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Abstract 

Large-scale seismic risk assessment is probably the most appropriate tool for investigating 
the consequences of earthquakes in a region of interest. Most of the existing risk-oriented 
studies focus on the seismic hazard evaluation and vulnerability assessment, while fewer ef-
forts were performed in evaluating the influence of exposure modelling. The large-scale
building inventory is generally conducted by relying on readily available sources of infor-
mation, such as databases based on census data. However, the information contained in cen-
sus databases are often limited to poor level data, such as building construction material, 
construction age and (not always available) the storey number. The use of inventory data for 
large scale application requires suitable rules to assign buildings typologies to vulnerability 
classes, that is an exposure model. Most of the existing exposure models are calibrated on 
building typological data available from post-earthquake survey data and therefore are based
on data from specific geographic areas, namely the ones hit by damaging earthquakes. It is 
known that the distribution of building typologies can vary greatly for different areas of a 
country and the availability of construction material in the area. Furthermore, the evolution
of construction techniques and the codes in force at the time of construction may affect the 
presence of a particular building’s typology rather that another one. This study aims to eval-
uate the influence of a better knowledge level of the building environment on seismic risk at 
regional scale, investigating the variability of masonry building typologies distribution. The 
application is presented for two different Italian regions, showing that an improved charac-
terization of regional vulnerability may strongly influence the impacts in terms of risk estima-
tions.
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1 INTRODUCTION
In large scale seismic risk assessment, the buildings are clustered in relevant vulnerability 

classes based on the behavior that is expected during a seismic event, for which different vul-
nerability functions are defined. A common vulnerability classification is given by the Euro-
pean Macroseismic Scale EMS’98 [1], that categorizes buildings in 6 vulnerability classes 
(from A to F), based on the type of vertical structures, i.e. the construction material and code 
design level. Other vulnerability models identify vulnerability classes based on the construc-
tion material (masonry, reinforced concrete, steel, wood) taking into account as well other 
structural and non-structural elements features (e.g. [2]-[4]).

The distribution of buildings within the vulnerability classes in each territorial unit of anal-
ysis is given by building inventory. Different sources of information on people and residential 
buildings are available with global coverage at national and sub-national level (e.g. [5]-[7]);
however, in order to compile building inventory Census database is often the primary em-
ployed source, thanks to their availability and diffusion on whole national territory. In Italy, 
census data on population and buildings, allowing to count building numerousness in terms of
construction material, number of storeys and construction age, are produced by ISTAT, the 
national statistical institute. The data for each census tracts are available in aggregated form 
for privacy reasons, but the disaggregated census data on buildings are also available at pro-
vincial or municipality level, as shown in [8]-[9] and [10].

In general, to compile a building inventory at territorial scale starting from census data, a 
suitable exposure model is required to associate the building typology to vulnerability classes 
defined according to a vulnerability model. In the methodology adopted within last National 
Risk Assessment (NRA) for Italy [11], the exposure modelling defines the rules to assign
building typology identified by ISTAT to EMS’98 vulnerability classes. Moreover, the meth-
odology allowed to evaluate the risk by combination of the results obtained adopting different
vulnerability/exposure models (VEM). Generally, exposure models may be calibrated based 
on building typological data available from post-earthquake surveys in Italy (e.g. [13] and 
[14]) or other available building-by-building survey databases (as in [15]) and eventually in-
tegrating them with expert judgment (e.g. [16]).

However, due to the high costs and time required, building-by-building survey campaign 
are generally carried out for limited areas in a country, such as urban districts or small munic-
ipalities, and the ones conducted after a noteworthy seismic event usually completely inspect 
only the municipalities with higher macroseismic intensity [17].

Thus, the exposure model used in national or sub-national risk assessment may be calibrat-
ed on data referred to a specific geographic area. However, the buildings’ characteristics may 
be not the same for different areas of a country, likely due to variability in construction mate-
rial diffusion and in construction techniques use for different regions.

