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Abstract
The rapid availability of reliable damage statistics, after the occurrence of a major earth-
quake, is an essential mitigation strategy to drive and support emergency intervention
operations. Unfortunately, the latency in collecting and organizing actual damage infor-
mation has a substantial impact on the efficiency of the initial phases of the interven-
tion framework. To speedup preliminary management operations, a quick, although,
coarse prediction of the expected damage is highly desirable.

For this purpose, we have developed a system for rapid damage estimation. The sys-
tem, presently implemented for the Friuli Venezia Giulia region, relies on the existing
seismological monitoring infrastructure of the National Institute of Oceanography and
Applied Geophysics (OGS), which is responsible for delivering earthquake alerts in
northeastern Italy.

In case of a major earthquake event, the predicted damage is automatically com-
puted using the OpenQuake software engine by means of ad hoc structural exposure
and fragility models developed for the region. Damage calculations rely on a combina-
tion of actual observed ground motion from the stations of the OGS seismological net-
work and empirical prediction using the ShakeMaps software developed by the U.S.
Geological Survey. The resulting damage scenario, aggregated at municipality level,
is finally delivered to the control room of the regional civil protection in support of early
intervention activities.

Although, the system is presently still under active development, a number of exper-
imental trials have confirmed the reliability and the usefulness of the proposed approach.
We are confident that the current research will contribute in mitigating the impact of
possible future damaging earthquakes by (1) guiding targeted postevent emergency
interventions, (2) increasing the preparedness and response capacity of emergency teams
and population through preparatory training activities, and (3) supporting the decision-
making process during the recovery phase, hence enhancing resilience.

Introduction
Earthquakes represent one of the major natural threats world-
wide, and their impact on population is often exacerbated by
high vulnerability of the built environment. In this regard, effi-
cient and effective risk mitigation strategies involve the imple-
mentation and application of adequate engineering prevention
measures, including the enforcement of appropriate seismic
design and the retrofitting of existing exposed structures to sus-
tain the expected seismic hazard level. Complementary to pre-
emptive actions, impact on population can also be mitigated by
adopting efficient postevent intervention strategies, involving
the coordination of emergency operations and the implementa-
tion of adequate recovery measures. As a matter of fact, time is
critical when facing a severe earthquake crisis, and focused inter-
vention is key to limit losses and casualties. Unfortunately,

as the damage might be distributed unevenly on the stroke area,
the major obstacle, in this sense, is the limited availability of
information in the first tens of minutes after the event, to drive
emergency teams and to guide the decision-making process.

To overcome the problem, a common strategy is to train
specialized operators onsite (e.g., voluntary public servants from
municipalities or local institutions) to rapidly report, in case of
emergency, information about damage, casualties, service inter-
ruption, and so forth, on the territory. Although, this approach
proved to be useful (Goretti and Di Pasquale, 2004; Cimellaro
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et al., 2014; Dolce and Goretti, 2015), it is still affected by a rather
large latency, which makes it of limited applicability in the early
stages of intervention. Moreover, collecting, organizing, and
summarizing such information for the use of decision makers
is often problematic, because it involves a level of technical inter-
pretation (Cimellaro et al., 2014).

A suitable alternative approach consists in the prediction of
the expected damage distribution, solely based on numerical or
empirical models (or a mixture of the above). In this case, the
overall latency is just due to the calculation time, which, how-
ever, strictly depends on the model complexity. The system
needs, therefore, to be adapted and optimized to the level of
being practically useful, often at the expense of the prediction
accuracy, to increase responsiveness. Nonetheless, additional
constraints can always be added a posteriori to the prediction,
as soon as new information becomes progressively available, to
increase the robustness of the estimate. Noticeable examples of
the application of this strategy can be found in Erdik et al.
(2003), Bal et al. (2008), and Borzi et al. (2019). Examples of
such frameworks are also available for the United States
(HAZUS methodology developed by the U.S. Federal
Emergency Management Agency [FEMA], HAZUS, 1999),
Europe (Risk-UE project, Mouroux and Le Brun, 2006), and
at national scale (e.g., the Italian platform Italian Risk Map
[IRMA], Borzi, Onida, et al., 2020, and references therein).

The Seismological Research Centre (CRS) is a department
of the National Institute of Oceanography and Applied
Geophysics (OGS) in Italy. Founded after the devastating
ML 6.4 earthquake that struck the Friuli region in 1976, the
CRS is responsible for the maintenance of the monitoring net-
works and the collection of seismological data in northeastern
Italy. The dense seismological network (Priolo et al., 2005;
Bragato et al., 2011), consisting nowadays in over 40 stations,
including short-period, broadband and accelerometric sensors,
allows accurate automatic locations of seismic events within
seconds (Moratto and Sandron, 2015). The CRS section has
also the mandate to support the regional civil protection
(PCR) activities in Friuli Venezia Giulia (FVG) and Veneto:
during emergencies, CRS issues alerts (Bragato and Govoni,
2000), event solutions (magnitude, location, focal mechanism),
and preliminary ground-shaking estimates using the U.S.
Geological Survey (USGS) ShakeMaps properly calibrated
on the monitored area (Moratto et al., 2009, 2011).

During the last decades, research activities at CRS have been
mainly focused on seismological aspects, producing a wide
amount of valuable scientific knowledge for the region (e.g.,
Bressan et al., 2003; Bragato, 2009; Slejko et al., 2011; Sugan
and Peruzza, 2011; Bressan et al., 2016). Such information
is paramount but, without a proper evaluation of the impact
of the earthquake on buildings and population, it might be
insufficient to guide emergency intervention after catastrophic
events and, more, in general, for the mitigation of damage
through preventive land and urban planning.

With the goal of not only improving preparedness to strong
damaging earthquakes, but also of better understanding the
impact of specific earthquake scenarios on buildings and pop-
ulation, CRS is developing a system for rapid damage scenario
assessment (RDSA). The system, presently operational for the
FVG region, is closely integrated to the seismic monitoring
networks of OGS, from which it receives event solutions
and ground-motion information as inputs for the prediction.
In case of a large, potentially damaging event, the system auto-
matically produces an evaluation of the number of residential
buildings, aggregated at municipality level, subject to severe
damage (levels D4–D5 according to European Macroseismic
Scale 1998 [EMS-98]; Grünthal, 1998). The damage scenario
is then delivered to the control room of the PCR, to support
local coordination of early intervention operations.

