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Abstract
Within the 2019–2021 research agreement between the Civil Protection Department (DPC) 
and the Network of University Laboratories for Earthquake Engineering (ReLUIS), the 
work package WP4 “Seismic Risk Maps—MARS” is specifically devoted to update the 
2018 release of the Italian National Seismic Risk Assessment. To this end, the previously 
considered models of hazard, exposure and vulnerability will be critically reviewed and 
updated by taking advantage also from the results deriving from other WPs of the DPC-
ReLUIS research project. In the present paper some of the most relevant aspects that are 
being introduced in the development of the new Italian risk maps have been described and 
shortly analysed. First, a significant upgrade of the vulnerability model implemented in the 
new version of the platform used for risk calculation (IRMA) is proposed, where reference 
to the six EMS-98 classes is made also considering regional vulnerability features. Fur-
ther, empirical data from observed real damage are integrated with results from numerical 
simulations (mechanical approach), in particular for reinforced concrete buildings. Finally, 
some special construction types such as schools, churches and bridges are included in order 
to provide a more comprehensive view of the national risk.

Keywords Existing buildings · Earthquake · Risk assessment · Seismic vulnerability · 
Fragility curves

1 Introduction

The National Risk Assessment released by the Italian Civil Protection Department (DPC) 
in 2018 (DPC 2018) points out that earthquakes caused about 160,000 fatalities in the last 
two centuries. In the last 50 years, fatalities were about 5000, while discounted value of 
economic losses amounts to over 200 billion Euro. These dramatic effects mainly depend 
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on the high vulnerability of the existing building stock, as it was designed and realized 
either for gravity loads only or using inadequate seismic criteria. In fact, up to 1981 about 
77% of the current residential buildings had already been constructed and only 25% of the 
national territory was classified and then subjected to seismic code. Besides old masonry 
constructions (Lagomarsino 2012; Cattari et  al. 2014), also Reinforced Concrete (RC) 
buildings showed high vulnerability during last earthquakes, such as Irpinia 1980 (Braga 
et al. 1982) and, more recently, Abruzzo 2009 and Central Italy 2016 (Dolce and Goretti 
2015; Masi et al. 2019).

After the first studies on the Italian seismic risk (see Dolce et al. 2020 for a review), 
in 2018 the DPC supported a research project involving its centres of competence such 
as ReLUIS (Network of University Laboratories for Earthquake Engineering) and Eucen-
tre (European Centre for Training and Research in Earthquake Engineering), to prepare an 
updated version of the national seismic risk assessment (NRA) by considering the better 
knowledge reached so far. To this purpose, the IRMA platform (Borzi et al. 2008; 2020) 
released by Eucentre was purposely set up and used to analyse different vulnerability/expo-
sure models and convoluting them (Dolce et al. 2020) with the MPS04 hazard model made 
by INGV (national Institute of Geophysics and Volcanology) in 2004 (Stucchi et al. 2011. 
Fragility curves for the building types mostly present in the Italian building stock accord-
ing to the ISTAT 2011 census were obtained from different approaches, mainly empiri-
cal methods based on the Da.D.O. (Database of Observed Damage) database (Dolce et al. 
2019). Da.D.O. contains damage data relevant to nine of the most damaging Italian earth-
quakes in the 1976–2012 period, mostly referred to masonry buildings (about 78%, corre-
sponding to about 250,000 buildings), while data on RC buildings is lower (about 8%, cor-
responding to about 24,000 buildings). Other (i.e. steel, timber and mixed structures) or not 
identified types amount to about 12%. The NRA provides results in terms of mean annual 
losses in terms of expected repair/reconstruction costs (direct economic losses), number of 
unusable buildings/dwellings, homeless, dead and injured (Dolce et al. 2020).

In 2019, a new research agreement between DPC and ReLUIS was subscribed for the 
period 2019–2021, made up of several Work Packages (WPs) dealing with the earthquake 
engineering topics most relevant for the Italian Civil Protection. Specifically, WP4 “Seis-
mic Risk Maps—MARS” is in logical progression with the 2018 risk assessment. MARS 
comprises 11 Tasks, coordinated by leading Italian researchers in each specific field, listed 
below:

TASK 4.1—Exposure: inventory, regionalization, classification
TASK 4.2—Seismic Input: intensity measures, microzonation and shake maps
TASK 4.3—Vulnerability: models and fragility curves of residential buildings
TASK 4.4—Risk: evaluation of consequences and economic losses
TASK 4.5—Damage Scenarios: vulnerability models’ validation and criteria for their 
combination
TASK 4.6—Prevention Strategies: risk comparison analyses at national scale
TASK 4.7—Schools: models and fragility curves of school buildings and other strategic 
buildings
TASK 4.8—Churches: models and fragility curves of churches
TASK 4.9—Bridges: models and fragility curves of bridges
TASK 4.10—Interaction with Eucentre for updated/new risk maps’ platforms
TASK 4.11—Updated Risk Maps

The main goals of MARS are:
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• To collect, analyse and upgrade vulnerability models for both residential building stock 
and for single buildings/infrastructures (schools, churches, bridges);

• To collect, analyse and upgrade loss models to estimate direct economic losses, unus-
able buildings, and casualties;

• To release, on the base of updated exposure, hazard and vulnerability models, new seis-
mic risk maps for both as-built and strengthened buildings, useful to plan mitigation 
strategies.

Within the above activities, a critical review and comparison of the different methods 
that were used to derive the fragility curves adopted in the 2018 study needs to be firstly 
carried out, in order to better understand the inherent capability and reliability to assess 
building vulnerability (da Porto et al. 2020). Specifically, as a consequence of the limited 
amount of observational damage data, additional fragility functions for RC building types 
need to be derived in order to complement the results of the previous study. To this pur-
pose, analytical approaches involving some RC types not considered (e.g. high-rise and 
strengthened buildings) or for which damage data is poor (e.g. for higher damage levels) 
can be adopted, also in the framework of a hybrid approach (Dolce 1996; Kappos et  al. 
2006; Calvi et al. 2006).

Building type selection will take advantage from a special work-package of the DPC-
ReLUIS project, i.e. “WP2-Cartis”, which aims at collecting building data according to 
a more risk-oriented approach, able to better highlight local/regional distinctive structural 
features, not included in the ISTAT census data (Zuccaro et al. 2015). Further, a properly 
ground motions’ selection representative of the Italian seismic hazard, also accounting for 
the role of amplification effects, will be carried out in order to evaluate structural response 
and its record-to-record variability by means of time history non-linear dynamic analyses.

In the present paper some of the most relevant aspects that are being introduced in the 
development of the new Italian risk maps are described and analysed. A special emphasis 
is devoted to: (1) the update of the vulnerability model implemented in the upgraded ver-
sion of the IRMA platform, (2) the derivation of fragility curves through analytical meth-
ods, especially for RC buildings, (3) the seismic risk assessment of specific building types, 
such as school buildings and churches.

2  The MARS vulnerability model

In 2018, the seismic risk scenario for the National Risk Assessment (DPC 2018) was eval-
uated with the platform IRMA (Borzi et  al. 2020), by combining the ones obtained by 
using different vulnerability models (Rosti et al. 2020a, b; Lagomarsino et al. 2021; Donà 
et al. 2020; Zuccaro et al. 2020; Borzi et al. 2020) and assigning to them the same weight 
(Dolce et al. 2020).

The vulnerability of the residential building stock is defined in the platform IRMA 
(Borzi et al. 2020) as follows:

• 5 damage levels (Dk, k = 1,…0.5) are considered, in accordance with the European 
Macroseismic Scale (EMS) (Grunthal 1998);

• Fragility curves of the 5 damage levels are introduced for 5 vulnerability classes, 
named A/B/C1/C2/D, characterised by decreasing vulnerability;
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• The inventory of the residential building stock, at national level, is based on the 
ISTAT census (ISTAT 2011), which contains information on the structural material, 
the construction age and the number of stories, aggregated at municipality level;

• The vulnerability of each ISTAT type (defined by a taxonomy that combines the 
structural material, the construction age and the number of stories) is assigned by a 
linear combination of fragility curves assigned to the above-mentioned vulnerability 
classes (this means that each ISTAT type is defined as being made of percentages of 
pre-defined classes).

The vulnerability classes are not directly associated to a specific building type but col-
lect buildings characterized by the same relation between the seismic intensity and the 
damage. It is worth noting that in the literature these vulnerability classes have been 
used, within the Damage Probability Matrix simplified approach (e.g. Braga et  al. 
1982), by associating specific building types to each one:

• Class A: traditional irregular masonry buildings, with low quality structural details;
• Class B: traditional regular masonry buildings, with good quality structural details;
• Class C1: solid brick or modern masonry buildings with rigid horizontal dia-

phragms;
• Class C2: reinforced concrete building without earthquake resistant design (designed 

for gravitational loads);
• Class D: reinforced concrete building with earthquake resistant design.

However, it is worth noting the ISTAT inventory allows a pretty accurate classification 
and it would be too rough the direct association of each ISTAT type to one of the 5 consid-
ered classes. Therefore, the 5 sets of fragility curves defined for the vulnerability classes 
represent a vulnerability metrics, useful to associate to each ISTAT type a specific set of 
fragility curves that represent the possible different behaviour of the same type. Indeed, the 
IRMA platform evaluates the damage for each ISTAT type by combining with the intro-
duced percentages the damage of the 5 reference vulnerability classes. This approach is 
conceptually coherent with the EMS, because it assumes that in the specific building type 
there are structures belonging to different vulnerability classes and vice versa (for further 
details see Dolce et al. 2020).