Mostly for unreinforced masonry buildings, the type of vertical structure (e.g. regular, ir-
regular, round stone, regular stone etc.), that has a clear influence on seismic vulnerability, 
may vary significantly: the type of stones can be influenced by the geography of the territory 
(e.g. the presence of quarries, waterways and volcanic areas) and in turn construction tech-
niques are influenced by the type of stones, because some types of stones are better suited to 
be cut into square blocks. In Italy, in inland areas near to Apennine limestone is widespread
while bricks are typical of the Adriatic coast and tuff of volcanic areas. This could explain the
reason of large presence of irregular layout structures in the internal areas of the country and 
the presence of regular layout masonry structures in the areas characterized by the presence of 
bricks, tuff or travertine, as shown in [18]-[20].
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A recent approach for the compiling of large-scale inventories is provided by Cartis [21],
an interview-based form developed within “Territorial Themes” ReLUIS project financed by 
the Italian Civil Protection Department. The Cartis approach allows to rapidly survey ordinary 
building typologies in urban area, collecting information on buildings features useful for the 
building vulnerability classification. In this paper, we propose the use of Cartis database to 
improve the exposure modelling at regional scale. Adopting the methodology proposed in [22]
and briefly recalled in the next paragraphs, the effects of the improved vulnerability character-
ization on risk assessment are evaluated for two Italian regions. Two exposure/vulnerability 
model recently proposed in Italy for unreinforced masonry buildings are adopted and the 
damage and risk assessment obtained from the original vulnerability/exposure models and 
from the ones updated through the Cartis-based inventory area compared. It will be shown 
that not negligible changes of the impacts may be observed, also depending on the analyzed 
region.

2 THE ADOPTED VULNERABILITY/EXPOSURE MODELS
With the aim to investigate the effect of different typological distribution on the vulnerabil-

ity assessment at the regional scale, two empirical vulnerability/exposure models that were 
recently proposed for masonry type buildings are adopted. The model proposed by Del Gau-
dio et al. [3], referred to as DG2019, is based on the statistical treatment of typological and 
damage data of masonry buildings damaged after the 2009 L’Aquila earthquake. The authors 
propose empirical based lognormal fragility curves for 14 masonry buildings classes, defined 
based on the combination of vertical structures (regular layout or good quality, irregular lay-
out or poor quality structure with or without tie rods/beams) and horizontal structures (vaults 
with or without tie rods, beams with flexible, semi-rigid or rigid slabs), as shown in Table 1. 
Moreover, a set of fragility curves directly referred to construction age intervals, usable with a 
building classification based on census data, are also proposed. These age-dependent fragility 
curves are derived by a linear combination of the 14 sets of typological fragility curves, using 
the percentage of occurrence of each class within the 8 times intervals defined by ISTAT (< 
1919, 1919-1945, 1946-1961, 1962-1971, 1972-1981, 1982-1991, 1991-2001, > 2001) report-
ed in Table 1 as linear combination coefficients. To find out the distribution of buildings be-
longing to different age ranges, the data derived from the sample of 22,618 residential 
masonry buildings surveyed after L’Aquila earthquake are used. From this database analysis,
it can be noted that most of the buildings built before 1945 are characterized by irregular lay-
out (class 4B and 5B in Table 1), whit high percentage of vaults in oldest buildings (class 
23BC), while modern buildings are characterized by regular layout and rigid floors.
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Table 1 - Occurrence percentages of vulnerability classes into 8 time intervals, defined by [3].

The second model, proposed by Rosti et al. [23] referred to as RO2020, was derived con-
sidering the L’Aquila 2009 and Irpinia 1980 post earthquakes data. Eight building typologies
were identified, based on quality of the masonry fabric (i.e. irregular layout or poor-quality 
masonry, regular layout and good-quality masonry), in-plane flexibility of diaphragms (i.e. 
flexible, rigid), presence (or absence) of connecting devices. These typologies were fused into 
three vulnerability classes (A: high vulnerability, B: medium vulnerability, C1: low vulnera-
bility) based on classification rules proposed by Rota et al. [4], reported in Table 2. As one of 
the purposes of this study was to implement the model using IRMA platform [12] for its pos-
sible application for national risk assessment in Italy [11], the authors proposed an exposure
model that defines the rules to assign the percentage of each census-based typologies for ma-
sonry buildings (defined based on construction age - < 1919, 1919-45, 1946-61, 1962-71, 
1972-81, > 1981- and height level - L and MH) into the three vulnerability classes A, B and 
C1. 