In this article, we illustrate the main technical characteris-
tics of the RDSA system and its practical use for the purpose of
reducing the impact of future earthquakes on the territory
monitored by the CRS. In the first part, special attention is
given to the description of the modeling strategies imple-
mented for the different components (ground-motion hazard,
structural fragility, and regional exposure) required to generate
a realistic damage scenario. Subsequently, the main operational
assumptions and the results of a preliminary validation exer-
cise are discussed thoroughly, to highlight the applicability and
main limitations of the proposed calculation schema for the
purpose of civil protection and emergency planning.

Damage Assessment Methodology
The quantification of the earthquake impact on the built envi-
ronment and population is done by evaluating three main
components: the earthquake hazard (H), the distribution of
the exposed assets (E), and their associated vulnerability (V).
These elements, together, depict the seismic risk (R) of the
study area. Specifically, if the damage on structures and infra-
structures (D) is concerned, the vulnerability is more properly
described by the use of structural fragility models (F).

Earthquake hazard can be broadly defined as the severity of
any physical phenomenon associated to seismic activity and with
potential to cause harm. Among others, ground shaking is, by
far, the most relevant effect, due to its direct impact on the natu-
ral (e.g., landslides, ground failure) and built (e.g., collapse of
structures, service interruption) environments. The ground-
shaking potential of a site can be evaluated by quantifying the
ground-motion level expected to be reached or exceeded after an
earthquake of given characteristics, chosen (1) as more likely or
the best representative (deterministic seismic hazard assessment
[DSHA]; Kramer, 1996) or (2) from an ensemble of many
possible alternative scenarios, each with a given probability of
occurrence (probabilistic seismic hazard assessment [PSHA];
Cornell, 1968). In fact, DSHA and PSHA share several similar-
ities (Bommer, 2002), whereas, the major difference consists in
accounting or not for the temporal dependency of the
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earthquake phenomenon to occur. Nowadays, due to perfor-
mance improvements of the seismological networks and techno-
logical development of the processing techniques, the most
relevant earthquake information (e.g., magnitude, location,
source geometry, and orientation) is readily available a few sec-
onds after the occurrence of any major event. For the purpose of
rapidly characterizing the associated ground shaking, a scenario-
based hazard assessment is, therefore, necessary. ShakeMap soft-
ware (Wald et al., 1999) is a popular tool developed by USGS, to
portray the ground-shaking distribution following a potentially
damaging earthquake. The software can be integrated into the
alert system of an existing seismological monitoring network,
making it a suitable tool for rapid scenario definition.

While earthquake hazard quantifies the natural phenome-
non per se, structural exposure describes the number, typology
(e.g., masonry, reinforce concrete, steel frame), and spatial dis-
tribution of the assets affected by the earthquake, such as res-
idential buildings, infrastructures, or critical facilities.
Exposure data can be collected by a number of direct or indi-
rect sources, including national census or remote sensing (e.g.,
Wieland et al., 2012). However, the definition of spatial and
temporal variability of exposure is a complex task, and the
quality of the data strongly influences the results of loss assess-
ment (Bal et al., 2010; Dell’Acqua et al., 2013). For regional
studies, building inventory information is usually aggregated
at the level of province, municipality, or other smaller of
administrative divisions (e.g., boroughs, census units), distin-
guishing between residential and nonresidential typologies.

Complementary to exposure information, fragility depicts the
response of these elements to the ground shaking. It is usually
expressed by the probability of exceeding a target damage state
(e.g., slight, moderate or heavy damage on structural elements,
total collapse) in a given building typology subject to a specific
earthquake ground-motion level (e.g., Crowley et al., 2004).
Here, we adopt the common EMS classification of seismic-
induced damages on buildings (Grünthal, 1998) that identifies
five levels (D1–D5) of increasing damage (negligible-to-slight,
moderate, substantial-to-heavy, very heavy, and destruction).

Fragility models can be derived empirically by laboratory
experiments or by analyzing available damage information from
actual earthquake events (e.g., Rota et al., 2008; De Luca et al.,
2015; Del Gaudio et al., 2017; Rosti et al., 2018; Masi et al., 2019),
or analytically by means of numerical models simulating the
dynamic behavior of buildings (e.g., Borzi, Crowley, and
Pinho, 2008; Borzi, Pinho, and Crowley, 2008; Vona, 2014;
Donà et al., 2020; Milosevic et al., 2020). An exhaustive compen-
dium of fragility functions that can be adopted for the European
building stock has been collected within the global earthquake
model (GEM) project (see Data and Resources, Yepes-Estrada
et al., 2016), for which fragility functions can be downloaded in
a format that can be directly used by the OpenQuake (OQ) tools.

The structural damage associated to a specific earthquake
scenario can then be predicted by combining the expected

(or measured) ground motion with precompiled exposure
and fragility information for the study area.

Damage Model Setup
Ground-motion hazard scenario using ShakeMaps
ShakeMap (Worden et al., 2020) is a software package that
allows a rapid evaluation of the ground-motion distribution
after an earthquake; version 4.0 has been recently released, with
improvements focused principally on new interpolation algo-
rithm (Worden et al., 2018). Although, ShakeMap provides
just a rough empirical estimate, based on the use of ground-
motion prediction equations (GMPEs), the ground shaking
can be locally conditioned by instrumentally recorded data
from stations of the seismic network and using site-specific
amplification models.

The ShakeMap 4.0 system has been implemented in
northeastern Italy by OGS, linked on real-time data acquired
by CRS and other neighboring seismic networks (see Data and
Resources). In agreement with Istituto Nazionale di Geofisica e
Vulcanologia (INGV) recommendations for the Italian
territory, OGS adopts Italian configuration by Michelini et al.
(2020) for strong earthquakes (ML ≥ 4:0); in case of weaker
events (ML < 4:0), the ShakeMaps are generated using the
GMPE proposed by Massa et al. (2008) for northern Italy.
The availability of dense seismic networks is fundamental to
constrain the ground-motion estimations, especially in near-
field area (Moratto et al., 2009), in which the near-source
effects are likely less captured by the adopted GMPEs. As an
example, Figure 1 shows a ShakeMap generated for a moderate
earthquake (ML 3.9) with triggered recording stations.

