicentral intensity I0 ≥ VIII EMS) 

occurred in the area nearby the towns of Acireale, Giarre and Zafferana, the most densely populated 

zone of the volcano (Meroni et al. 2016). For this reason we selected this sector as study area of the 

KnowRISK project. 

 

Figure 1. Damaging earthquakes (I0 ≥ VI EMS) in the Etna region from 1600 to 2013 (data from CMTE 

Working Group, 2017). Black lines indicate the main faults (from Azzaro et al. 2016); blue dashed line shows 

the study area; C.C. central craters of Etna. 

2.1 Occurrence probability of non-structural damage 

The following hazard analysis has been carried out thorough the SASHA code (D’Amico and 

Albarello,  2008). As input data we considered earthquake parameters and intensity database from the 

Macroseismic Catalogue of Etnean Earthquakes, spanning from 1600 to 2013 (CMTE Working 

Group, 2017). In particular, we selected the earthquakes above the damage threshold (I0 ≥ VI EMS), 

obtaining a dataset of 140 events with MW ranging from 3.7 to 5.3, associated with 4,432 intensity 

values. The probabilistic hazard (hazard curves at site) were calculated for an exposure time of 30 

years. 

In the EMS scale (Grünthal, 1998), non-structural damage (grades 1, 2 and 3) is confined mainly 

between degrees VI and the VII, while starting from degree VIII the contribution of structural damage 

becomes predominant (grades 3, 4 and 5). Since the aim of the KnowRISK project is to investigate the 

risk due to non-structural damage, we focused on mapping occurrence probabilities relevant for 

expected intensities Iexp of VI and VII. 



 

Figure 2. Distribution of occurrence probability for expected intensities Iexp VI and VII EMS calculated for an 

exposure time of 30 years. Dashed line indicates the study area. 

Figure 2 shows that the study area has a probability greater than 50% to suffer extensive non-structural 

damage related with degree VII EMS, while the probability increases to 80% at least if referred to 

slight non-structural damage determined by degree VI EMS. Results confirm that seismic hazard in 

this sector of the volcano is high not only for destructive earthquakes but also for moderate events. 

In particular, we selected Zafferana as the test site due to the high probability of it being struck with an 

intensity of at least VII in 30 years, as well as the availability of census data on buildings of this 

important town. 

2.2 Disaggregation analysis 

In this section we identified the ‘design earthquake’ for Zafferana, which is the event that has 

dominant contribution to the hazard of this site (Albarello, 2012). This is to identify the most 

significant magnitude/epicentral distance bins that can be associated with seismic events occurring in 

the past; note that it not necessarily corresponds to a single earthquake, since more events may be 

located at similar epicentral distances and have comparable magnitudes. 

Using a tool of the SASHA code, the probability values of Iexp VII obtained for the test site were 

summed for classes of epicentral distances (2 km) and magnitude (0.25 unit),  and then normalized to 

provide the disaggregation of data. 

The result is shown in Fig. 3a where hazard related with Iexp VII at Zafferana is mainly due to small 

size earthquakes – MW ranging from 4.00 to 4.25 – having epicentre very close to this site, up to 6 

kilometres away. Conversely, stronger earthquakes occurring in the eastern flank contribute less to the 

hazard. This conclusion suggested us to consider as seismic scenario for non-structural damage a 

moderate event located nearby the test site. 



 

Figure 3. a) Disaggregation of MW (bin 0.25) versus epicentral distance for Zafferana. b) Probabilistic seismic 

scenario referred to 1984 earthquake parameters: I0 VII EMS; MW 4.2. Expected intensity is represented on a 

grid with intermodal distance of 1 km; star represents the epicentre of the earthquake. 

2.3 Macroseismic intensity scenario 

As suggested by the disaggregation analysis, the first seismic scenario was calculated using the 

parameters of the October 19th, 1984 earthquake, which are derived only through macroseismic data 

(CMTE Working Group, 2017). This event indeed had epicentre very close to Zafferana and MW 4.2, 

calculated by means of the intensity-magnitude relationship in Azzaro et al. (2011). The intensity 

estimated for the site of Zafferana is VII EMS, corresponding to the maximum intensity value of the 

macroseismic field; nearby localities experienced lower intensity degrees. For this reason we assume 

an epicentral intensity I0 equal to degree VII. 