Table 2 - Definition of vulnerability classes based on type of vertical and horizontal structures and presence of 
connection devices, as reported in [4]

Horizontal structure Irregular texture or poor quality masonry Regular texture and good quality mason-
ry

w/o connecting 
device

with connecting 
device

w/o connecting 
device

with connecting 
device

Flexible A A B C1
Semi-rigid A A B C1

Rigid A B C1 C1
Vaults A B C1 C1

This exposure model was calibrated through an optimization problem finalized to mini-
mize the difference among a set of empirical fragility curves, derived by the sole dataset of 
masonry buildings damaged after 2009 L’Aquila earthquake, and the fragility curves previ-
ously derived for A, B and C1 vulnerability classes. The resulting exposure matrix is reported 
in Table 3.

Vaults with or w/o tie 
rods

Beams with
Flexible slab

Beams with
Semi-rigid slab

Beams with
Rigid slab

Irregular 
layout or 

poor 
quality

Regular 
layout or 

good 
quality

Irregular layout 
or poor quality

Regular layout 
or 

good quality

Irregular layout
or poor quality

Regular layout 
or good quality

Irregular layout 
or poor quality

Regular layout
or good quality

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

23BC 23DE 4B 4C 4D 4E 5B 5C 5D 5E 6B 6C 6D 6E

<19 22% 3% 25% 5% 2% 1% 21% 6% 4% 2% 3% 2% 1% 2%
19-45 8% 2% 23% 3% 4% 1% 23% 6% 9% 4% 4% 3% 3% 7%

46-61 2% 1% 9% 1% 4% 1% 17% 6% 13% 8% 5% 7% 7% 20%
62-71 1% 0% 3% 1% 6% 1% 4% 3% 9% 9% 3% 5% 12% 43%

72-81 0% 0% 2% 0% 4% 1% 2% 1% 6% 8% 1% 2% 11% 62%

82-91 0% 0% 2% 0% 6% 2% 2% 1% 5% 6% 2% 2% 11% 62%
92-

2001 2% 1% 4% 1% 7% 4% 3% 2% 5% 5% 2% 2% 10% 53%

>2001 3% 0% 3% 1% 5% 5% 4% 3% 3% 9% 3% 2% 6% 52%
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Table 3 - Composition of the masonry building stock in terms of percentages of macro-categories belonging to 
the different vulnerability classes, according to [23]

Class of height Low Medium-High

Vulnerability class A-L B-L C1-L A-MH B-MH C1-MH

<19 86% 0% 14% 97% 0% 3%
19-45 45% 44% 11% 22% 78% 0%
46-61 9% 59% 32% 0% 75% 25%
62-71 5% 4% 91% 0% 18% 82%
72-81 0% 0% 100% 0% 0% 100%

82-91 0% 0% 100% 0% 0% 100%

3 EXPOSURE MODELLING: A CARTIS-BASED APPROACH

The proposed methodology relies on Cartis form’s information to re-calibrate the exposure 
models in different Italian regions. The 1st level “Cartis” form is an interview-based form fi-
nalized to the survey of ordinary building typologies in sub-areas of the town denominated 
Town Compartments TC, characterized by prevailing homogeneity of the built environment 
in terms of initial period of construction and/or constructive structural characteristics. Using
Cartis approach is possible to detect buildings features having strong influence on seismic be-
havior, allowing a more refined classification for buildings. In addition to age of construction 
and number of storeys, for masonry building the type of masonry (e.g. irregular layout mason-
ry or regular layout with square stones or bricks), the horizontal slab type (e.g. flexible, rigid 
or semi-rigid slabs), the type of vaults (if present) and the presence of tie rods or tie beams are 
some of the vulnerability factors considered in the form. For each TC the form allows to de-
tect up to four different typologies for masonry buildings (MUR1, MUR2, MUR3, MUR4) 
and four for RC buildings (CAR1, CAR2, CAR3, CAR4). 

Figure 1 - Town Compartments for a town in the south of Italy and an example of buildings distribution for TC1, 
based on the related percentages reported in Cartis.

For each typology, the incidence percentages of the typology on the buildings in the TC are 
given. Therefore, given the total numbers of buildings in each TC, it is possible to derive the 
number of building belonging to different building typologies, and, consequently, considering 
all TCs in a town, the inventory at municipal level can be obtained. An example of the proce-
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dure to derive the number of building for a masonry typology in a town compartment is re-
ported in Figure 1.

Starting from the inventory compiled in towns where Cartis form is available, the occur-
rence percentage of building typologies at regional scale can be derived. Once the number of 
buildings belonging to defined structural types is obtained, it is possible to group them into 
vulnerability classes, according to the adopted vulnerability model.