Using the ShakeMap software, the ground-motion distribu-
tion is evaluated using different intensity measures (IMs), includ-
ing peak ground acceleration (PGA), peak ground velocity
(PGV), macroseismic intensity (derived from PGA using the
conversion relation by Faenza and Michelini, 2010, 2011), and
5% critically damped response spectra (SA) for several periods
(0.3, 1.0, and 3.0 s). For the purpose of a rapid damage assess-
ment, we presently use PGA, which is a common choice among
the existing fragility studies. Some authors show that PGA is suit-
able for buildings (e.g., Del Gaudio et al., 2017; Rosti et al., 2018)
but can give good results also for bridges (Zelaschi et al., 2019).
However, others show that PGV is more suitable for unrein-
forced masonry (URM, Zucconi et al., 2020). According to some
authors, PGA, PGV, and SA are, in general, suitable for struc-
tures with periods lower than 2 s (Palanci and Senel, 2019).
Overall, there is still a strong debate around the choice of the
appropriate IM (Silva et al., 2019), thus affecting the reliability
of the estimated fragility functions and, as a consequence, of the
assessed damage scenario (Ciano et al., 2020). Further work is
needed to include fragility curves that make use of different IMs
(as suggested by Silva et al., 2019) and to calibrate the model
accordingly. We are presently investigating the possibility of
including other spectral ordinates, in combination with ad
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hoc developed fragility functions and exposure that account for
building specific response (e.g., empirically determined funda-
mental frequencies).

Exposure model
The structural exposure model for the FVG region is, primarily,
derived from the information available in the census database
(2011) of the Italian National Institute of Statistics (ISTAT),
which provides, for each census unit, the geographical location
and the number of buildings with indication of the age (either
creation or renovation), building material, and number of floors.
Based on the ISTAT classification, we identified 27main typologi-
cal classes that are the combination of three building material

types (URM, reinforced concrete
[RC], and a generic unclassified
type name other), four age
classes (except for type other),
and three storeys classes.
Though, it must be noted that
the ISTAT description of the dif-
ferent building characteristics is
rather coarse, which imposed a
very general and broad typologi-
cal classification scheme in our
model. Targeted studies are,
nonetheless, presently ongoing,
with the aim of better character-
izing the most representative
building typologies for the region.

By analyzing the spatial dis-
tribution of residential buildings
in the region (Fig. 2), it is evident
that a large number of buildings
is located in the main cities
(Trieste, Udine, Pordenone, and
Gorizia), while a relatively small
fraction is located in the alpine
area (northern part of the
region). The most common
and widespread building typol-
ogy is URM, followed by RC,
which is dominant in urban
areas and in those municipalities
damaged by the Friuli 1976
earthquake (highlighted on the
map). Figure 3 shows the per-
centage of buildings for each
building material, age class,
and number of storeys: a high
percentage of buildings in the
FVG region has been con-
structed after the Second World
War (1945–1970) and during

the 1970–1990 period, respectively, during the Italian economic
boom, which gave rise to a rapid development of the construction
industry, and in the post-1976 reconstruction.

Selection of structural fragility models
To depict the failure conditions of the most common residential
building typologies in the FVG region, we have selected a number
of suitable fragility models from the existing literature and open
datasets such as that of the European Systemic Seismic Vulner-
ability and Risk Assessment of Complex Urban, Utility, Lifeline
Systems and Critical Facilities (SYNER-G) project (SYNER-G,
2009) and the GEM fragility curves database (Yepes-Estrada et al.,
2016). The appropriate fragility models were identified, based on

Figure 1. Example of ShakeMap for an earthquake (ML 3.9) occurred in Friuli Venezia Giulia (FVG)
region. The star shows the epicenter, whereas, the triangles show the recording stations. Ground
motion is peak ground acceleration (PGA) in percentage of gravity (percent g). The color version of
this figure is available only in the electronic edition.
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their geographic area of validity and the compatibility with the
local building typologies of the FVG. The following models have
been selected:

1. Ahmad et al. (2011): Fragility curves derived numerically for
buildings typical of the Euro-Mediterranean area. Specific
curves are provided for RC (ductile or nonductile, regular
or irregular, low or mid or high rise) and URM (stone or fired
brick with high or low percentage of voids);

2. Borzi, Crowley, and Pinho (2008) and Borzi, Pinho, and
Crowley (2008): Fragility curves derived numerically for RC
(seismically/nonseismically designed) and low or mid-rise
URM (low or high-quality stone, brick having low or high
percentage of voids). The model was originally defined for
three damage levels, and it has subsequently empirically
reimplemented to five levels by Faravelli et al. (2019), based
on the observed damage data collected from seven earth-
quakes in Italy;

3. Karantoni et al. (2011): Fragility curves derived numerically
for European URM buildings (2/4/6 storeys, flexible or rigid
floors);

4. Rota et al. (2008): Empirical fragility curves derived by the
damage data collected after five earthquakes in Italy. Curves
are provided for low- and mid-rise buildings constituted by

RC (seismically/nonseismically designed), URM (regular or
irregular, flexible or rigid floors, with or without tie rods or
beams), and mixed buildings.

Figure 4 presents an example of the fragility curves proposed
by the four considered authors for low-rise URM buildings. All
curves use PGA as ground-motion IM. There are substantial
differences between the different fragility models proposed,
due to the different methodologies adopted (empirical, analytical,
and hybrid) and the different datasets used for their calibration.
Some of the existing continuous fragility curves have a very steep
ascending curve, leading to the estimation of high-damage frac-
tions at low ground-motion intensity levels. In case of empirically
derived curves, this is likely related to the statistical fitting. In
fact, observed damages are usually less frequent for lower

Figure 2. Spatial distribution of building materials for the FVG
region. Pie charts show, for each municipality, the proportion of
buildings for each building material class identified in the Italian
National Institute of Statistics (ISTAT) (2011) census. The pie chart
size is proportional to the number of buildings in the munici-
pality. The area that suffered strong damages during the 1976
Friuli earthquake is highlighted with gray shading. The color
version of this figure is available only in the electronic edition.
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ground-motion intensity, whereas, the most damage forms are
filled in the epicentral area where higher ground motion is
expected. In addition, the process of assigning a damage level
is prone to higher errors compared to extensive or complete
damages, so the uncertainty can be higher for intermediate dam-
age levels. The difficulties in estimating nonstructural damages
based on data that are normally collected in the epicentral area is
also pointed out by De Luca et al. (2015). Thus, fragility curves
were discretized, and, a minimum PGA value of 0:2g was
selected, to avoid the damage overestimation at low ground shak-
ing. Because the civil protection operators are mostly interested
in identifying areas where high damages (D4–D5) are expected,
discarding the damage contribution at low groundmotions helps
fulfilling the operational aim of the tool. However, this
assumption has very strong limitations and should be validated
using more sophisticated approaches.