The set of lognormal fragility curves of one vulnerability class is defined by the median 
values of the Peak Ground Acceleration (PGA) relevant to the 5 damage levels, together 
with the correspondent values of the statistical dispersion; obviously the former increase 
passing from a vulnerability class to the following, less vulnerable. However, the seismic 
performance is determined also by the relative distance between damage levels, which 
increases in the case of ductile structures (for example, in a ductile structure, given the 
PGA that causes damage D2, it should be increased more in order to reach damage D3). 
This is why class C is usually divided into classes C1 and C2: modern masonry buildings 
and gravitational RC ones have, on average, a similar vulnerability but the distribution of 
damage levels is different.

For the seismic risk assessment released in 2018, each research group has defined inde-
pendently 5 sets of fragility curves for the vulnerability classes adopted by the platform 
IRMA: this choice makes the comparison between different models very difficult, unless it 
is made directly in terms of damage and loss scenarios.

One of the aims of the WP4-MARS of the DPC-ReLUIS project is to develop an 
advanced vulnerability consensus model to update the seismic risk scenario for the NRA, 
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in order to improve both the confidence on the results and the clearness of the whole model 
at national scale. The distinctive and original features are the following:

• Univocal definition of the vulnerability, through sets of fragility curves associated to 
the six EMS vulnerability classes, from A to F; therefore, the research groups assign 
the vulnerability to each ISTAT building type through a linear combination of fra-
gility curves associated to the EMS classes (the coefficients are percentages whose 
sum should be equal to one); it is worth noting that with this approach the compari-
son between vulnerability models is straightforward, just in terms of the percentages 
assigned to the EMS classes;

• Derivation of a unique and shared vulnerability model, by a combination of the weights 
proposed by research groups for each ISTAT type, without the need of calculating 
many damage scenarios to be combined ex-post; this approach makes the validation of 
the models, at the level of each single ISTAT type, easy; moreover, in this way it is very 
easy to implement the contribution of research groups that develop models only for 
some of the ISTAT types;

• Evaluation of the vulnerability at sub-national scale (by considering different sub-
national areas: administrative regions, population and altimetric areas): the ISTAT 
building inventory, available at national scale for the residential building stock, does 
not include specific structural information (masonry features, horizontal diaphragms, 
earthquake resistant system in the case of RC buildings, etc.), which significantly 
influences the vulnerability; these data, at least for significant statistical samples, are 
available from a national on-site survey (Zuccaro et al. 2015) that highlights the struc-
tural features of residential buildings in the different areas of Italy; the platform IRMA 
allows the different territorial areas to be analyzed separately, by applying each time the 
specific vulnerability models, and then merging the results in order to get the national 
risk maps;

• Seismic risk assessment of some types of special buildings (portfolio analysis), thanks 
to the availability of structural information on any single georeferenced building (school 
buildings, churches): to this end, specific platforms have been developed (IRMA school 
buildings; IRMA churches), which adopt the same vulnerability metrics based on the 
EMS vulnerability classes.

2.1  Formulation of the MARS model: fragility curves of the EMS98 vulnerability 
classes

According to the above-mentioned aims, the WP4-MARS has developed a vulnerability 
model that allows an effective and accurate definition of fragility curves do be defined for 
the ISTAT building types. It has been implemented in the updated version of the platform, 
named IRMA 2.0, which allows different research groups to propose their vulnerability 
models and to contribute to define harmonized fragility curves. The general framework 
is still based on a set of vulnerability classes, but in order to consider also modern build-
ings with advanced earthquake resistant design, reference is made to the 6 EMS classes, 
from A to F; moreover, the possibility of either a brittle or a ductile behavior is explicitly 
considered.

The set of 5 fragility curves, associated to one EMS class, is defined by the following 
parameters:
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• The median value  PGAD2 of the damage level D2, assumed as reference for the EMS class 
because it is representative of a moderate damage, with slight structural damage (close to 
the reaching of the maximum shear strength);

• The ratios  PGADk/PGAD2 related to the median values of PGA for the other damage levels 
Dk (k = 1,3,4,5), which are related to the seismic performance in terms of ductility (or, 
more precisely, in terms of behavior factor, for the higher damage levels, while for the 
damage level D1 is related to the overstrength ratio in masonry buildings and to the dam-
age of infill and partition walls in RC buildings);

• The dispersion βDk associated to the damage levels, which should meet certain conditions 
to avoid the intersection of fragility curves within the interval of numerical integration of 
the risk convolution.

Each vulnerability class is then identified by the value  PGAD2 (Table 1). These values have 
been obtained from those assigned by the different research groups for the NRA in 2018, just 
to have an agreed reference, but it is worth noting that these classes represent a vulnerability 
metrics for the assignment of the set of fragility curves to any ISTAT type, through a lin-
ear combination. According to EMS, the difference between a vulnerability class and the fol-
lowing is that an increment of one degree of the macroseismic intensity is needed to have 
the same damage level. The correlation laws between macroseismic intensity and PGA are 
characterized by a mathematical relation in which to the increment of one intensity degree 
corresponds a constant multiplication factor of PGA; many correlations are available in the 
literature, from which on average this factor may be assumed equal to 1.7. This value has been 
used for the definition of EMS vulnerability classes (Table 1).

Regarding the seismic performance of the ISTAT types in terms of ductility, the fragil-
ity curves proposed by the different research groups for NRA-2018, through empirical or 
mechanical based approaches, have highlighted some distinctive features:

• Masonry buildings: the more ancient types are more vulnerable than modern masonry 
buildings, because they suffer slight or moderate damage for lower values of PGA; how-
ever, the former ones result more ductile, i.e. the fragility curves are less closed together 
than in the case of modern masonry buildings, characterized by higher strength and lower 
ductility;

• RC buildings: those built before 1980, in particular when designed only for gravity loads, 
have a limited ductility, while the ones designed with modern codes are more ductile.

Differences in terms of ductility are expected even in the case of buildings before and 
after seismic retrofitting interventions; this information is relevant for planning mitiga-
tion and assess their effectiveness. If ancient masonry buildings without effective con-
nections are considered, they are expected to be very vulnerable and brittle, because 
of the high vulnerability to local out-of-plane mechanisms (i.e., damage levels D4 and 
D5 are attained with PGA values only slightly larger than the one producing a mod-
erate damage). The improvement of connections (e.g. with steel tie rods) reduces the 

Table 1  Median values of PGA for the damage level D2 that define the EMS vulnerability classes

Vulnerability class A B C D E F

PGAD2 [g] 0.11 0.19 0.32 0.54 0.92 1.57
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vulnerability to local mechanisms, but does not change significantly the damageability: 
then, according to the MARS model, the building would belong to the same EMS class 
but with increased ductility. Following the strengthening of masonry walls, the maxi-
mum base shear of the building increases and, therefore, the value of  PGAD2: the build-
ing would pass to a higher EMS class, without changing the ductility. Finally, even the 
ductility would be incremented if also in-plane strengthening of horizontal diaphragms, 
with connection to the masonry walls, is adopted.

The comparative analysis of fragility curves used in the 2018 risk assessment has 
shown (e.g. Rosti et al. 2020a, b; Lagomarsino et al. 2021) that the distance between the 
damage levels is well represented by the following law:

where α is a free parameter that ranges between 0.36 and 0.66, moving from the maxi-
mum brittle to ductile behavior. Table 2 shows the values associated to the limit cases: it 
is worth noting that in the case of maximum brittleness the damage level D4 (representa-
tive of near collapse) is attained with a double PGA compared to that of moderate damage 
(D2), while in the case of maximum ductility this factor rises to 3.8. Therefore, the set 
of fragility curves of a building type may be univocally defined by two parameters only: 
 PGAD2 (ranging between the values of Class A and F in Table 1) and α (ranging between 
the limit values 0.36 and 0.66).

Then, the MARS vulnerability model is based on the definition, for each EMS class, 
of two sets of fragility curves, named brittle and ductile, characterized by the same 
value  PGAD2 (Table 1) but by a different distance between damage levels. The vulner-
ability to damage level D2, named moderate in EMS and representative of the building 
shear strength in the pseudo-elastic phase, is then what characterizes each EMS class.