In [22], based on the availability of Cartis-based inventory, a methodology for exposure 
modelling was proposed, that can be reassumed in the following steps:

a) Compiling of Cartis-based inventory at urban scale, for all the towns where Cartis
information is available.

b) Deriving statistical distribution of building typologies at regional scale considering
all the towns in the region for which Cartis-based inventory was compiled.

c) Recalibration of exposure matrix with the percental distribution obtained by Cartis-
based inventories, according to the vulnerability classes considered by the adopted
vulnerability model.

Note that the reliability of the procedure is affected by the percentage of investigated towns 
as well as by their representativeness in terms of building and population number in a region.

As explained in [22], two slightly different approaches for the recalibration of the DG2019 
and RO2020 models are applied. In DG2019 the age-dependent fragility curves to use with 
available ISTAT data was obtained by a linear combination of the fragility curves relative to
the 14 building classes; therefore, after the recalibration of the exposure matrix a new set of 
age-dependent fragility curve has to be derived to evaluate the risk starting by census data. 
Differently, according to RO2020 model, only the exposure matrix was recalibrated, without 
modification of the fragility curves used for risk calculation. It is worth noting that the expo-
sure matrices in DG2019 and RO2020 were obtained by statistical analysis of typological data 
relative to the sole buildings that were inspected after the 2009 L’Aquila earthquake. Thus, 
these matrices represent the typological distribution of a specific region (i.e. Abruzzo region). 
Therefore, a more accurate calibration procedure may improve the vulnerability characteriza-
tion at regional level and consequently may affect the estimation of expected damage and im-
pacts.

4 APPLICATION FOR TWO ITALIAN REGIONS
The proposed procedure is applied for two Italian regions: Toscana and Veneto. In Toscana 

region 59 towns were surveyed through Cartis form, that represent about 22% of Toscana 
municipalities and 10% of regional inhabitants. In Veneto 35 towns were surveyed, represent-
ing the 6% of the municipalities and covering approximately the 11% of regional population. 

According to the procedure previously described, the Cartis-based inventory is compiled 
for all the towns surveyed by Cartis form. Assuming the surveyed municipalities representa-
tive of the entire region, the percentage distribution of building typologies at regional level is 
obtained. It is worth noting that the Cartis database partially cover the whole regional territory, 
so this simplifying hypothesis could affect the reliability of estimations at regional scale.
However, the present study represents a preliminary application to investigate the variability 
of vulnerability characterization at regional level and the results are expected to be updated 
when Cartis form on other municipalities will be compiled.
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Figure 2 – Diffusion of the vertical (irregular or regular layout) types on masonry building stock at regional scale, 
derived by Cartis - based inventory.

The analysis of the regional inventories shows very different distribution of masonry build-
ing typologies. In Toscana irregular layout vertical structures are widespread, representing 
about 76% of masonry buildings, while in Veneto this typology characterizes just the 16% of 
the total, see Figure 2. Regarding horizontal structures type, the major difference between re-
gional inventories is about the diffusion of semi-rigid slab type in irregular layout structures, 
about 36% in Toscana and almost absent in Veneto (2%), see Figure 3.

Once obtained the number of buildings with specific structural features (e.g. the number of 
masonry buildings with regular layout and vaults without tie rods), it’s possible to group them 
into vulnerability classes according to DG2019 and RO2020 models and recalibrate the rela-
tive exposure matrices.

(a) (b)      

Figure 3- Diffusion of horizontal structure types for irregular layout buildings according to Cartis-based invento-
ry, for Tuscany (a) and Veneto region (b).

The comparison with the DG2019 exposure model shows a considerable increase of irregu-
lar layout masonry structures in Tuscany for first and second time intervals (<1919, 1919-
1945) (see Table 4). In particular, poor quality masonry structures without tie rods or tie 
beams and with flexible slabs (4B) and semi-rigid slabs (5B) are more widespread in Tuscany 
than in Abruzzo, according to the DG2019 matrix. Moreover, this type of structures repre-
sents a not negligible percentage of more recent built buildings.
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Table 4 -DG2019 exposure matrix derived by Cartis-based inventory, for Tuscany region.