We associated each identified building typology of the
exposure model to one or more fragility curves for each author
(Table 1). The naming convention for the building types is
extracted from the SYNER-G fragility curves archive
(SYNER-G deliverable 7.1, SYNER-G, 2009), with the exception
of the curves of Borzi, for which we used the vulnerability clas-
sification adopted by Faravelli et al. (2019). Guidelines for the
development and choice of fragility functions, based on a quality
rating, have been provided by Rossetto et al. (2013). If specific
curves for a building typology were not available, we use themost
compatible with the typology. If an author presents more than
one curve compatible with the same typology, we based our
choice on assumptions on the construction techniques used

in the different time periods.
For example, Rota et al.
(2008) propose different types
of brick masonry with rigid or
flexible floors. We selected the
typology that most reasonably
matches the existing buildings
in the study area. In ambiguous
cases or in absence of other
information, we conservatively
selected the less-resistant one
(e.g., flexible floors).

The following assumptions
are used to associate the expo-
sure categories with a fragil-
ity model:

1. We assume that masonry
buildings constructed
before 1945 are constituted
by stone masonry, whereas,
modern masonry is consti-
tuted by bricks and/or
blocks.

2. Because many authors propose fragility curves for low-rise
(1–2 storeys) and mid-rise (3–4 storeys) buildings, the
exposure classes were defined accordingly.

3. Age classification is different between masonry and RC, due
to their different presence over time (Fig. 3): masonry
buildings typologies are more heterogeneous in the past,
whereas RC typologies have been largely employed in recent
decades, and underwent substantial advances in seismic
design.

4. Because, it was confirmed by a number of local practi-
tioners interviewed for this study, the “other or mixed
material” category seems to be referred mostly to buildings
that are constituted by a mixed vertical structure (URM
and RC). Given that not all authors provide fragility curves
for “ other or mixed” material, under the assumption that
most mixed buildings in Italy are constituted by a combi-
nation of load-bearing masonry and RC, we precautionary
use fragility curves for masonry, with the exception of the
curves specifically proposed by Rota et al. (2008) for build-
ings constructed with mixed techniques.

5. Rota et al. (2008) propose two different curves for regular
URM, having respectively flexible and rigid floors.
According to building inspections, analysis of building proj-
ects and interviews with municipality technicians, historical
masonry in the region was normally built with wooden
roofs, whereas, postwar buildings are mostly constituted
by bricks or blocks or RC and have hollow tiles mixed
floors. Thus, we hypothesize that historical masonry has
flexible floors, whereas, modern masonry has rigid floors.

Figure 3. Temporal distribution of the building typologies identified from the ISTAT (2011) data-
base. The pie charts show the percentage of buildings in each building material class for each time
interval (x axis) and number of storey class (y axis). The pie chart size is proportional to the total
number of buildings in each age and storey class. The dashed line shows the occurrence of the
1976 Friuli earthquake. For the sake of simplicity, and given the low presence of high-rise buildings,
the number of storeys has been grouped into only two classes. The color version of this figure is
available only in the electronic edition.
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Because Karantoni et al. (2011) does not provide curves for
RC buildings, the RC curves are selected among the three
remaining curves of Rota et al. (2008), Borzi, Crowley, and
Pinho (2008), Borzi, Pinho, and Crowley (2008), and
Ahmad et al. (2011).

6. After the 1976 earthquake, the strongly damaged area
(highlighted in Fig. 2) underwent an extensive postevent
reconstruction. To account for it, some modifications were
made to the exposure data. In particular, the RC and mixed
buildings constructed after 1970 were classified as seismi-
cally designed, accounting for the increased resistance of
the reconstructed buildings.

The RDSA System
Computational infrastructure
To rapidly evaluate the potential damage distribution after a
significant earthquake event, OGS has developed an automatic
system integrated with the seismic monitoring network of the

CRS and directly bonded to the head quarter of the PCR in
Palmanova, which receives ground shaking and structural
damage forecasts in almost real time. A schematic representa-
tion of the damage scenario calculation workflow is summa-
rized in Figure 5.

When an event of magnitude exceeding a predefined thresh-
old level (in this case ML 3) is detected by the network, the CRS
alert system triggers, initially, the calculation of the ground shak-
ing scenario on a dedicated ShakeMap server. After successful
completion, the RDSA process is, thus, started to compute

Figure 4. (a) Ahmad et al. (2011); (b) Borzi, Crowley, and Pinho
(2008) and Borzi, Pinho, and Crowley (2008) (c) Karantoni et al.
(2011); (d) Rota et al. (2008). Example of fragility curves proposed
by different authors for high vulnerability or historical unrein-
forced masonry (URM), low rise (1–2 storeys). Damage levels
(D1–D5) are defined as from the European Macroseismic Scale
1998 (EMS-98) scale. The considered ground-motion intensity is
PGA for the four sets of curves.
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TABLE 1
Building Typologies Identified in the Study Area and Fragility Curves Associated to Each Typology

Building Typology Fragility Curves

Material Age Storey Author Type Description

URM <1920 1–2 Borzi A High-vulnerability masonry, low rise

Ahmad URM stones URM with stones work, low rise

Karantonin 2FT Masonry, flexible roofs, one door at ground storey and all other
openings are windows, two storey

Rota IMA2 Masonry, irregular layout, flexible floors, without tie rods or tie beams,
1–2 storeys

3–4 Borzi A High-vulnerability masonry, medium rise

Ahmad URM stones URM with stones work, mid rise

Karantonin 4FT Masonry, flexible roofs, one door at ground storey and all other
openings are windows, four storey