The scenario was calculated in terms of macroseismic intensity according to the method reported in 

Azzaro et al. (2013b), Meroni et al. (2016) and Rotondi et al. (2016). The software used for the 

analysis is PROSCENE. By adopting a probabilistic approach based on the Bayesian statistics, we 

reproduce the decay of the intensity from the source according to an isotropic attenuation models, and 

then calculate the probability distribution of the intensity at a given site (Is) conditioned on the 

epicentral intensity (I0) of the earthquake and the epicentre-site distance through a binomial-beta 

model. The mode of the smoothed binomial distribution is taken as the intensity at site. 

Figure 3b shows the intensity scenario for the 1984 earthquake. The pattern of the estimated intensities 

captures the observed intensity data points well, especially for higher EMS values, highlighting a 

strong attenuation of intensity at short distances. Non-structural damage related with degrees VII and 

VI potentially affects a significantly urbanised zone around Zafferana. Some misfit with observed data 

concerns the extension of degree IV because diagnostics collected during the macroseismic survey in 

order to assess lower degrees are more subjective; however, it should be noted that degree IV does not 

imply the presence of damage. 

The 1984 scenario represents the input for generating the risk map described in later sections. In 

addition, we also considered a second seismic scenario referred to a stronger event located ~.4 km 

from Zafferana, to be used for simulating ground motion scenarios. For this case, we selected the 

October 29th, 2002 earthquake, MW 4.8 earthquake. 

3. GROUND MOTION SCENARIOS 

Numerical ground motion simulation methods for the construction of earthquake scenarios are now 

currently being applied for estimating the seismic hazard. To quantify ground motion scenarios, , we 

consider, besides peak ground amplitudes and response spectra, the so-called drift spectra, which is 



particularly useful in estimating drift demands in buildings (Iwan, 1997) and is directly related to non-

structural damage to displacement-sensitive elements. Strong events being rare in the area, weak 

motion data (see Tusa and Langer, 2016) are used for calibrating parameters considered in  simulation 

of stronger events. 

3.1 Ground-motion simulation 

Simulation of ground motion scenarios are performed using the EXSIM (Boore, 2009) code, with 

slight modifications (see Langer et al. 2016). The scenarios have been generated for the two events 

discussed above, i.e. the 1984 and 2002 earthquakes. The input parameters (in terms of seismic 

velocities, attenuation factor, Fmax, radiation pattern, partitioning factor) used for simulation of ground 

motion of these events, were taken from Langer at al. (2016). From the point of view of site response, 

two types of soils were considered: i) hardrock site (Site H), for which no specific amplification 

factors were used; ii) D-type soil (Site D), for which the site amplification functions given in Scarfì et 

al. (2016) were applied. 

Some parameters, such as peak ground acceleration (PGA), peak ground velocity (PGV), and Housner 

Intensity (HI), of simulated motions are given in Table. 1. The response spectra corresponding to the 

simulated motion are presented in Fig. 4. It is evident that the response spectra are characterized by a 

peak at short periods for both earthquakes and, as expected, the introduction of site effects (Site D) 

causes significant amplifications of ground motion at some periods. 

From the Housner Intensity (HI), an “equivalent” macroseismic intensity was estimated using the 

empirical equation from Chiauzzi et al. (2012): 

 IEMS=Ieq= max [1.41 ln (HI)+7.98, 0.27 ln(HI) +6.02]  

We use this relation as a proxy for comparing numerical results to the observed macroseismic 

intensities when strong motion data are not available. 

  

Table 1. Ground  motion parameters for the two scenarios using a factor of 0.9 for the partition between the two 

horizontal components. PGA, peak ground acceleration; PGV, peak ground velocity; HI, Housner Intensity 

derived on the base of response spectra. 

1984 earthquake, MW 4.2, Epicentral distance = 0 km 

 
PGA (gal) PGV (cm/s) HI (cm) (Ieq) 

Site H 19.6 1.7 11 (5.5) 

Site D 130 13 67 (7.6) 

    2002 earthquake, MW 4.8, Epicentral distance = 7 km 

 

PGA (gal) PGV (cm/s) HI (cm) (Ieq) 

Site H 14 1.4 11 (5.5) 

Site D 77 11 73 (7.7) 

 



 

Figure 4. Response spectra calculated for the test site of Zafferana referred to: blue, 1984 MW 4.2 earthquake 

(epicentre); orange, 2002 MW 4.8 earthquake (Epicentral distance=7 km). a)  Hardrock, b) Soft Soil (D-type). 