Vaults with or w/o tie 
rods

Beams with
Flexible slab

Beams with
Semi-rigid slab

Beams with
Rigid slab

Irregular 
layout or 

poor
quality

Regular 
layout or 

good 
quality

Irregular layout 
or poor quality

Regular layout 
or 

good quality

Irregular layout
or poor quality

Regular layout 
or good quality

Irregular layout 
or poor quality

Regular layout
or good quality

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie
beams

With 
tie 

rods or 
tie 

beams

W/o tie
rods or 

tie
beams

With 
tie 

rods or 
tie

beams

W/o tie 
rods or

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie

beams

23BC 23DE 4B 4C 4D 4E 5B 5C 5D 5E 6B 6C 6D 6E

<19 8% 1% 43% 11% 5% 0% 23% 6% 0% 0% 1% 0% 1% 0%

19-45 3% 1% 21% 5% 7% 1% 41% 9% 1% 0% 7% 2% 3% 0%

46-61 0% 1% 12% 5% 8% 3% 31% 13% 7% 3% 7% 3% 5% 2%

62-71 0% 0% 1% 1% 1% 1% 1% 2% 1% 2% 12% 16% 22% 40%

72-81 0% 0% 1% 1% 1% 2% 1% 1% 1% 3% 10% 18% 16% 46%

82-91 0% 0% 0% 0% 1% 3% 0% 0% 1% 2% 12% 6% 14% 61%
92-

2001 0% 0% 0% 0% 68% 1% 0% 0% 1% 0% 23% 0% 7% 0%

>2001 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 9% 0% 77% 15%

Table 5 - DG2019 exposure matrix derived by Cartis-based inventory, for Veneto region.

Vaults with or w/o tie 
rods

Beams with
Flexible slab

Beams with
Semi-rigid slab

Beams with
Rigid slab

Irregular 
layout or 

poor 
quality

Regular 
layout or 

good 
quality

Irregular layout 
or poor quality

Regular layout 
or 

good quality

Irregular layout
or poor quality

Regular layout 
or good quality

Irregular layout 
or poor quality

Regular layout
or good quality

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie

rods or 
tie 

beams

W/o tie 
rods or 

tie 
beams

With 
tie 

rods or 
tie 

beams

W/o tie 
rods or

tie 
beams

With 
tie 

rods or 
tie 

beams

23BC 23DE 4B 4C 4D 4E 5B 5C 5D 5E 6B 6C 6D 6E

<19 0% 2% 35% 12% 24% 16% 1% 0% 0% 0% 4% 1% 3% 2%

19-45 1% 1% 15% 7% 24% 17% 0% 0% 0% 0% 9% 5% 12% 8%

46-61 0% 0% 0% 0% 3% 5% 0% 0% 0% 0% 4% 11% 32% 45%

62-71 0% 0% 0% 1% 2% 1% 0% 1% 0% 0% 4% 12% 45% 33%

72-81 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 27% 48% 23%

82-91 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 2% 5% 58% 35%
92-

2001 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 2% 15% 65% 18%

>2001 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 100% 0%

For Veneto region, irregular structures represent a significant percentage for older masonry 
buildings (<1919), but after 1950 almost the whole masonry buildings structures are regular 
layout structures with rigid floors (see Table 5). According to RO2020 model, it can be noted 
that for Tuscany region the differences between the original matrix and the recalibrated ones
mostly concern masonry structures built between 1919 and 1945 and between 1946 and 1961, 
with many low-rise buildings classified in more vulnerable classes (Table 6). For Veneto a 
different distribution of older masonry buildings can be observed, with lower number of them
classified as A (Table 7).
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Table 6 - RO2020 Exposure matrix derived from Cartis-based inventory for Tuscany region.

Class of height Low Medium-High

Vulnerability class A-L B-L C1-L A-MH B-MH C1-MH

<19 92% 6% 2% 90% 8% 2%
19-45 85% 11% 4% 85% 9% 5%
46-61 68% 19% 14% 70% 15% 15%
62-71 19% 15% 66% 14% 20% 65%
72-81 17% 17% 66% 10% 22% 67%
82-91 8% 11% 81% 17% 3% 80%

Table 7 - RO2020 Exposure matrix derived from Cartis-based inventory for Veneto region.