Rota IMA6 Masonry, irregular layout, flexible floors, without tie rods or tie beams,
>three storey

>5 Borzi A High-vulnerability masonry, medium rise

Ahmad URM stones URM with stones work, mid rise

Karantonin 4FT Masonry, flexible roofs, one door at ground storey and all other
openings are windows, four storey

Rota IMA6 Masonry, irregular layout, flexible floors, without tie rods or tie beams,
>three storey

1920–1945 1–2 Borzi A High-vulnerability masonry, low rise

Ahmad URM stones URM with stones work, low rise

Karantonin 2FT Masonry, flexible roofs, one door at ground storey and all other
openings are windows, two storey

Rota RMA2 Masonry, regular layout, flexible floors, without tie rods or tie beams,
1–2 storeys

3–4 Borzi A High-vulnerability masonry, medium rise

Ahmad URM stones URM with stones work, mid rise

Karantonin 4FT Masonry, flexible roofs, one door at ground storey and all other
openings are windows, four storey

Rota RMA6 Masonry, regular layout, flexible floors, without tie rods or tie beams,
>three storey

>5 Borzi A High-vulnerability masonry, medium rise

Ahmad URM stones URM with stones work, mid rise

Karantonin 4FT Masonry, flexible roofs, one door at ground storey and all other
openings are windows, four storey

Rota RMA6 Masonry, regular layout, flexible floors, without tie rods or tie beams,
>three storey

1946–1990 1–2 Borzi B Medium-vulnerability masonry, medium rise

Ahmad URM bricks URM with fired brick having high percentage of voids, low rise

The typology codes adopted in the tables are the same of the SYNER-G fragility curves archive (SYNER-G, 2013). RC, reinforced concrete; URM, unreinforced masonry.
*Values for RC3 are not given by the authors; thus, RC1 curves are used.
(Continued next page.)
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TABLE 1 (continued)
Building Typologies Identified in the Study Area and Fragility Curves Associated to Each Typology

Building Typology Fragility Curves

Material Age Storey Author Type Description

Karantonin 2RT Masonry, rigid roofs, one door at ground storey and all other openings
are windows, two storey

Rota RMA2 Masonry, regular layout, flexible floors, without tie rods or tie beams,
1–2 storeys

3–4 Borzi B Medium-vulnerability masonry, medium rise

Ahmad URM bricks URM with fired brick having high percentage of voids, mid rise

Karantonin 4RT Masonry, rigid roofs, one door at ground storey and all other openings
are windows, four storey

Rota RMA6 Masonry, regular layout, flexible floors, without tie rods or tie beams,
>three storey

>5 Borzi B Medium-vulnerability masonry, medium rise

Ahmad URM bricks URM with fired brick having high percentage of voids, mid rise

Karantonin 4RT Masonry, rigid roofs, one door at ground storey and all other openings
are windows, four storey

Rota RMA6 Masonry, regular layout, flexible floors, without tie rods or tie beams,
>three storey

>1990 1–2 Borzi C1 Low-vulnerability masonry, medium rise

Ahmad URM bricks URM with fired brick having low percentage of voids, low rise

Karantonin 2RT Masonry, rigid roofs, one door at ground storey and all other openings
are windows, two storey

Rota RMA4 Masonry, regular layout, rigid floors, without tie rods or tie beams,
1–2 storeys

3–4 Borzi C1 Low-vulnerability masonry, medium rise

Ahmad URM bricks URM with fired brick having low percentage of voids, mid rise

Karantonin 4RT Masonry, rigid roofs, one door at ground storey and all other openings
are windows, four storey

Rota RMA8 Masonry, regular layout, rigid floors, without tie rods or tie beams,
3 >three storey

>5 Borzi C1 Low-vulnerability masonry, medium rise

Ahmad URM bricks URM with fired brick having low percentage of voids, mid rise

Karantonin 4RT Masonry, rigid roofs, one door at ground storey and all other openings
are windows, four storey

Rota RMA8 Masonry, regular layout, rigid floors, without tie rods or tie beams,
3 >three storey

Other All ages 1–2 Rota MX1 Mixed, 1–2 storeys

3–4 Rota MX2 Mixed, >three storey

>5 Rota MX2 Mixed, >three storey

RC <1970 1–2 Borzi C2 RC nonseismically designed

The typology codes adopted in the tables are the same of the SYNER-G fragility curves archive (SYNER-G, 2013). RC, reinforced concrete; URM, unreinforced masonry.
*Values for RC3 are not given by the authors; thus, RC1 curves are used.
(Continued next page.)
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TABLE 1 (continued)
Building Typologies Identified in the Study Area and Fragility Curves Associated to Each Typology

Building Typology Fragility Curves

Material Age Storey Author Type Description

Ahmad RC irregular nonductile RC nonductile frame structures, irregular, low rise, two storey

Rota RC2 RC, no seismic design, 1–3 storeys

3–4 Borzi C2 RC nonseismically designed

Ahmad RC irregular nonductile RC nonductile frame structures, irregular, mid-rise, five storey

Rota RC4 RC, no seismic design, ≥four storey

>5 Borzi C2 RC nonseismically designed

Ahmad RC irregular nonductile RC nonductile frame structures, irregular, high rise, eight storey

Rota RC4 RC, no seismic design, ≥four storey

1970–1990 1–2 Borzi C2 RC nonseismically designed

Ahmad RC regular nonductile RC nonductile frame structures, regular, low rise, two storey

Rota RC2 RC, no seismic design, 1–3 storeys

3–4 Borzi C2 RC nonseismically designed

Ahmad RC regular nonductile RC nonductile frame structures, regular, medium rise, five storey

Rota RC4 RC, no seismic design, ≥four storey

>5 Borzi C2 RC nonseismically designed

Ahmad RC regular nonductile RC nonductile frame structures, regular, high rise, eight storey

Rota RC4 RC, no seismic design, ≥four storey

1990–2005 1–2 Borzi D RC seismically designed

Ahmad RC regular nonductile RC nonductile frame structures, regular, low rise, two storey

Rota RC2 RC, no seismic design, 1–3 storeys

3–4 Borzi D RC seismically designed

Ahmad RC regular nonductile RC nonductile frame structures, regular, medium rise, five storey