The assignment of the set of fragility curves to each ISTAT type, derived through an 
empirical or mechanical-based approach, may be done as a linear combination of 4 sets 
of fragility curves, properly selected among the 6 EMS classes, each one available in the 
double option of brittle and ductile behavior. The procedure is based on the following 
steps:

1. Identification of the two consecutive EMS classes Ci and Ci+1 ( C1 ≡ A,C6 ≡ F ), within 
which the behavior of the ISTAT type is included, and calculation of the corresponding 
weights:

2. Identification of the parameter � that better reproduces the  PGADk of the different dam-
age levels; this parameter may be obtained by a minimum least squares regression 
through the following relation:

(1)PGADk = PGAD2e
�(k−2) k = 1,… , 5

(2)wi =
PGAD2,Ci+1

−PGAD2

PGAD2,Ci+1
−PGAD2,Ci

wi+1 = 1 − wi

Table 2  Median values of PGA 
for the attainment of different 
damage levels with respect to 
D2, in the conditions of both 
brittleness and ductility

PGADk/PGAD2

Vulnerability Class α D1 D2 D3 D4 D5

brittle 0.36 0.70 1 1.43 2.05 2.95
ductile 0.66 0.52 1 1.94 3.74 7.24
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3. Identification of the weights to be assigned to the brittle and ductile classes to obtain 
the performance of the ISTAT type, given the parameter �:

4. Evaluation of the final weights to be assigned to the 2 EMS classes, each one subdivided 
into 2 sub-classes (Ci,b, Ci,d, Ci+1,b and Ci+1,d) needed to reproduce the complete set of 
fragility curves of the ISTAT type:

Finally, regarding the dispersion β of the lognormal fragility curves, it is worth con-
sidering that it is the result of different contributions, which may be usually assumed as 
statistically independent and then combinable with the SRSS rule. If fragility curves are 
referred to a single building, the dispersion is mainly due to the record-to-record variabil-
ity, as uncertainties on the material properties, the structural features and the thresholds to 
define the damage levels are less relevant. However, in a seismic risk analysis at national 
scales, with poor information for the building classification (taxonomy), the fragility 
curves should be representative of wide building types, which includes many architectural 
and structural configurations with a different behavior; moreover, the definition of damage 
levels, in particular from observational approaches, is a difficult task.

The fragility curves adopted by the 2018 risk assessment (Dolce et al. 2020) have values 
of the dispersion between 0.5 and 0.8; usually, greater values are associated to the more 
ductile sets of fragility curves. The derivation of fragility curves, both from empirical dam-
age data or mechanical-based models, leads to values of the dispersion that are different for 
any damage level. This implies the intersection of fragility curves, which is theoretically 
inconsistent, because the probability to exceed a given damage level cannot be higher than 
the probability to exceed a lower damage level. The intersection occurs for low values of 
the PGA when the dispersion of a given damage level is higher than that of a lower level, 
or for high values of PGA in the opposite case. However, as the platform IRMA evaluates 
numerically the convolution integral of seismic risk (Cornell 1968) in the interval of values 
 PGAmin < PGA <  PGAmax, it is sufficient that the intersections between fragility curves are 
out of this interval. After simple mathematical steps it is possible to derive that this com-
patibility conditions is guaranteed by the following relation:

Figure 1 shows the fragility curves of damage level D2 for the 6 EMS classes (the 
dispersion has been assumed constant and equal to 0.65). It is worth noting that pass-
ing from a specific EMS class to the following one, the PGA needed to induce the same 
probability of attainment of D2 increases by a constant factor (about 1.7, from Table 1): 
this is compatible with the definition in EMS, where the performance of vulnerabil-
ity classes is associated to an increase of one macroseismic intensity degree, and with 
usual correlations between intensity and PGA (in logarithmic form). Moreover, it is evi-
dent that vulnerability classes collect buildings with different performance, because, for 
example, for PGA = 0.19 g (median value  PGAD2 of class B—50% of buildings of class 
B suffer D2 or more), around 20% of buildings of class C presents the same damage 

(3)� =
∑5

k=1
(k−2)log(PGADk∕PGAD2)∑5

k=1
(k−2)2

(0.36 ≤ � ≤ 0.66)

(4)wb =
0.66−�

0.3
wd = 1 − wb

(5)wi,b = wiwb wi,d = wiwd wi+1,b = wi+1wb wi+1,d = wi+1wd

(6)𝛽Dk
log (PGAmax)−log (PGADj)
log (PGAmax)−log (PGADk)

< 𝛽Dj < 𝛽Dk
log (PGAmin)−log (PGADj)
log (PGAmin)−log (PGADk)

with j > k
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and even 80% of buildings of class A have a lower damage level: this is an effect of 
the adopted dispersion (β = 0.65, in the figure). Figure 2 shows, for EMS class B, the 
influence on the set of fragility curves for the 5 damage levels, due to: (a) brittle and 
ductile behaviour (Table  2); (b) dispersion (β = 0.5 and β = 0.8, assuming a medium 
ductility behaviour ( �  = 0.51). It is worth noting that the red curves, referred to dam-
age level D2, are coincident in Fig.  2a, while in Fig.  2b have only the same median 
PGA  (PGAD2 = 0.19 g) but the different values of the dispersion � determine a steeper 
or lower slope (in the latter case, due to the higher dispersion, increasing or reducing 
the PGA the global performance of the EMS class changes to a less significant extent). 
Moreover, Fig.  2a shows that in the case of brittle behaviour (dashed lines) fragility 
curves are closer together, while in the case of ductile behaviour (dotted lines) the 
distance between the damage levels is bigger (according to Table  2). Finally, Fig.  2b 
shows that the dispersion does not influence the median values of the five damage levels 
 PGADk.

The framework of the new platform IRMA 2.0 is compatible with the MARS vul-
nerability model, and allows to implement the fragility of a building type with two 

Fig. 1  Fragility curves of the 
damage level D2 for the six EMS 
vulnerability classes (β = 0.65)
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alternative approaches, depending on the information available and the database archi-
tecture of considered buildings:

• Residential building stock (ISTAT inventory, aggregated at municipality scale): for 
each ISTAT type (defined by structural material, construction age, and number of sto-
ries) the two EMS classes between which the actual behavior is found are identified, 
and the corresponding percentages are calculated (weights provided by Eq. 5), for both 
the version brittle and ductile; the seismic scenario is evaluated through a combination 
of damage and consequences obtained for the EMS vulnerability classes, by using the 
above-mentioned percentages;

• School buildings portfolio (classification of each building through a specific taxon-
omy): the inventory of school buildings contains structural information (seismic resist-
ant system, horizontal diaphragms, etc.) that allows sub-types to be defined, starting 
from ISTAT types, and to each one a set of fragility curves is associated; the vulnerabil-
ity of each sub-type is defined in terms of percentages of the EMS classes, analogously 
to the case of ISTAT types for the residential building stock, but in this case a specific 
set of lognormal fragility curves are defined by evaluating the parameters (median val-
ues of PGA and dispersions for the 5 damage levels) as follows:

Figure 3 shows, as an example, the fragility curves of a building typology characterized by 
the following parameters:  wB = 0.25,  wC = 0.75,  wb = 0.5,  wd = 0.5, βb = 0.5, βd = 0.8. Curves 
are related to damage level D3. The blue curve is a weighted sum of the fragility curves of the 
classes B and C: this approach is used in the platform IRMA 2.0 for the ISTAT typologies of 
the residential building stock. The red curve is a lognormal fragility curve with the following 
parameters  PGAD3 = 0.455 g, β = 0.65 (obtained by Eqs. 7 and 8): this approach is used for the 
typologies of building schools, as defined in the platform IRMA 2.0. It is worth noting that in 
the former case (blue curve) the resulting dispersion is a bit higher because it includes the dis-
persion due to the combination of curves with different median values; in order to overcome 

(7)PGADk = wi,bPGADk,Ci,b
+ wi,dPGADk,Ci,d

+ wi+1,bPGADk,Ci+1,b
+ wi+1,dPGADk,Ci+1,d

(8)�Dk = wi,b�Dk,Ci,b
+ wi,d�Dk,Ci,d

+ wi+1,b�Dk,Ci+1,b
+ wi+1,d�Dk,Ci+1,d

Fig. 3  Fragility curves imple-
mented in the platform IRMA 
2.0 for the ISTAT residential 
building stocks and the inventory 
of school buildings
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this problem, the dispersion of the EMS Classes should be slightly reduced, in particular for 
the higher damage levels.

2.2  Implementation of fragility curves for building stock types

The seismic risk scenario at national scale is evaluated by splitting the residential building 
stock into building types and considering specific fragility curves, as implemented in IRMA 
2.0. Information on the building stock, aggregated at municipality scale, are fully available all 
over Italy from the ISTAT census made in 2011, which includes three levels of information 
(taxonomy):

• Structural material (2 types): M (masonry) or RC (reinforced concrete);
• Construction age (9 periods): A1 (< 1919), A2 (1919–1945), A3 (1946–1960), A4 

(1961–1970), A5 (1971–1980), A6 (1981–1990), A7 (1991–2000), A8 (2001–2005), A9 
(> 2005);

• Number of stories (4 different classes of building height): L1, L2, L3 and L4 + (≥ 4 sto-
ries).

Therefore, 72 different ISTAT types may be identified. In addition, it is evident that the 
level of seismic design influences the vulnerability. This matter is taken into account by con-
sidering the evolution of the seismic classification along the years in each municipality; in par-
ticular, the reduction of vulnerability is assumed significant only in moderate to high seismic 
hazard areas. In the case of reinforced concrete buildings, starting from 1946, vulnerability is 
assumed different whether the municipality is classified (A3S) or not (A3) as moderate to high 
seismic hazard; for masonry buildings the seismic classification is assumed as relevant only 
after 1981. Therefore, 44 further ISTAT types should be considered. At the end, 116 ISTAT 
types are considered, which are identified by tags related to the above-mentioned taxonomy 
(for example: M/A1/L3, RC/A5S/L4 +).

The assignment of fragility curves to each ISTAT type is made by using fragility curves 
of EMS98 Classes, according to the procedure of Eqs. (2–5) in §2.1: weights are assigned 
to EMS98 Classes, combining both brittle and ductile behavior, and their summation should 
be equal to one (Table 3); it is expected that only 2 + 2 classes are considered for each ISTAT 
type.