Class of height Low Medium-High

Vulnerability class A-L B-L C1-L A-MH B-MH C1-MH

<19 51% 29% 21% 52% 24% 24%
19-45 24% 38% 38% 38% 24% 38%
46-61 0% 19% 81% 9% 8% 83%
62-71 4% 6% 90% 9% 19% 72%
72-81 0% 2% 98% 1% 46% 53%
82-91 2% 8% 91% 1% 3% 95%

4.1 Damage and Risk assessment
The effects of a different vulnerability characterization at regional scale is evaluated with 

the aid of IRMA platform [12]. In the platform, different exposure/vulnerability models
(VEM) and different sets of fragility curves can be employed. Deriving the exposure data 
from ISTAT 2011 database, the VEM is defined by an exposure matrix that identifies rules to
classify the building typologies, derived by census data, into vulnerability classes adopted by 
the model. Using DG2019 approach the VEM is simply defined by building classes for age of 
construction, that are combined with the age-dependent fragility curves. In RO2020 approach, 
the VEM is defined by exposure matrix that provides the occurrence percentage of building 
classes (for age of construction and class of height) in the vulnerability classes identified in 
the model (A, B, C1), combined with the relative fragility curves. The improvement provided 
by the proposed procedure is evaluated comparing the outcomes of damage and risk assess-
ment obtained by the adoption of the original set of age-dependent fragility curves and the 
exposure matrix, respectively for DG2019 and RO2020 model, with results obtained after the
recalibration procedure.

Unconditional damage and risk assessment for 50 years timeframe is performed, that is an 
assessment obtained considering the probability of ground shaking severity in a selected time 
observation window according to PSHA based methodology. As both adopted VEM are for 
masonry buildings, the analyses are performed considering only this typology (masonry). Ta-
bles 8, 9, 10, 11 report the number of buildings for each damage state employing the original 
model (columns DG or RO) and the updated exposure modelling (columns DG+CA or 
RO+CA). The difference between the Cartis-based model and the original one is indicated as 
Δ and the Regionalization factor RF, that can be considered as a parameter to represent varia-
tion in terms of expected damage due to a different exposure modelling, is calculated as the
ratio of Δ versus DG or RO, respectively for DG2019 and RO2020 model.
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Table 8 - Number of buildings for each damage state, adopting the original exposure matrix DG2019 (DG) and 
the re-calibrated one based on CARTIS data (CARTIS) for Tuscany region.

DG DG+CA Δ RF
DS0 138784 126798 -11986 -9%
DS1 133272 123662 -9610 -7%
DS2 59770 58576 -1194 -2%
DS3 81715 86155 4440 5%
DS4 88598 95497 6899 8%
DS5 46010 57462 11452 25%

Table 9 - Number of buildings for each damage state, adopting the original exposure matrix RO2020 (RO) and 
the re-calibrated one based on CARTIS data (CARTIS) for Tuscany region.

RO RO+CA Δ RF

DS0 374663 340104 -34560 -9%
DS1 101790 111078 9288 9%
DS2 30561 41503 10942 36%
DS3 20040 26479 6439 32%
DS4 15714 21567 5853 37%

DS5 5381 7419 2038 38%

Figure 4 – The variation of number of buildings in each damage state with respect to the original model (i.e. the 
RF) obtained adopting the Cartis-based procedure (DG+CA for DG2019 and RO+CA for RO2020 model) for 

Tuscany region.

For Tuscany region, an increased number of building having medium-high damage states 
(DS3, DS4, DS5) can be observed according to Cartis-based model. Using DG2019 approach, 
the number of buildings that reach the heaviest damage grade (DS5) increases by +25%, 
while for the lower damage levels lower variations can be observed (see Figure 4). In reverse, 
adopting RO2020 model, with Cartis-based approach the numbers of buildings significantly
increase for most of damage levels, with a value of RF grader than +30% from DS2 to DS5.
This significant difference from DG2019 and RO2020 model is probably due to the different 
classification criteria. Indeed, according to RO2020 all the masonry buildings with irregular 
texture are classified as class A, the most vulnerable class, while in DG2019 different classes 
are identified for irregular layout buildings based on the horizontal structures type, to which 
different vulnerability level as well as fragility functions are associated. Therefore, for exam-
ple, if for the second model irregular layout structures with rigid slab are less vulnerable than 
irregular layout structure without tie roads or tie beams with vaults, according to first one
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these building are clustered in an unique class, the most vulnerable class A, greatly influenc-
ing the damage distribution.

For Veneto, a decrement of damaged buildings can be observed. Assuming the RF value 
for DS2 as reference, as it is representative of moderate damage, it can be observed a value of 
-30% according to DG2019 and -26% for RO2020. Differently to Tuscany region, for Veneto 
the presence of a small number of irregular layout structures, widespread only among oldest 
masonry building, leads to similar value of RF for both models (see Figure 5).