Moving on from the earthquake scenarios relevant for the site Zafferana, we carried out first test on 

the so called drift spectra. The interstory drift ratio, defined as the difference in lateral displacements  

between two consecutive floors normalized by the interstory height, is the response parameter that is 

best correlated with damage in buildings (Miranda and Akkar, 2006). The drift spectrum is based on a 

relatively simple linear model. Contrary to classical response spectra, the method is based on a model 

that consists of a combination of a flexural beam and a shear beam. 

The lateral stiffness ratio, α is a dimensionless parameter that controls the degree of participation of 

overall flexural and overall shear deformations in the continuous model, thus controlling the lateral 

deflected shape of the model. A value of α equal to zero represents a pure flexural model, while α 

equal to ∞ corresponds to a pure shear model. 

Critical parameters in the model are the parameter α, the interstory height (H in meters) (and its 

relation to the natural period of the building, T in s), and the damping (only in the damped model). In 

order to be consistent with commonly used value in response spectra, we have used a constant 

damping of 5% for all modes of vibration. 

From a seismological point of view, the geological condition of the sites are among the most critical 

issues. Setting here the parameter α equal to 20, and using the following empirical relation (Crowley 

and Pinho, 2004): 

T = 0.1 H 

we obtain the drift spectra for the test site as shown in Fig. 5. 

 

Figure 5. Drift spectra (average over 12 azimuth directions) calculated for the test site of Zafferana referred to: 

blue, 1984 MW 4.2 earthquake (epicentre); red, 2002 MW 4.8 earthquake (Epicentral distance=7 km). a) 

Hardrock, b) Soft Soil (D-type). 

In conclusion, peak ground motion parameters, response spectra and drift spectra underscore the 

relevance of geological site conditions. In the case of soft soil conditions (D-type), we observe critical 



values for the smaller simulated earthquake. In particular, for the MW 4.2 earthquake having epicentre 

very close to Zafferana, we observe amplification for higher frequencies (>1 Hz), which are critical for 

smaller buildings (H < 10 m). 

In the case of the larger event, the MW 4.8 earthquake 7 km far from the test site, peak ground 

acceleration and spectral values (both in response spectra and drift spectra) are somewhat lower in the 

high frequency range, however above the ones of the smaller event at lower frequencies (i.e. larger 

buildings having T0>1s). 

The average drift spectra are below the critical value of 0.5% reported in the EC 8. Note, however, that 

standard deviations of the values shown in Fig. 5 amount to 20-30% for the MW 4.8 scenario, and up to 

60% in the MW 4.2 case. That means that there is a fair possibility of drift reaching critical values  for 

both scenarios at soft soil conditions. 

4. RISK MAPS 

The Mt. Etna area is highly urbanized, with many villages located all around the volcano at different 

altitudes up to 700 m above sea level. The southern and eastern flanks are the most populated areas. 

Moreover, a dense network of roads, power lines and methane pipelines cross the territory. The study 

area considered here is a part of the south-eastern flank of the volcano, over an area of approximately 

510 square kilometers including 28 municipalities with a population of ~400,000 inhabitants. 

4.1 Vulnerability of residential buildings 

To carry out a vulnerability analysis on a regional scale, the size of the building stock can be inferred 

from data collected during the Italian census, when correctly adapted for the purpose of the 

vulnerability evaluation (Meroni et al. 1999, Meroni et al. 2000). The Italian National Institute of 

Statistics (ISTAT) census data on residential buildings, disaggregated by census sections, has been 

used as a proxy of the elements exposed to seismic risk. They provide uniform cover of the whole 

country; however, the information available only makes it possible to estimate the total number of 

buildings and their total volume, providing a poor classification in terms of age and a few typological 

parameters. Frequencies for groups of homogenous structures can be deduced from the ISTAT data on 

residential buildings, with respect to a number of typological parameters: vertical structures, age of 

construction, number of storeys, state of maintenance and state of aggregation with adjacent buildings 

(Tab. 2). Although the level of maintenance of a building is widely known to affect its behavior under 

seismic conditions, ISTAT data does not directly provide such information. It was therefore decided to 

consider the presence of efficient technical systems as an indirect measurement of the state of 

maintenance of the building. The 1991 census (ISTAT, 1991) was used in this study, as the most 

recent  data from 2001 and 2011 are not directly usable. In fact, strict legal rules on confidentiality of 

information, in force from 1996, impose data publication in aggregated forms only, which makes 

inspection of multiple independent variables possible only at municipality level. The 1991 census data 

have been updated to 2011, by adding all the necessary information for vulnerability assessments 

coming from the comparison of the same census variables reported in the following surveys at a 

municipal level. 