For each ISTAT type, the set of 5 fragility curves may be derived by the research groups by 
any method (empirical, mechanical, hybrid) and converted through the MARS vulnerability 
metric (Table 3) in order to be implemented in the platform IRMA 2.0. The building typol-
ogy/vulnerability matrices derived by different research groups may be easily compared and 
integrated, to end up with the MARS building typology/vulnerability matrix, useful for the 
calculation of the seismic risk scenario. The integration of available models should consider 
the confidence of each one (by possibly adopting different weights in the combination), on 
the basis of: validation with observed data, representativeness of the model with respect to 

Table 3  Example of assignment of the vulnerability to two ISTAT types by the MARS model

ISTAT type wA,b wA,d wB,b wB,d wC,b wC,d wD,b wD,d wE,b wE,d wF,b wF,d

M/A1/L2 0.21 0.49 0.09 0.21 0 0 0 0 0 0 0 0
RC/A5S/L4+ 0 0 0 0 0.28 0.12 0.42 0.18 0 0 0 0
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building variability in the considered building type. For each ISTAT type, the final result may 
be a combination of two EMS vulnerability classes (2 + 2 classes, considering for each class a 
combination of the brittle and the ductile one), when all models confirm a similar estimate, or 
may involve more than two EMS classes, In the latter case, the resulting fragility curves, sim-
ply obtained by a weighted average (for each PGA value), will have median values of  PGADk 
determined by the majority of the groups but a higher dispersion; this is not necessarily due to 
a lack of agreement among research groups on the seismic behavior of the building type, but 
may represent the actual inter-building dispersion of the considered ISTAT type.

This resulting vulnerability assessment is fully coherent with the vulnerability table in 
the EMS 98 (Fig. 4), where for each building type there is a most likely vulnerability class, 
but also less probable classes and exceptional cases. It is worth noting that ISTAT types are 
well defined in terms of age of construction and number of stories, but there is no informa-
tion on masonry type (for masonry) or on the resisting system (frame/walls for RC); there-
fore, a large dispersion is expected.

This approach allows for taking into account the contribution of research groups work-
ing only on specific building types, because also an incomplete building typology/vulnera-
bility matrix may be integrated in the model. This was not possible in the NRA 2018, when 
the combination of the contributions was made directly on the seismic risk map, because 
the IRMA platform requires a complete characterization of the vulnerability.

The building typology/vulnerability matrix gives a clear picture of the seismic behavior 
of the residential building stock. It will be very useful for a validation of the single models 
proposed. Indeed, some qualitative trends are expected: (1) vulnerability of masonry build-
ings is higher than that of RC ones; (2) vulnerability increases with the age of construc-
tion; (3) vulnerability increases with the number of stories (especially in case of masonry 
buildings); (4) RC buildings without earthquake resistant design are brittle while ductility 
increases with modern codes. A systematic comparison between fragility curves derived 
from observed damage or mechanical models is needed, with the aim of ending up with 
a cross-calibration and combination of results. As a matter of fact, results obtained by 
mechanical models often underestimate the seismic capacity, due to cautionary modelling 
hypotheses and parameters, but observed damage data are often incomplete and affected by 
errors in the damage survey and the seismic intensity estimation.

2.3  Consideration of regional vulnerability features in the national risk assessment

ISTAT types do not consider structural features that are relevant for the evaluation of the 
seismic vulnerability. This vulnerability model, when used for the seismic risk assessment 

Masonry type
Vulnerability class

RC type
Vulnerability class

A B C D E F A B C D E F
rubble stone, fieldstone frame without ERD
adobe (earth brick) frame / moderate ERD
simple/regular stone frame / high level ERD
massive stone walls without ERD
unreinforced/RC floors walls / moderate ERD
reinforced or confined walls / high level ERD

most likely vulnerability class probable range less probable, exceptional cases

Fig. 4  Classification of buildings into vulnerability classes by the EMS ( adapted from Grunthal 1998)
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at national scale, should be on average representative of different building types that 
are present in all the regions and areas of Italy. However, significant differences may be 
observed that should be taken into account.

The WP2-CARTIS of the DPC-ReLUIS Project (Zuccaro et al. 2015) has made and is 
still improving a widespread survey of the structural features of masonry and RC buildings 
all over Italy, by assuming a specific taxonomy:

• Masonry: A1—rubble stone masonry; A2—simple stone masonry; B—regular 
masonry; C1—squared blocks masonry (tuff, limestone); C2—solid bricks masonry; 
D1—brittle hollow blocks (high percentage of holes); D2—modern blocks (with low 
percentage of holes);

• Horizontal diaphragms (in masonry buildings): f—flexible (timber floors); s—stiff 
(mixed steel and brick floors, timber floors with double timber plank or reinforcing 
slab); r—rigid (RC floor); v—masonry vaults;

• RC buildings: A—walls or cores, connected to RC frames; B—RC frames with stiff and 
resistant infills; C—RC frames with high beams and weak infills; D—RC frames with 
high perimetric beams and weak infills; E—RC frames with flat beams.

This taxonomy allows for the identification of ISTAT sub-types, in which the tags are 
added to the taxonomy of ISTAT types (Table 3).

In the case of masonry buildings, tags related to the characteristics of masonry blocks 
and horizontal diaphragms are added (e.g., M/A1/L2/B/v). Indeed, not all possible combi-
nations of the last two tags are relevant, as well as some types are not present in all ages. 
Table 4 shows a possible simplified definition of sub-types (in addition, D1 is present in 
low seismicity areas, while D2 are used in areas of moderate to high seismic hazard).

Regarding RC buildings, horizontal diaphragms may be considered always rigid, even 
if before 1960 the lightened floors sometimes do not have a continuous thin slab over the 
hollow clay blocks; however, this structural detail is not available and this source of vulner-
ability is considered within the age class. It is worth noting that RC walls or cores are used 
in high rise buildings, therefore for L4 + and, at least, L3. Regarding the age of construc-
tion, a progressive transition between type B to E may be observed, even if without a clear 
time-related delimitation.

The CARTIS project provides statistical information of all these sub-types, considering 
different subdivision of Italy in sub-areas:

• Administrative Regions: they are 20, but there is no information on 3 of them (Trentino 
Alto Adige, Valle d’Aosta and Sardinia);

Table 4  Relevant ISTAT sub-types for masonry in terms of combination among construction age, masonry 
type and horizontal diaphragms
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• Population class: municipalities are subdivided into 6 classes in terms of the number of 
inhabitants: P1 (> 50.000), P2 (10.000–50.000), P3 (5.000–10.000), P4 (2.000–5.000), P5 
(500–2000), P6 (< 500);

• Altimetric class: 5 different conditions are considered: A1—flat areas, A2—coastal hill, 
A3—hilly areas, A4—coastal mountain, A5—mountain area.

The relevance of these three territorial ambits is different and complementary. For example, 
ancient masonry buildings were made by the material available on-site: solid brick masonry is 
the most widespread in the Po Valley, while stone masonry is found in the mountain areas. 
Therefore, the majority of buildings in Emilia-Romagna Region are in solid brick masonry, 
because most of the territory is flat, but on the mountains stone masonry is present. It was 
also observed that stone masonry was adopted more frequently in small towns, while in big 
cities brick masonry is prevalent, even in the mountain areas. Regarding the number of sto-
ries of RC buildings, the number of inhabitants in the municipality is a relevant parameter, 
because tall buildings are present in big cities (P1 and P2), while in small towns the number 
of stories is lower; ISTAT types do not distinguish buildings with a number of stories greater 
or equal to four, therefore different vulnerability models should be assumed for tall RC build-
ings as a function of population. Therefore, the subdivision of Italy into a number of territorial 
ambits given by the combination of these three features allows to provide a finer vulnerability 
definition.

The implementation of this valuable information in the MARS vulnerability model is 
straightforward. The ISTAT inventory is already aggregated at municipality scale; it pro-
vides, for each municipality, the overall exposure (number of buildings and flats, total surface 
of flats, number of inhabitants) and the percentage of each exposure parameter in all ISTAT 
types. Structural information from WP2-CARTIS allows to share the exposure into ISTAT 
sub-types, defined by relevant structural features, in the proper way in any specific sub-area. 
The result is a local accurate knowledge of the vulnerability of residential buildings.

Of course, it is expected that research groups develop fragility curves for ISTAT sub-types, 
in the same form as used for ISTAT types (Table 3), that is through weights assigned to the 
6 + 6 EMS classes. This set of information for all the sub-types forming one specific ISTAT 
type should be compatible with the weights in the corresponding row of the building typol-
ogy/vulnerability matrix. This compatibility means that the weights of the ISTAT type should 
be obtained through a proper combination of the weights assigned to all the sub-type form-
ing the ISTAT type; this combination should ideally refer to the distribution of sub-types at 
national level. Then, for each different sub-area (administrative Region, population class, alti-
metric class or any combination of them), the building typology/vulnerability matrix should 
be assembled by using the specific distribution of sub-types in any ISTAT type.

The IRMA platform allows to evaluate the seismic risk scenario by selecting in advance 
the sub-areas and assigning the specific building typology/vulnerability matrix. Then, all sce-
narios may be assembled in order to end up with the national risk assessment.