Table 10 - Number of buildings for each damage state, adopting the original exposure matrix DG2019 (DG) 
and the re-calibrated one based on CARTIS data (CARTIS) for Veneto region.

DG DG+CA Δ RF
DS0 411779 504687 92907 23%
DS1 175772 145021 -30751 -17%
DS2 55532 39056 -16477 -30%
DS3 60906 39197 -21709 -36%
DS4 55843 34638 -21205 -38%
DS5 26863 24098 -2765 -10%

Table 11 - Number of buildings for each damage state, adopting the original exposure matrix RO2020 (RO) and
the re-calibrated one based on CARTIS data (CARTIS) for Veneto region.

RO RO+CA Δ RF
DS0 652750 673175 20425 3%
DS1 85160 78056 -7104 -8%
DS2 19676 14530 -5146 -26%
DS3 13587 10010 -3576 -26%
DS4 11031 7792 -3239 -29%
DS5 4493 3132 -1361 -30%

Figure 5 - The variation of number of buildings in each damage state with respect to the original model (i.e. the 
RF) obtained adopting the Cartis-based procedure (DG+CA for DG2019 and RO+CA for RO2020 model) for 

Veneto region.

The seismic risk in terms of economic losses is calculated, as well. In IRMA, the impact 
quantities are provided as a function of expected number of buildings affected by different 
damage level, according to the consequences model adopted in the recent national risk as-
sessment for Italy (Dolce et al. 2020). The mean value of losses/m2 among all the municipali-
ties in each region is calculated and chosen as regional loss indicator. Likewise to what done 
previously, the regionalization factor due to losses RF_L is evaluated.
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Table 12 - Values of economic losses for each region analyzed, according to the different models adopted 
(DG2019 and the one recalibrated by Cartis-based approach).

L_DG/mq 
[€/mq]

L_CARTIS/mq 
[€/mq]

Δ [€/mq] RF_L

TOSCANA 566.9 621.1 54.2 0.10

VENETO 267.8 186.0 -81.8 -0.31

Table 13 - Values of economic losses for each region analyzed, according to the different models adopted 
(RO2020 and the one recalibrated by Cartis-based approach).

L_RO/mq 
[€/mq]

L_CARTIS/mq 
[€/mq]

Δ [€/mq] RF_L

TOSCANA 135.5 182.7 47.2 0.35

VENETO 65.1 50.3 -14.8 -0.23

5 CONCLUSIONS
The methodology proposed in [22] is adopted in this study to evaluate the effects of adopt-

ing improved exposure modelling on risk analysis. Cartis database is used to re-calibrate 
models relative to two existing empirical vulnerability models (DG2019 [3] and RO2020 [23]) 
for two Italian regions, Tuscany and Veneto. It is worth noting that this is a preliminary study 
about regional vulnerability characterization as the proposed exposure models are calibrated 
on the available Cartis’ data on a limited number of municipalities in each region. However, 
the re-calibration procedure here proposed allows to detect the potential change in vulnerabil-
ity region by region.

The main outcomes of the adopted approach can be summarized as follows:
The use of Cartis-based approach leads to different distributions of building typol-
ogies at regional scale with respect to exposure models commonly calibrated on the
base of empirical data derived on areas recently struck by an earthquake.
The use of different exposure models at regional level has a significant influence on
the damage assessment, also depending on the adopted vulnerability model. To as-
sess such influence a parameter, the regionalization factor RF, may be defined to
account for differences in damage assessment due to the use of improved exposure
models with respect to original one. The RF referred to an intermediate damage
state DS3 for Tuscany region is quite low adopting DG2019 model (5%), while as-
sumes a value of +32% using RO2020 model. The reason of this discrepancy is
probably due to the different vulnerability classification proposed by the models,
that influence the damage distribution mostly for the regions where irregular layout
structures are largely widespread.
The influence of different exposure modelling at regional scale on economic losses
can be effectively represented by regionalization factor associated to economic
losses RF_L. RF_L may be used for a synthetic representation of the variation of
risk estimation that can be obtained with improved exposure characterization.

As this study represents a first application toward the regional exposure assessment, the re-
sults obtained provide just a trend about vulnerability and risk at regional level and they can 
be improved when more data become available.
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