Table 2. Typological classes of buildings identified from ISTAT data. 

Structural  

typology 

Building age Number of floors Structural context Level of 

maintenance 

Masonry buildings age < 1919 1 or 2 floors Isolated buildings Good 

Reinforced Concrete 

(RC) buildings 
1919  age  1945 3, 4 or 5 floors Block of buildings Low 

Soft storey buildings 1946  age  1960 6 or more floors   

Other typologies 1961  age  1971    

 1972  age  1981    

 age > 1981    



 

4.2 A model for EMS vulnerability classifications of ISTAT census data 

The building vulnerability can be assessed from the ISTAT data and classified into six classes (A to 

F), according to the EMS scale, by assigning a score of vulnerability Iv. The classification procedure is 

consistent with a vulnerability assessment at a national scale (Meroni et al. 2000) calibrated on more 

than 28,000 detailed GNDT vulnerability forms (Gruppo Nazionale per la Difesa dai Terremoti, see 

Benedetti and Petrini, 1984). In that work, referring to the municipalities where the GNDT Ist and IInd 

level forms were available, the average vulnerability indices have been evaluated for homogenous 

groups of buildings based on the census variables of the ISTAT data.  

The adopted method proposed by Bernardini et al. (2008) describes a deterministic classification of 

groups of buildings defined on the 1991 ISTAT data; this proposal uses an additional parameter, i.e. 

the possible date of seismic classification of the territory. This parameter is consistent with the criteria 

suggested by the EMS scale which introduced vulnerability classes for buildings constructed with anti-

seismic protection, becoming stricter and stricter (D, E, F). This is primarily important for reinforce 

concrete (RC) buildings, but certainly not negligible even for masonry buildings. This method is 

defined on five parameters, specified in Table 3 for each of the five types of vertical structures 

provided by ISTAT data. 

Table 3. Parameters for classifications of the ISTAT data (from Bernardini et al. 2008). 

k (type) 
1  

soft storey 

2 

R.C. 

3 

masonry 

4 

other 

5 

unknown 

Iv
1
1 (k) 50 45 60 55 52 

Delta_i (k) -20 -20 -25 -20 -22 

Delta_j (k) -10 -15 -15 -15 -15 

Manut (k) -10 -10 -10 -10 -10 

Classif (k) -10 -20 -10 -10 -15 

 

The indices Delta_i and Delta_j of the second and third rows refer, respectively, to the ranges of the 

construction age (or total retrofitting) of the buildings and to the typological factors on buildings 

aggregation and number of storeys. 

The factors Manut and Classif can reduce the Iv, and they can be applied respectively if: 

- the group of buildings is declared in a good state of maintenance (in the year 1991); 

- the group of buildings was built after the date of the seismic classification of the territory. 

Therefore, the mean of Iv index for each group of buildings is defined by the relation: 

Iv(i, j, k) = Iv
1

1 (k) + Delta_i (k) * (i -1)/5 + Delta_j (k) * (j -1)/5 + Manut (k) + Classif (k) 

Therefore, the classification into vulnerability classes of the EMS scale is evaluated according to the 

score ranges specified in Bernardini et al. (2008). 

4.3 Updated assessment of the exposed elements 

The final result of our analysis is the classification of residential buildings in 6 vulnerability classes of 

the EMS scale (A to F) (Grünthal, 1998). Afterwards, this classification expressed at municipality 

level, was updated to 2011.  

To bypass the restrictions imposed by new aggregated data in the two last censuses, the evolution of 

the settlements on the territory has been studied through a census variable considered in the last three 

ISTAT censuses at a municipal level that is “the surface of the housing area occupied by at least one 

resident person”. The percentage of increase or reduction of this parameter, allows to update the 

vulnerability classes deriving from the 1991 ISTAT data in order to obtain their projection to the year 

2011. 



Nevertheless, the increasing trend of residential buildings has probably affected the distribution in 

vulnerable classes, as the newer buildings should have a better construction quality and a lower 

seismic vulnerability. It is assumed that the increase or decrease of buildings detected by ISTAT is 

ruled by the hypothesis that structures in better vulnerability conditions remain in use and those in 

worse condition are abandoned. 