3  Fragility curves from mechanical approaches

A beneficial step in order to improve the previous NRA (DPC 2018) is the derivation of 
fragility curves through mechanical approaches, especially for RC buildings for which a 
smaller amount of data is available in the Da.D.O. damage database (Dolce et al. 2019). In 
such a way, additional data can be obtained by analysing the seismic response with respect 
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to higher intensity values as well as to structural types widely present in the Italian build-
ing stock but missing in Da.D.O. Subsequently, empirical and analytical results can be 
properly combined in the framework of hybrid approaches (e.g. Dolce et al. 2006; Kappos 
et al. 2006; Calvi et al. 2006), by weighting them on the basis of the inherent limitations of 
the two approaches. To this purpose, in the following a brief overview of the two consid-
ered approaches is reported, also pointing out the main pros and cons.

Empirical methods (Dolce 1996; Dolce et al. 2003; Rossetto and Elnashai 2003; Rota 
et  al. 2008; Del Gaudio et  al. 2020) use data from post-earthquake damage surveys to 
derive fragility functions. On the one hand, these approaches take implicitly into account 
many aspects relevant for an effective risk assessment of the area under study (e.g., vari-
ability of both building types and earthquake characteristics). On the other hand, quality 
of data, and then reliability of the related fragility curves, can be affected by subjectivity 
in assigning a damage level to each building, as well as by lack of accuracy in the deter-
mination of the ground motion to which each building was subjected (Silva et al. 2014). 
Furthermore, the reliability of fragility curves is strongly influenced by the completeness 
of database, i.e. the number of available data related to both different building types and 
ground shaking levels. Specifically, due to the fact that available data mainly involves 
low-magnitude events with slight-moderate damage (especially in the case of RC build-
ings), empirical approaches could underestimate fragility for the higher seismic intensi-
ties (Rossetto et  al. 2014). On the contrary, because undamaged buildings are generally 
not inspected in post-event usability surveys, fragility can be overestimated (Pitilakis et al. 
2014), unless data on the undamaged buildings are available from other sources and prop-
erly included in the fragility analyses.

These possible limitations of empirical methodologies inherit additional caution when 
fragility curves derived from a specific area are used for different and/or wider areas, or 
to predict damage for different (higher) intensity levels and building types (Rossetto et al. 
2014).

Analytical/mechanical methods (e.g. D’Ayala et al. 2015; Maio and Tsionis 2016; Lago-
marsino and Cattari 2015) define a direct relationship between the structural response of a 
mechanical model, seismic intensity and expected damage. To this purpose, either single 
prototype structures selected to be representative of a class of buildings (e.g. Masi et al. 
2015) or a set of randomly generated structures (e.g. Borzi et al. 2008; Del Gaudio et al. 
2015), are generally considered. The reduced capability of a prototype (or a set of them) 
of representing a more complex building stock and the simplifications inevitably intro-
duced by the structural modelling are the main limitations of the analytical approaches. As 
a consequence, also the identification of different sources of uncertainty (e.g. in capacity, 
demand and damage state thresholds) and their quantification can affect the reliability of 
analytical results (Rossetto et al. 2014). On the contrary, analytical approaches permit to 
simulate the seismic response of different building types, also analysing them under high 
intensity values, for which no or poor empirical data is generally available.

Currently, several analytical methods are available. In particular for the Mediterranean 
area, special projects such as RISK-UE (Mouroux and Le Brun 2006), LESSLOSS (Calvi 
and Pinho 2004), SYNER-G (Pitilakis et  al. 2014), and GEM (D’Ayala et  al. 2015) col-
lected and developed fragility functions for different countries and built environments. 
Analytical fragility functions can be grouped on the basis of the adopted non-linear analy-
sis method, that is static (e.g. Lagomarsino and Giovinazzi, 2006; Polese et al. 2008) or 
dynamic (e.g. Jalayer and Cornell, 2009; Masi et al. 2015). As a consequence of their inher-
ent accuracy in seismic modelling along with unavoidable simplified assumptions, differ-
ences between static and dynamic methods are generally experienced in terms of seismic 
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response and computing time demand (Silva et al. 2014). However, despite its greater com-
putational effort, non-linear dynamic analysis (NLDA) is considered as a reference analysis 
method in seismic assessment.

Under the above premises, the project MARS largely introduces NLDAs for deriving 
fragility curves, especially as regards RC buildings. A cloud-like approach will be adopted 
made up of the following main steps:

 1. Identification of building classes
 2. Classification of building types
 3. Simulated design of the selected building types
 4. Modelling of the designed buildings
 5. Selection of the Intensity Measure
 6. Selection of representative ground-motion records
 7. Non-linear dynamic analyses
 8. Definition of the relationship “structural response—damage level”
 9. Treatment of fragility curves dispersion
 10. Generation of analytical fragility curves

It is worth noting that, in order to guarantee consistency and continuity between analyti-
cal and empirical results, a sanity check will be carried out by comparing and, eventually, 
calibrating them.

For some of the above steps, procedures already proposed in the literature will be essen-
tially followed, while for some issues, that are the identification of building classes (2), the 
input selection (5–6), the uncertainty treatment (9) and the methodology adopted for deriv-
ing analytical fragility curves, which are in some ways common to all building types, some 
developments purposely being carried out in MARS will be described and discussed in the 
following sections.

3.1  Identification of building classes

In large-scale vulnerability studies through an analytical approach, a crucial aspect is the 
building inventory and, more specifically, the knowledge of the distribution of the attrib-
utes mainly affecting seismic vulnerability, among which: force resisting mechanism and 
material, age of construction, seismic design level, number of storeys, infills’ arrangement 
and characteristics. In Italy, data on these attributes can be obtained from post-earthquake 
surveys, such as those collected in the Da.D.O. database (Dolce et al. 2019), or from spe-
cific research activities, such as those ones carried out in the above mentioned Work Pack-
age “WP2-CARTIS” (Zuccaro et al. 2015).

More in general, poor typological information is provided by the ISTAT census of the 
population and houses (ISTAT 2011). The Italian building stock amounts to about 12 mil-
lion buildings, mostly with masonry structure (more than 7 million) and about 3.7 mil-
lion with RC structure. Figure 5a shows that, due to the prevalence of masonry structures, 
almost half of the Italian buildings have 2 storeys (i.e. low-rise type). Nevertheless, more 
refined data deriving from local surveys (e.g. Chiauzzi et  al. 2012; Da.D.O. database) 
reveal a significant town-to-town differences in terms of number of storeys. As an example, 
comparing the building inventory of Potenza and L’Aquila, that are similar in terms of total 
number of inhabitants and seismic hazard level, Figure 5b shows that the percentage of RC 
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buildings in Potenza with a number of storeys greater than 6 is about 25%, while this per-
centage is almost negligible for L’Aquila.

Information on the periods of construction is crucial to identify the different shares of 
buildings ascribable to different structural codes and design practices. To this purpose, 
Fig. 6 shows the percentages of masonry and RC buildings for different construction peri-
ods. In Italy masonry buildings were mostly realized until the end of the ‘70s. After, due 
to the higher speed of construction and fewer architectural restraints, RC buildings became 
the structural type (specifically moment resisting frames) mostly adopted in Italy, as well 
as in other EU countries.

Most of the existing residential buildings have been designed only for gravity loads 
(GLD buildings). In case of the seismic design of new buildings, for most of the classified 
territory, moderate seismic actions (i.e. horizontal loads equal to either 7% or 10% of the 
“seismic weight” within an allowable stresses approach), quite often without any ductile 
design criteria, have been used.

In the ‘70s, two fundamental laws (n. 1086, 5 November 1971; n. 64, 2 February 1974) 
were enforced to guarantee better construction quality of structures. Therefore, two macro-
periods over the 1970s can be defined (i.e. pre- and post-1970), where post-1970 build-
ings have generally better materials’ quality and design practice. The structural quality of 
buildings further increased in the ‘90s, when some design criteria (e.g. frames along both 
in-plan directions) introduced in the seismically classified area were adopted, frequently 

0

10

20

30

40

50

60

1 2 3 4 or more

%
 o

f b
ui

ld
in

gs

no. of storeys

0

5

10

15

20

25

30

35

1 2 3 4 5 6 7 8 9 10 11 12

%
 o

f b
ui

ld
in

gs

no. of storeys

L'Aquila

Potenza

(a) (b)

Fig. 5  a Distribution of N. of storeys in the Italian building stock (ISTAT census) b Distribution of N. of 
storeys in RC buildings: comparison between L’Aquila and Potenza building stock

Fig. 6  Distribution of construc-
tion periods of Italian RC and 
masonry buildings

0

5

10

15

20

25

30

%
 o

f b
ui

ld
in

gs

Periods of construction

RC

masonry



 Bulletin of Earthquake Engineering

1 3

also in case of gravity load design, and more attention was generally paid to reinforcement 
details (e.g. Circular 65/1997).

Taking into account the well-known role of infill walls on seismic performance, espe-
cially in case of GLD buildings, the characteristics of infills’ types and their changes over 
time need to be identified. In the construction practice, infills’ characteristics were chosen 
considering the required thermal properties, then they are essentially related to the devel-
opment of energy codes (Manfredi and Masi, 2014). It is worth underlining that analytical 
approaches enable to overcome the lack of data on infills peculiar to empirical approaches. 
Specifically, appropriate modelling of infills can better highlight the influence of different 
infill types on seismic performance.