Rota RC4 RC, no seismic design, ≥four storey

>5 Borzi D RC seismically designed

Ahmad RC regular nonductile RC nonductile frame structures, regular, high rise, eight storey

Rota RC4 RC, no seismic design, ≥four storey

>2005 1–2 Borzi D RC seismically designed

Ahmad RC regular ductile RC ductile frame structures, regular, low rise, two storey

Rota RC1 RC, seismic design, 1–3 storeys

3–4 Borzi D RC seismically designed

Ahmad RC regular ductile RC ductile frame structures, regular, medium rise, five storey

Rota RC1* RC, seismic design, 1–3 storeys

>5 Borzi D RC seismically designed

Ahmad RC regular ductile RC ductile frame structures, regular, high rise, eight storey

Rota RC1* RC, seismic design, 1–3 storeys

The typology codes adopted in the tables are the same of the SYNER-G fragility curves archive (SYNER-G, 2013). RC, reinforced concrete; URM, unreinforced masonry.
*Values for RC3 are not given by the authors; thus, RC1 curves are used.
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the damage distribution associated to the event. The actual dam-
age calculation is performed in background by the OQ software
engine, an open-source software written in the Python program-
ming language for earthquake hazard and risk analysis (Pagani
et al., 2014). The software receives and converts the input
ground-shaking model from the ShakeMap server and combines
it with exposure information, aggregated at municipality level,
and the selected fragility models. It must be noted that, to pro-
duce a more statistically consistent evaluation of the expected
damage, the uncertainty associated with the input empirical
ground-motion model is sampled by the OQ calculation engine,
to produce a spectrum of damage scenarios, which are averaged
in output. A number of 100 random samples is used in each
calculation. Moreover, we are currently working on including
ground-motion correlation models, to better depict the spatial
variability of the ground motion.

Calculation results are then postprocessed by aggregating
building typologies and damage levels (severe damage to total
collapse, D4 + D5 of the EMS-98 scale). The associated number
of people potentially impacted is also computed, based on the
simplified empirical relationship developed for the IRMA, as
described in Dolce et al. (2019). The whole scenario information
is, thus, packed in geoJSON format and finally delivered to the
database of the PCR, using a protected communication channel.

Interfacing the PCR
Each computed scenario is archived both internally in the
RDSA system and into the local database of the PCR, ready
to be visualized in the emergency control room by mean of
an ad hoc WebGIS interface, developed to support emergency
operators in the postevent intervention process.

The visualization interface
of the PCR is specifically
designed to highlight only the
most essential information
required by the emergency
operators (Fig. 6). Together
with the basic earthquake
parameters (magnitude, local
time, epicentral location, and
depth), ground shaking and
damage distributions (aggre-
gated at municipality level)
are presented simultaneously,
but on separate maps, to facili-
tate a quick evaluation of the
affected area, while allowing
at the same time a clear separa-
tion between regions of percep-
tion and those affected by
potential damage. For quick
reference, the list of municipal-
ities with larger estimated

number of damaged buildings and the associated casualties
predicted empirically is also provided.

Simulated scenarios
It must be mentioned that, complementary to the real-time
purpose of the application, the RDSA system allows for offline
calculation of user-defined testing scenarios, for the use in spe-
cialized training and capacity-building activities, and in sup-
port of mid-to-long-term prevention strategy planning. As
for actual events, the testing scenarios calculated by OGS
are also delivered to the PCR for local archiving, with the goal
of creating a database of simulated scenarios chosen as most
representative of the regional earthquake hazard.

In case of simulated earthquake events, the RDSA system
triggers a virtual calculation on the ShakeMap server. In this
case, the simulation differs from a real event in that the input
ground-motion scenario is not constrained by any actual
recording, but only empirically estimated based on the desired
size and location of the target event. To avoid misinterpreta-
tion of the simulated alarm, then, such calculation is marked
with a special identification code, which is then recognized by
the civil protection and, thus, properly flagged as simulation.
This functionality is essential for the testing and verification of
the system, but it is also suitable for routine training activities
of the operators and emergency planning.

Considerations on latency
A damage scenario is usually available from the RDSA system,
within less than 4 min from the issuing of the earthquake alert.
The latency of the calculation chain, however, is controlled
differently by the various steps involved in the process. The

Figure 5. Schematic representation of the calculation workflow of the rapid damage scenario
assessment (RDSA) system. OGS, National Institute of Oceanography and Applied Geophysics. The
color version of this figure is available only in the electronic edition.
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response delay of the network alert system is variable and
depends on the distance of the earthquake to the closest sta-
tions of the network, with some overhead related to data col-
lection and preprocessing. On average, an alert time of 1–2 min
can be considered a reasonable upper bound, for events
occurring within a buffer of 50 km around the FVG region.

Neglecting the minimal delay introduced by communica-
tion between machines, the largest latency is, therefore, due
to the calculation of the ground motion and damage scenarios.
The actual damage scenario calculation requires about 30 s on
our machine, to perform with the current exposure model con-
figuration. The ShakeMap server, however, introduces a longer
delay (about 180 s) due to the need of collecting sufficiently
long signal windows for the calculation of the ground-motion
parameters required to constrain the ground-shaking scenario.
Such delay cannot be substantially decreased. A possible work-
around could consist in delivering a preliminary damage
model initially not conditioned by observed ground motion,
and, subsequently, update the model when new information
is progressively available. It is to mention, however, that, for
operative purposes, a total delay time of up to 5 min appears,
nonetheless, acceptable, therefore, further optimizations are
presently unnecessary.

Testing and Validation
The target scenario
The RDSA system has been tested against the damage infor-
mation collected after the ML 6.4 Friuli earthquake of May
1976, considered one of the most devastating earthquakes in
Italy of the last century. The event killed about 1000 people
and destroyed more than 18,000 houses (plus 70,000 heavily
damaged), leaving over 100,000 people homeless. Following
the event, around 85,000 damage reports (Riuscetti et al., 1997;
Carniel et al., 2001; Grimaz, 2009; Grimaz and Malisan, 2018)
have been thoroughly collected, for the purpose of supporting
the financial allocation and distribution of the reconstruction
budget. Nowadays, such material represents an important
source of information for a variety of earthquake engineering

Figure 6. Screenshot of the Web-GIS interface of the Civil
Protection of the FVG region. The graphical interface is designed
to be used by emergency operators in the control room, and it
allows a rapid visualization of the most essential earthquake
information and the associated ground motion and damage
scenarios. The color version of this figure is available only in the
electronic edition.
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studies, including calibration of fragility and economical loss
models.