Having said that we proceeded with the assignment of the vulnerability classes according to the 

methodology described by Bernardini et al. (2008). Faced with a tiny increase in the amount of built-

up environment (about 12% over the entire study area), we obtained a different distribution in the 

vulnerability classes; as it can be expected, an increase in the lower vulnerability classes (D, E) and a 

smaller decrease in the most vulnerable classes (from A to C) was noted. This overall pattern describes 

a generalized decrease in the building's vulnerability in the last 20 years in the studied area. 

Finally, an average vulnerability index was calculated for each census sections of the municipality in 

the zone of analysis (0 to 1). This was defined by the weighted sum of the volumes for each 

vulnerability class multiplied by the  vunerability score of each class (D’Amico et al., 2016). The 

adopted numerical scores of the index are related to the central values of the vulnerability classes 

ranges (from A to F) deducted from Bernardini et al. (2007). The geographical distribution of the 

mean vulnerability index for residential buildings evaluated in each census section is shown in Fig. 6. 

(a) (b) 

  

Figure 6. Mean vulnerability index calculated for each census section of the municipalities in the study area, 

referred to the year 1991 (a), and 2011 (b). 

4.4 Risk maps evaluation 

In this work, damage models are selected according to the macroseismic evaluation of the seismic 

scenario provided in previous sections, so a macroseismic method for the vulnerability assessment of 

buildings has been adopted. The damage model proposed by Giovinazzi and Lagomarsino (2006) and 

revised in Bernardini et al. (2007) has been successfully applied in previous Portuguese and Italian 

seismic risk studies (Sousa, 2006; Sousa, 2008; D’Amico et al. 2016). This model classifies the 



building stock following the vulnerability table of the EMS scale and predicts damage distributions, 

conditioned by an intensity level, for each damage grade of the scale. 

According to this model, the seismic vulnerability is described by a vulnerability index varying 

between 0 and 1, independent of the hazard. An expected damage degree, µD, for a building typology 

can be estimated according to the following equations (Bernardini et al. 2007): 
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where μD is the mean damage grade (grade 1, slight; grade 2, moderate; grade 3, heavy; grade 4, very 

heavy; and grade 5, collapse) of D, which is a random variable representing damage grade, I is the 

intensity and VI is the vulnerability index. 

Figure 7 shows the risk map corresponding to the 1984 MW 4.2 earthquake with epicenter in 

Zafferana. Physical structures exposed to the earthquake impact are evaluated in 5 levels of damage 

severity expressed in terms of damaged volume of building stock. Given the moderate energy of the 

shaking scenario, the best description of the area where non-structural damage appears concentrated is 

to map the zone with a predominance of slight damage. To highlight this outcome, a combination 

(D1+D2+60%D3) of the lowest damage degrees of the EMS scale has been mapped (in %) for each 

census sections of the study area. 

 

Figure 7. Slight damage calculated for each census section of the municipalities in the eastern flank of Etna area 

due to the October 19th, 1984 Zafferana earthquake (Mw=4.2 , I0=VII EMS). 



5. CONCLUSIONS 

This work presents the methodological approach adopted in the framework of the European 

KnowRISK Project to assess seismic risk due to non-structural damage. The application to the pilot 

area of Mt. Etna volcano, Italy, represents an extended case-study research encompassing the entire 

process of evaluation, from the definition of the seismic input to the final risk maps. The selection of 

the test-site of Zafferana Etnea, a small town of ca. 9,000 inhabitants in the eastern flank of Etna, is 

well representative of the risk to which the 28 municipalities with an overall a population of ~400,000 

inhabitants are actually exposed in case of moderate but very frequent earthquakes (M<5). 

The results of ground-motion simulations emphasize the importance of the geological site conditions 

for both earthquake scenarios. In particular, local site effects have a significant influence due to 

amplification mainly for frequencies higher than 1 Hz, which stand for smaller buildings, and a fair 

possibility of drifting to reaching critical values, in the sense of EC8 code, exists for both scenarios 

assuming soft soil conditions. 

The risk map due to the MW 4.2 earthquake shows areas where damage grades D2 (moderate non-

structural damage) and D3 (heavy non-structural damage) of the EMS scale, are expected as a function 

of the vulnerability of the building stock. 

Results, although preliminary, are encouraging about possible use by Civil Protection officials as a 

management tool in pre-seismic conditions but also for near real-time applications associated with 

seismic monitoring in case of post-seismic interventions. 
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