Putting together the above remarks, and in accordance with the most relevant taxono-
mies (e.g. SYNER-G, Pitilakis et  al. 2014; GEM, Brzev et  al. 2013), analytical fragility 
curves for RC Italian buildings will be derived by considering the following main attributes 
(Fig. 7):

• Period of construction;
• Number of storeys;
• Infill arrangement;
• Code level.

Specifically, according to the ranges defined by ISTAT 2011, three periods will be con-
sidered for RC buildings, i.e. 1946–70, 1971–90, > 1991.

As for the number of storeys, previous studies (e.g., Masi et al. 2015) show that, in 
order to account for the main differences in structural characteristics (i.e. different plan 
layout) and expected seismic performance, Low-rise type (namely buildings with 1–2 

Fig. 7  RC building classes and types (note that BF types will be considered only for reference scope)
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storeys, Fig. 8a, d), Mid-rise (3–5, Fig. 8b, e) and High-rise (≥ 6, Fig. 8c, e) need to be 
analysed. Further, the results related to these three building types will be properly elab-
orated according to the exposure classes defined by IRMA platform and ISTAT 2011.

As for infills’ arrangement, Regularly Infilled-frame (IF) and Pilotis-frame (PF) 
types will be considered. Bare frame types (BF), where the presence of infills is totally 
neglected, will be also analysed simply as a reference for comparison.

Besides, two macro classes will be defined as a function of the code level, i.e. build-
ings designed only for gravity loads (GLD) and buildings with earthquake resistant 
design (ERD). For these latter, due to the large prevalence over the Italian territory until 
2003, a building class including structures designed according to the 2nd seismic cat-
egory (lateral forces equal to 7% of the seismic weight) will be considered.

Because the reconstruction process after past Italian earthquakes involved a consider-
able number of buildings in the affected areas (Dolce and Di Bucci 2017; Di Ludovico 
2017a, b), strengthened structures will be also considered.

Finally, by considering the typical strengthening criteria provided in the current 
codes, also mitigated risk maps will be prepared and compared with the corresponding 
maps based on the current as-built vulnerability, in view of defining possible prevention 
strategies.

Fig. 8  3D view of 2 storey (a), 4 storey (b) and 6 storey (c), and in-plane layout of 2 storey (d), 4 storey and 
6 storey (f) types
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3.2  Seismic input selection for NLDAs

When deriving fragility curves through non linear dynamic analyses (NLDAs), a crucial 
point is the selection of representative ground motion records. In order to achieve an 
adequate reliability in the fragility analyses, some issues have to be addressed, among 
which: (1) the selection criteria of earthquake records, (2) the required number of 
records, (3) the considered intensity measure, and (4) the scaling method (Bommer and 
Acevedo 2004; NIST 2011).

According to ATC-58–1 (FEMA 2018), it is necessary to select a number of sig-
nals (over a range of ground motion levels of interest) consistent with the hazard curve 
obtained from a probabilistic seismic hazard analysis for the area under study (Bazzurro 
and Cornell 1994). To this purpose, signals are usually selected from database of real 
earthquakes (e.g. Smerzini et al. 2014), or numerically generated in order to match tar-
get response spectra obtained from different approaches, such as the Uniform Hazard 
Spectrum (UHS) and the Conditional Mean Spectrum (CMS) (e.g. Lin et al. 2013).

UHS envelopes the results of seismic hazard analysis in order to provide spec-
tral ordinates for each period of vibration having the same probability of exceedance 
(McGuire 2004). This approach has an inherent conservatism due to the fact that the 
spectral values at each period are not likely to occur all in a single event (e.g. Bommer 
et al. 2000; Iervolino and Manfredi 2008).

The Conditional Mean Spectrum (Baker 2011), as well as the Conditional Spec-
trum (CS, Abrahamson and Atik, 2010), provide the target spectrum as a function of 
the spectral acceleration (derived from the seismic hazard analysis) of a single specific 
period, while the other spectral ordinates are evaluated in terms of mean or distribu-
tion of intensities. Although both CMS and CS overcome some limitations of the UHS 
approach, they can lead to both site- and structure-specific signals, thus possibly intro-
ducing some difficulties in case of large scale analyses involving different sites and 
building types. In order to reduce these site-to-site and structure-to-structure depend-
ences, updated procedures to obtain CS, incorporating multiple causal earthquakes (Lin 
et al. 2013) and adopting a sufficient Intensity Measure (IM) such as the averaged spec-
tral acceleration, have been proposed by some researchers (e.g. Kohrangi et al. 2017). 
Note that a sufficient IM renders the seismic response independent of ground motion 
characteristics, such as magnitude and distance.

Several codes and guidelines suggest that the selected records should be consistent 
with the dominant earthquake properties, such as magnitude and site-to-source distance. 
Nevertheless, some studies (e.g. Iervolino and Cornell 2005) argue that spectral shape is 
a more important parameter.

The optimal number of signals to be adopted is still an open issue (Haselton et  al. 
2012). Generally, the best number is a compromise between the time for analysis execu-
tion and the required accuracy in defining each considered damage level (NIST, 2011). 
In order to get a reasonable accuracy of the mean value of structural response, some 
design codes require a few number of ground motions (e.g. minimum three signals 
according to ASCE/SEI 41-06 (2007), at least 7 signals in EuroCode 8 (CEN, 2004)). 
A far greater number of ground motions (e.g. at least 7 signals per 8 intensity lev-
els according to ATC-58–1 (FEMA, 2018)) needs in case of fragility curves’ deriva-
tion, where special attention has to be paid to response dispersion (Kiani et al. 2018). 
Besides, Baltzopoulos et  al. (2019) point out that the appropriate number of ground 



Bulletin of Earthquake Engineering 

1 3

motions is remarkably dependent on the site-specific hazard and influences the achiev-
able level of accuracy.

The most important factor in selecting an appropriate IM is its efficiency, which is 
related to a reduced dispersion in the computation of the selected engineering demand 
parameter (EDP). Beyond the already cited sufficiency, other factors able to evaluate the 
goodness of the adopted intensity are: practicality, effectiveness, robustness and comput-
ability (Cornell et  al. 2002). Although several IMs are available in the literature, Peak 
Ground Acceleration (PGA) and Spectral acceleration at the fundamental period value 
(Sa(T1)) are the most commonly used in fragility analyses. This mainly derives from the 
large availability of ground motion prediction equations (GMPEs) based on these IMs, 
contrarily to what happens with other IMs. However, it is worth noting that PGA and 
Sa(T1) have some limitations and can be poorly related to the non-linear response of build-
ing structures (Masi 2003; Haselton et al. 2012). Kazantzi and Vamvatisikos (2015) inves-
tigated sufficiency and efficiency of both single-period spectral values and several com-
binations of spectral accelerations in a wide range of period, finding that the best IM is 
obtained by the geometric mean of the spectral acceleration values across an appropriate 
period range (i.e. above and below the mean first-mode period of the considered building 
classes). An integral parameter, such as Housner Intensity, was considered by Masi et al. 
(2010, 2015) as an IM able to effectively represent the real damage potential of an earth-
quake. Finally, Gehl et al. (2015) showed that considering seismic parameters combining 
two IMs can determine a significant reduction of the scatter in the fragility function.

Although natural records from real earthquakes should be the main way to represent 
the complexity of ground shaking, several approaches to manipulate (i.e. scaling) ground 
motion signals in order to reach the heavier damage levels up to collapse are provided in 
the literature. They are generally based on a constant factor scaling in the time domain (e.g. 
Iervolino et al. 2010) or on spectral matching techniques (e.g. Abrahamson 1998). A com-
prehensive discussion of advantages/ drawbacks of both approaches can be found in the 
NIST (2011) report.

A specific task of MARS deals with the above issues (Task 4.2), mainly devoted to pro-
vide representative seismic signals for the reliable derivation of fragility curves in a cloud-
like approach.

In these activities, the need to define fragility functions able to assess the seismic risk 
for all the Italian territory (and then across the site-to-site and the structure-to-structure 
dependence) accounting for the currently adopted IM by the IRMA platform, has been 
properly considered. As a result, real signals consistent with the Italian earthquake charac-
teristics have been considered and analysed in terms of PGA.

As for IM selection, PGA has been eventually chosen finding the best compromise 
between good correlation with the non linear seismic response and practical constraints. 
These latter are mainly related to data available from the Italian hazard map and charac-
teristics of the IRMA platform used for preparing the national risk assessment. Actually, 
although PGA is not the best IM in terms of both efficiency and sufficiency, it has a good 
practicality and does not depend on structural information of the specific building at hand 
(such as the period of vibration). Further, it permits to directly compare fragility curves 
derived from previous research projects and studies, where PGA is largely employed as IM.

More than one hundred unscaled (real) input motions with increasing intensity levels 
able to reach all the EMS-98 damage levels have been selected (Paolucci et al. 2020). 
A procedure purposely set up to select real records from a large dataset (Smerzini et al. 
2014) has been used in the WP-MARS. Selection criteria are based on the overall spec-
tral shape similarity to a target spectrum by weighting some parameters, e.g. spectrum 



 Bulletin of Earthquake Engineering

1 3

intensities related to the range of vibration period consistent with the considered struc-
tural types. Code-conforming hazard spectra (DM 17/01/2018) have been considered 
as target and defined for different return periods and for two types of soil (i.e. stiff and 
soft soil representative of the categories A/B and C/D, respectively, according to DM 
17/01/2018). For higher intensity levels (i.e. PGA values higher than 0.5–0.6 g), a spec-
tral matching procedure of real recorded motions has been adopted. It is based on itera-
tive scaling in the frequency domain until the response spectrum is approached within a 
given tolerance with the target spectrum.