In this study, we used these damage reports to infer the
number of damaged buildings in the epicentral area (45
municipalities classified as destroyed by the regional law after
the event). Because of some potential bias related to the politi-
cal situation (Riuscetti et al., 1997), we limited our analysis to
the high-damage levels, corresponding to the D4–D5 level of
the EMS-98 classification. Among different proposed relations,
to convert from the reported information to EMS-98 damage
levels, we adopted the one proposed by Faravelli et al. (2019). It
must be noted that after the 1976 event, not all collapsed build-
ings were associated to a damage report (Carniel et al., 2001).
Thus, it was necessary to complement the missing information
with regional statistics performed at municipality level in 1986
(Floriana Marino, personal comm., 2019), containing the num-
ber of fully reconstructed buildings in the epicentral area. For
each municipality, then, we subtracted the number of
destroyed buildings according to the 1976 damage forms
and estimated the number of collapsed buildings. Given that
the regional statistics were done in 1986 (when the
reconstruction was almost completed) and that most villages
were extensively reconstructed, this simplified approach
should provide more realistic results.

Exposure and fragility model adjustment
To model exposure, accordingly, at the time of this scenario,
we used a modified version of the Italian National Institute of
Statistics (ISTAT) (2011) census database, for which all build-
ings constructed after 1976 have been discarded (roughly halv-
ing the number of buildings for the 1970–1980 decade and
removing those ones after 1980). In addition, to account for
the effect of reconstruction in the epicentral area, and knowing
that before 1976 masonry was the most common building
typology in the area, we have converted the remaining RC
and mixed buildings dated before 1990 into URM. The choice
was taken based on the examination of the post-1976 damage
forms (Carniel et al., 2001) and reconstruction projects
(Gentilli and Croatto, 2008), and the archive of the TiereMotus
museum, dedicated to the post-1976 reconstruction (Venzone,
Udine).

Assuming that the modeled exposure and damage informa-
tion is consistent with observations, we have also investigated
the role of the selected fragility models on the damage distri-
bution. We performed four different runs of the model, initial-
ized with the same ground motion and exposure data but with
four different fragility curves groups. Then, we compared the
resulting heavy damages (D4–D5 of the EMS-98 scale) with the
post-1976 damage forms, converted into EMS-98 damage lev-
els using the method proposed by Faravelli et al. (2019).
Results show that the two sets of fragility curves that better fit
the damage data in the epicentral area are Borzi and Ahmad
(Fig. 7), which better reproduce the damages occurred in the

epicentral area in 1976. In particular, we observed that these
curves are particularly suitable for historical masonry, widely
distributed in the region before 1976. We also observed that the
curves of Rota and Karantoni better reproduce the damages
reported by municipalities far from the epicenter. However,
reports from less damaged areas were often incomplete, not
exhaustive or less accurate than those collected for the epicen-
tral area (Carniel et al., 2001; Grimaz and Malisan, 2018).

Because of the high differences in today’s building stock
(retrofitted and/or enriched with modern building typologies),
the substantial differences in the four selected fragility curve
groups and the high uncertainty in their selection for specific
typologies, we decided to combine the use of the four curves
within a logic-tree structure. The damage is thus calculated by
redistributing the number of buildings of each typology
between the four fragility curve branches, scaled proportionally
to a specific weighting schema that reflects the confidence on
each fragility model. Because of the lack of calibration data,
however, weights are, presently, equally distributed between
branches, but it is our strategy to allow ad hoc weighting
whenever new information becomes progressively available.
Adopting a logic-tree approach is allowing to account for
the epistemic uncertainty affecting the selection of the fragility
curves also at operational level. We are, nonetheless, perform-
ing further analyses, to calibrate the model and account for
both epistemic and aleatory uncertainty.

Results and discussion
We assess the expected damage for the May 1976 ground-
motion scenario under two different conditions:

1. Pre-1976: The exposure dataset is the one used for the
calibration process, modified from the ISTAT (2011) census
as described in precedence. We use the fragility curves pro-
posed by Borzi, Crowley, and Pinho (2008), Borzi, Pinho,
and Crowley (2008), and Ahmad et al. (2011), which
showed to better reproduce the documented damages after
the 1976 event (Fig. 7). We, therefore, run the model using
the two sets of fragility curves, combined with equal
weights. Because Ahmad et al. (2011) do not propose fra-
gility curves for RC, only the curves proposed by Borzi,
Crowley, and Pinho (2008) and Borzi, Pinho, and
Crowley (2008) were used for RC buildings.

2. Post-1976: We run the model using a fragility model, based
on the tree-structure combination of the four selected
fragility curves, all with equal weights. Because Ahmad et al.
(2011) do not propose fragility curves for RC, the other
three curves were combined with equal weights for build-
ings in that typology.

Results of the damage assessment estimation for the
pre-1976 and post-1976 conditions are shown in Figure 8. The
maps show that the percentage of damaged buildings, due to an
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event similar to the May 1976 earthquake with the current
exposure, is substantially lower. It is worth noticing that, with
respect to the pre-1976 simulation, in the post-1976 scenario
the total aggregated damage is characterized by a large fraction
of building in damage state D4.

In particular, approximately, 12,000 and 11,000 buildings in
the region are expected to suffer strong damages (D4 + D5), for
the pre-1976 and post-1976 simulation, accounting, respec-
tively, for the 5% and 4% of the total building stock in the
region. However, the absolute number of buildings expected to
suffer damage of any level (D1–D5) increases from 16,000 to
22,000, from pre-1976 to post-1976 conditions, accounting for
the 7% of total buildings in both cases. The discrepancy
between percentages and absolute number of damaged build-
ings are due to the different exposure models used: the post-
1976 exposure model contains, approximately, 90,000 addi-
tional buildings, mostly constructed during the strong Italian
economic expansion (Pietroforte and Tangerini, 2000) and,
thus, not compliant with the recent building regulations.