Figures 9a and b show the PGA values relevant to the dataset of 125 signals on stiff soil 
for the two in-plan orthogonal components, X and Y, highlighting unscaled and spectral 
matching records. Each PGA value has been plotted as a function of the geometric mean 
value obtained by considering the related pair of data (i.e. X and Y). For the unscaled sub-
dataset, PGA values range from about 0.1 to 0.6 g while intensity values up to about 1.2 g 
refer to the spectral matching signals. It is worth specifying that, as a rule, the considered 
set of records has increasing values of the Housner intensity going from 0.15 to 3.2 m.

3.3  Uncertainty treatment

Empirical approaches implicitly take into account different sources of uncertainty, such 
as the capacity variability within a given building (so-called intra-building variability) 
and within a building set or stock (so-called building-to-building variability). Besides, 
they take also into account site-effects of the ground motion related to the considered 
earthquake events. On the contrary, uncertainties in deriving fragility curves through 
analytical approaches need to be specifically identified and evaluated. Uncertainty types 
may vary significantly as a function of the selected analysis and modelling method. 
The major sources of uncertainty refer to: (1) the capacity of the considered prototype 
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been plotted with respect to the geometric mean value obtained by considering the related pair of data (i.e. 
X and Y))
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building, (2) the seismic demand at which the building is subjected to, and (3) the dam-
age thresholds’ definition (SYNER-G Project, Pitilakis et al. 2014).

Uncertainty in capacity accounts for both intra-building and building-to-building vari-
ability. It derives from different values of materials’ properties, geometric configurations 
and dimensions, structural details and, finally, modelling approach adopted to simulate the 
structural response.

Uncertainty in demand accounts for the record-to-record variability related to different 
mechanisms of seismic source, path attenuation and site effects.

Finally, damage threshold uncertainty accounts for the definition of the limit levels, the 
choice of the damage model and its consistency with the type of analysis, the damage indi-
cator used to represent the damage levels of a structure, and the correlation with the chosen 
intensity measure (Maio and Tsionis 2015).

Because most of the available approaches employs lognormal cumulative distribution 
functions for deriving fragility curves (Porter et al. 2007), standard deviation of the natural 
logarithm of the considered IM is used to describe the total variability associated to a given 
damage level. In this framework, each factor contributing to the overall uncertainty (βTOT) 
is considered as independent, thus it is computed through a square root sum‐of‐the‐squares 
(SRSS) rule, as follows:

where βD accounts for the record-to-record variability, βC is the uncertainty in the capacity 
of the structure, βDS is the uncertainty in the definition of damage levels.

Uncertainty due to seismic demand is explicitly taken into account through the selec-
tion and scaling of an adequate number of ground motions in terms of an efficient IM. This 
source of variability is often considered the main source of variability, at least when the 
fragility curves of a specific building are evaluated. Typical values are in the range 0.4–0.5 
(e.g. Kwon and Elnashai 2006).

In order to numerically evaluate the capacity uncertainty, one or more parameters are 
considered random variables following a predefined probability distribution and, then, a 
set of values are propagated by means of Monte-Carlo or first-order second-moment tech-
niques (e.g. Vamvatsikos and Fragiadakis, 2010). Several studies (e.g. D’Ayala and Meslem 
2013; Porter et  al. 2002, Lee et  al., 2005) observed that capacity uncertainty has a low 
effect on the slight and moderate damage level. Instead, higher impact, comparable to that 
one related to demand uncertainty, can be found for the collapse state (Ibarra and Krawin-
kler 2003). O’Reilly and Sullivan (2018) carried out analyses in order to evaluate the 
uncertainty associated with different modelling parameters for Italian existing RC frames. 
Results show that modelling uncertainty is in the range 0.2–0.4, in accordance with other 
studies (Cornell et al. 2002; Ellingwood et al. 2007; Kappos et al. 2006; FEMA 2012). Liel 
et al. (2009) showed that modelling uncertainty can modify also the median value of fragil-
ity curves. Specifically, they found a reduction of the median value around 20%.

As far as damage threshold uncertainty is concerned, according to several studies deal-
ing with RC buildings (e.g. Kappos et al. 2006; FEMA 2018; Wen et al. 2004; Celik and 
Ellingwood 2010; Jeon et al. 2015), common values to be used in fragility analyses range 
from 0.25 to 0.4, essentially derived from expert judgement. Summarizing, for the RC 
analytical fragility curves to be derived in MARS research activities, a SYNER-G-like 
approach will be adopted as for uncertainty treatment. Specifically, three sources of uncer-
tainty, that are demand, capacity and damage level definition, will be considered according 
to Eq. 9. Specifically, record-to-record variability will be directly evaluated from non-linear 

(9)�TOT =

√
�2
D
+ �2
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dynamic analyses by considering the selected ground motion records (see Sect. 3.2). On 
the contrary, in order to limit the execution time required for explicitly evaluating uncer-
tainty related to capacity, βC will be assigned by adopting constant values drawn from the 
literature. With respect to the dispersion due to damage level definition, βDS, although it is 
partly comprised into the cloud-like approach, its value will be attributed also by expert 
judgment accounting for typical values obtained from the literature.

3.4  Generation of analytical fragility curves

For each NLDA carried out on the selected building types, the maximum drift value along 
the height (and by considering both in-plane directions) will be evaluated and referred to 
the PGA value of the corresponding accelerogram. In this way, PGA-drift points can be 
collected for all the considered accelerograms and then processed as a function of a prop-
erly defined structural parameter well correlated with damage. To this purpose, Table  5 
reports the damage levels according to the EMS98 classification (Grünthal, 1998) and the 
relevant ranges of interstorey drift (median) values (IDR) adopted by Masi et  al. (2015) 
for deriving the fragility curves of typical Italian buildings designed only for gravity loads 
(GLD). Starting from these values, additional values will be considered in order to take 
into account the role of the different code levels and, if necessary, the presence/consistency 
of infills.

Figure 10a shows (in logarithmic scale) the PGA-IDR points obtained for all accelero-
grams (A/B soil category) by considering a four-storey type (4s) with regularly arranged 
infills (IF), designed only for vertical loads according to ‘70s code. In the same figure, the 
above reported threshold values of IDR (see Table 5) for each damage level are also shown.

By considering the points falling into the different IDR ranges, the median and the loga-
rithmic standard deviation of the PGA values related to each damage level can be evalu-
ated. Starting from these values, the following expression for deriving fragility curves (e.g. 
FEMA 2018) is applied for each damage level:

where P(Dk|PGA) is the probability of exceedance of the k-th damage level Dk given a 
PGA value, Φ is the standard normal (Gaussian) cumulative distribution function, βD,Dk 
and 

−

PGADk denote the logarithmic standard deviation and median values, respectively.
Note that the above reported logarithmic standard deviation term (βD) accounts for 

only the record-to-record variability as obtained from the NLDAs. In order to consider all 

(10)P(Dk|PGA) = Φ

[
1

�D,Dk
⋅ ln

(
PGA

PGADk

)]
k = 1,… , 5

Table 5  Relationship between damage levels and interstorey drift values adopted for GLD buildings
D0 D1 D2 D3 D4 D5

EMS-98 
definition SD = null

NSD = null
SD = null
NSD = slight

SD = slight
NSD =moderate

SD = moderate
NSD = heavy

SD = heavy
NSD = very 
heavy

Destruc	on

Interstorey
drift (%) < 0.1 0.1 – 0.25 0.25 – 0.5 0.5 – 1.0 1.0 - 2.5 >2.5
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sources of uncertainty as described at Sector 3.3, the values related to capacity (βC) and 
damage level definition (βDS) uncertainty have to be added according to Eq. 9.

It is worth noting that D5 damage level refers to NLDA results assuming two possible col-
lapse conditions, that is: (1) drift exceeds the considered threshold value (hereafter C1 case), 
and (2) dynamic instability (e.g. Villaverde 2007; Vamvatsikos and Cornell 2002) resulting 
in very large drift values or non-convergence of the analysis (hereafter C2 case). Both cases 
need to be considered in deriving the fragility curves. Specifically, by adapting the procedure 
reported in Jalayer et al. (2017), the two contributions to the conditional probability can be 
made explicit by using the total probability theorem, as follows:

where P(D5|PGA,C1) is the conditional probability of having D5 damage level (given a 
certain PGA value) due to drift value exceeding the threshold value (C1 case), computed 
by Eq. 10; P

(
C2|PGA

)
 is the probability of occurrence of the dynamic instability case (C2) 

whose value can be predicted by a logistic regression model as a function of PGA (Jalayer 
et al. 2017).

Just to give some preliminary examples of fragility curves obtained by applying the pro-
posed procedure, in Fig. 11 the sets of fragility curves related to the 4-storey type designed 
according to ‘70s code with either IF (Fig. 11a) or PF (Fig. 11b) infill arrangement, are shown.

As expected, IF type shows better performance than PF one. For example, for damage 
level D3, the median value is 0.32 g for IF and 0.19 g for PF, with a similar logarithmic 
standard deviation value equal to about 0.62.