From the results of this analysis, it is now clear that a full
validation exercise, based on the 1976 Friuli earthquake, can-
not be unambiguously performed, because of the limitations in
reproducing the 1976 conditions. In facts, the main limitations
we are facing are (1) the lack of recordings during the 1976
event, which limits our ability to reproduce a realistic scenario,
(2) the not complete reliability of data collected during the
1976 Friuli earthquake, when compared to recent damage
forms, and (3) the difficulty in reproducing the exposure con-
ditions of the time due to the lack of census data. Nonetheless,

these preliminary results have shown, at least, qualitatively
that, despite the strong reconstruction effort that followed
the 1976 event, the damages expected in case of similar scenar-
ios could still be substantial. We argue that the positive effect of
building stock retrofitting might be, nowadays, effectively
counterbalanced by the increased number of buildings (and,
thus, an increase of the exposed assets), keeping in mind that
the predicted damage could also be overestimated by the use of
not-properly calibrated fragility models.

Outlook and Conclusions
We developed a system for rapid evaluation of the expected
damage distribution caused by a significant earthquake event,
aimed at supporting emergency intervention activities of the
PCR. The system closely integrates with the seismological net-
work of the CRS, from which it receives earthquake alerts with
event information in almost real time. Along with the opera-
tional application, the RDSA system has been conceived as a
testing platform for the progressive development and valida-
tion of new seismological and engineering methodologies. In
fact, the tool is presently under active development, and several
important features are scheduled for future releases.

As a starting point, it is our plan to reduce the uncertainty of
the damage prediction by better depicting the variety and dis-
tribution of the main building typologies in the region, for
example, improving the exposure model by including more
realistic classification proxies, such as elevation and aspect
ratio, and by increasing the resolution scale of our analysis
from municipality to districts or quarters. As well, we aim at
improving the current fragility model by implementing ad hoc
damage functions for the most common building typologies of
the FVG region. Unfortunately, there are still open issues to be
tackled, to assess the expected dynamic behavior of building. In
particular, the contribution of different ground-motion param-
eters other than the PGA is required to realistically assess the
expected damage (Masi et al., 2011; Chiauzzi et al., 2012; Gehl
et al., 2013). Furthermore, uncertainty associated to fragility
models (Bradley, 2010) and the subsequent effect on damage
assessment results needs to be accounted in a more systematic
manner.

As a major limitation, the system does not presently
account for cumulative damage during an earthquake
sequence. So far, just the damage corresponding to the largest
event is considered, which is necessary but an unrealistic sim-
plification. For instance, four months after the Friuli 1976
mainshock, four seismic events of Mw ranging from 5.3 to 6
stroke again the same area and caused substantial damages
to buildings, in particular, those previously damaged.
Although, a strategy for the progressive update of the exposure
model is currently under development, the implementation of
a time-dependent damage model is more challenging (e.g.,
Iervolino et al., 2016, 2020), because it requires calibration
information not readily available. Further work is, thus,

Figure 7. Number of heavily damaged buildings estimated for the
epicentral area. The calculation was run using the four fragility
curves selected (see legend). The dashed line shows the number
of heavily damaged buildings, according to the postevent
damage assessment. The color version of this figure is available
only in the electronic edition.
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required to support emergency managers, during the whole
seismic sequence, and ad hoc studies are presently ongoing
on the matter.

Although, the improvement of the structural component is
necessary to improve the prediction accuracy, a better depiction
of the underlying ground-motion hazard is equally paramount.
The ground-motion model currently used is affected by a large
uncertainty, particularly, on the site term. For future releases of
the tool, it is our intention to use more sophisticated ground-
motion models, calibrated on local data available from the seis-
mological networks and from a number of seismic response
characterization analysis we are conducting on the territory.

Being the tool strongly oriented to practical operative pur-
poses, it is of uppermost significance for us to receive and inte-
grate the feedback from end users of our products and
stakeholders. Because of that, the WebGIS visualization tool
has been developed in collaboration with the PCR of the
FVG, following the recommendation of the control room
emergency operator, whose focus is on practical and direct
usability of the product. We are currently working on extend-
ing the target area to include the Veneto region, in strict col-
laboration with the local PCR, and, a preliminary version of the
tool has been implemented, following the recommendations of
the Accelerometric Real-time Monitoring Network for sites
and buildings in Italy and Austria project (project ID
ITAT3016). As well, we envisage the cross-border cooperation
with our neighboring countries (Austria and Slovenia) for the

development of harmonized procedures for real-time damage
assessment.

We are confident that the current research will contribute in
increasing preparedness and response capacity, in case of
damaging events, for example, by continuous integration of
the feedback from civil protection, binding the target of our
research to practical usability, such as the support for training
activities and long-term territorial planning.

Data and Resources
The data used to generate the ShakeMap were collected by the following
seismic networks. The northeast Italy seismic network (OX, doi: 10
.7914/SN/OX). The northeast Italy broadband network (NI, doi:
10.7914/SN/NI). The Trentino seismic network (ST, doi: 10.7914/SN/
ST). The Collalto seismic network (EV, doi: 10.7914/SN/EV). The
Friuli Venezia Giulia (FVG) accelerometric network (RF, doi:
10.7914/SN/RF). The Italian seismic network (IV, doi: 10.13127/SD/
X0FXnH7QfY). The Italian strong-motion network (IT, doi: 10.7914/
SN/IT). The seismic network of the Republic of Slovenia (SL, doi:

Figure 8. Results of two damage scenarios, based on the May
1976 seismic event, for two different conditions: (a–c) pre-1976
and (d–f) post-1976. The percentage of buildings in each
damage level (D4 + D5, D5, and D4) is shown in the first, second,
and third column, respectively. The color version of this figure is
available only in the electronic edition.
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10.7914/SN/SL). The Austrian seismic network (OE, doi: 10.7914/SN/
OE). The ShakeMap is a software released by the U.S. Geological Survey
(USGS; https://usgs.github.io/shakemap/index.html), whereas, the
Italian configuration was provided by Alberto Michelini e Licia
Faenza (Istituto Nazionale di Geofisica e Vulcanologia [INGV]).
Some maps were produced using the open-source QGIS Geographic
Information System (http://qgis.org). The OpenQuake (OQ) platform
is available at https://platform.openquake.org/vulnerability/list. All web-
sites were last accessed in October 2020.
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