Finally, to better understand the differences between the two sets of FCs, the damage 
distributions related to a seismic event with PGA = 0.2 g are displayed in Fig. 11c. Results 
show that damage found in the building type with PF configuration is significantly higher 
when more than 10% of buildings would suffer total collapse (D5), while a lower percent-
age (about 2%) would suffer collapse in case of regularly arranged infills (IF type).

(11)P(D5|PGA) = P(D5|PGA,C1) ⋅
(
1 − P

(
C2|PGA

))
+ P

(
C2|PGA

)
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(a) and the corresponding fragility curves related to damage level D3 (b)
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4  Seismic risk analysis of special buildings: schools and churches

The NRA made in 2018 with the platform IRMA considered only the residential building 
stock, with data aggregated at municipality scale at statistical level, without reference to 
single buildings.

The WP2-MARS, besides the already described progress for the seismic risk assess-
ment of the residential building stock (§2, §3), has started the analysis of two typologies 
of special buildings:

• School buildings, which are particularly relevant from the social point of view, 
because strategic for the education of the young generations and for their life safety;

• Churches, which are relevant because they are part of the cultural heritage in Italy, 
but are also important from the social point of view and critical for the life safety as 
buildings subject to crowding.

To this end, together with Eucentre, two dedicated platforms have been created, 
which include the inventory of georeferenced buildings taken from available and certi-
fied institutions:
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Fig. 11  Fragility curves for 4s-IF-‘70s (a) and 4s-PF-‘70s type (b). Damage distributions related to a seis-
mic event with PGA = 0.2 g (c)
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• IRMA school buildings: 49.351 buildings (16.520 RC, 10.416 masonry and the other 
are mainly mixed masonry-RC) from the inventory of the Italian Ministry of Edu-
cation, with general information (structural material, number of stories, gross area, 
etc.) and structural features integrated from other available databases (e.g. Borzi e 
al. 2013);

• IRMA churches: two big databases have been merged (Calderini 2020): 67.014 from 
the Italian Episcopal Conference CEI (BeWeB—https ://beweb .chies acatt olica .it/edifi 
cidic ulto), 39.223 churches from the Ministry of Cultural Heritage (http://vinco liinr 
ete.benic ultur ali.it); information refers to construction age, architectonic typology 
and presence of artistic assets (relevant for the loss analysis); many relevant informa-
tion are available in textual form and should be codified.

The analysis of building portfolios is aimed to get aggregated results on the vulnera-
bility and risk, without the intention to evaluate at the scale of each single building. The 
reason is that the vulnerability is derived from few structural information that allows 
to use models valid at statistical scale. The platforms show the buildings (schools or 
churches) in the precise location and with the related information, as well as the esti-
mated damage. However, the damage scenario is also aggregated at municipality (and 
also provincial/regional) scale, in order to have a clear and effective representation of 
the risk of the portfolio, consistently with a risk assessment at national scale.

Regarding the platform IRMA school buildings, the MARS vulnerability model 
described in §2 is adopted. The taxonomy available from the database is more detailed 
than that of residential buildings because, in addition to the information of the ISTAT 
types (also the mixed masonry-RC structure is present), other features are generally 
available: horizontal diaphragms, roof structure, plan area. The combination of many 
options of the school taxonomy determines a large amount of school sub-types, but 
not all of them are numerically relevant and, anyhow, it would be difficult to assign a 
different set of fragility curves to each of them. The problem is that, differently from 
the ISTAT inventory, many pieces of information are missing, thus, by using a com-
plete subdivision into sub-types, a lot of schools would be not classified. Therefore, the 
platform IRMA school buildings allows for a flexible and incremental classification in 
which only some of taxonomy information are considered. In this way, fragility curves 
may be assigned to almost all schools in the portfolio, only by rough information (e.g. 
masonry/RC/mixed and the number of stories), and then specific fragility curves may 
be introduced for sub-types that are numerically relevant in the database and for which 
vulnerability models are available.

Regarding the platform IRMA churches, specific vulnerability models have to 
be adopted, because of the distinctive features with respect to residential and school 
buildings. Some models are available in the literature, due to the interest aroused after 
the extensive damage survey in Umbria-Marche earthquake, 1997 (Lagomarsino and 
Podestà 2004). Vulnerability models have been proposed, mainly based on the empirical 
approach and considering the macroseismic intensity as intensity measure (Guerreiro 
et al. 2000; da Porto et al. 2012; Leite et al. 2013; Sorrentino et al. 2014; De Matteis 
et  al. 2016; Marotta et  al. 2018; Penna et  al. 2019; Lagomarsino et  al. 2019; Canuti 
et  al. 2019; Cescatti et  al. 2020). Fragility curves may be derived from these models, 
analogously to what was done for the residential buildings (Lagomarsino et al. 2021). 
However, one of the aims of the WP2-MARS is to collect all the damage data observed 
on churches in the last 25 years in Italy, with survey form originally proposed after the 
Umbria-Marche earthquake (1997) and then formally adopted by the Civil Protection 

https://beweb.chiesacattolica.it/edificidiculto
https://beweb.chiesacattolica.it/edificidiculto
http://vincoliinrete.beniculturali.it
http://vincoliinrete.beniculturali.it
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Department (G.U. 2006). The webgis tools “DaDO churches” is going to be imple-
mented, in collaboration with Eucentre and the Civil Protection Department, analo-
gously to the already available webgis Da.D.O. (Dolce et al. 2019). These damage data 
are very useful to derive fragility curves through empirical approaches.

5  Final remarks

The need to reduce the many natural risks requires an ever-increasing capacity to meas-
ure and therefore quantify them in terms of social and economic losses.

In particular for seismic risk, which is the subject of this paper, the peculiarities of 
the seismic behaviour of buildings pose important problems in establishing a correla-
tion between the intensity of future earthquakes and the damage they produce, with all 
the uncertainties inherent in the knowledge of the conditions that determine the hazard 
and the vulnerability. To these are added those related to the exposed assets (people, 
goods and economic activities, cultural heritage, etc.) as well as the social implications 
of a disaster, which make the assessment of indirect losses and socio-economic impact 
particularly complex.

If, on the one hand, the modelling capabilities of a complex reality, such as the seis-
mic response of the built heritage, are constantly growing in line with scientific devel-
opments and the exponential growth of data processing and storage capabilities, on the 
other hand, this need for quantification clashes with the inevitable limitation of knowl-
edge of the reality of the built heritage and with the enormous number of diverse ele-
ments of which it is made up and of which only a few characteristics are known. For 
this reason there is ample room for improvement in risk estimates, in the face of fervent 
scientific activity on the subjects of seismic hazard, vulnerability and exposure.

The effort made in 2018 to carry out a national seismic risk assessment of the hous-
ing stock has produced undoubtedly important results. This is also because they are the 
fruit of a common goal by numerous research groups that have tried to arrive, through a 
systematic interaction, at a confident seismic risk scenario, made by the combination of 
those obtained by the different models, as requested by the Civil Protection Department 
that had commissioned the project. With the new DPC-ReLUIS seismic risk assessment 
project at national level, developed within the Work Package called WP4-MARS, the 
intention is manifold.

First of all, the aim is to improve the risk assessment of the housing stock, in continuity 
with the 2018 assessment, through improved methodologies for the assessment of fragility 
curves. These methodologies use and integrate both empirical data, in particular the dam-
age data of past earthquakes, of which Italy is particularly rich, and the ability to process 
and simulate the real behaviour of buildings, especially those for which the empirical data 
is lacking and which are too different from the buildings for which the empirical data is 
available. It is obvious that, in this promiscuous use of empirical data and data deriving 
from numerical elaborations, particular attention shall be paid to the consistency and con-
tinuity of results, always keeping in mind that empirical reality dominates over modelling.

Moreover, the aim is also to expand the assessment framework, extending it to other 
types of buildings, which can be called special types, for which the fragility curves valid 
for ordinary buildings are unsuitable, due to the different structural characteristics, both 
for general architectural configuration and for specific requirements that had to be met 
for the functions performed there. This is the case, particularly in this work, for schools 
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and churches. Of both, knowledge is available, albeit very limited, of each building, to 
which the most suitable fragility curve can be associated. Obviously, also in this case 
the limitation of the knowledge of the real building heritage is a fact that strongly affects 
the evaluation of the individual building, so even for these two building portfolios the 
results can only be statistical and therefore will be returned at a territorial level, i.e. for 
groups of buildings, and not individually.

In the logic of an overall risk assessment, reference should be made also to trans-
port infrastructure works, in particular the typically most vulnerable elements such as 
bridges and viaducts. Also for these, with a considerable capacity for simulation using 
numerical models, there is a lack of knowledge of their construction characteristics, in 
particular road infrastructures. Although not covered in the paper, a similar approach to 
that adopted for buildings is being applied to them, but the results may be available in a 
longer time frame.

A key point, which has also been the hallmark of NRA-2018, is to enable different 
research groups to develop their models and carry out their assessments in such a way as 
to pool and combine different knowledge and results, leading to a single risk model that 
brings together the best knowledge and is widely accepted in the scientific community.

To this end, in the wake of what was done for NRA-2018, the common IRMA advanced 
processing platform, version 2.0, has been further implemented and extended to other 
types. In this way it will be possible, through shared tools and databases to express vulner-
ability and exposure, and with reference to the same hazard model, the immediate com-
parison between the different exposure/vulnerability models and between the different risk 
results, and their most appropriate combination.
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