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ARTICLE INFO ABSTRACT

Keywords: Strategic buildings, such as schools, play a crucial role in civil society. They are essential not only
School buildings for the well-being of communities but also for their significance during the emergency and recov-
Ar_CheFYPeS ery phases following an earthquake. Reliable risk assessment is a powerful tool for implementing
Seismic maps effective mitigation strategies. While considerable work has been already done in the literature to
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develop fragility curves and risk studies for residential buildings, there remains a noticeable gap
in addressing risk assessment for school portfolios. As part of the 2019-2021 MARS (Seismic Risk
MAps) project, funded by the Italian Civil Protection Department and involving the ReLUIS con-
sortium along with the EUCENTRE foundation, a specific task was dedicated to evaluating seis-
mic risk for the Italian school buildings. In this context, eight research units combined their ex-
pertise to develop a consensus-based vulnerability model, known as the “School-MARS model”.
This model integrates fragility curves based on various approaches (i.e. empirical, mechanical-
analytical, mechanical-numerical and hybrid) and is tailored to archetypes representative of the
Italian school buildings. The main goal of the paper is outlining the methodology used to define
the “School-MARS vulnerability model”. Moreover, the paper demonstrates the application of the
latter for performing intensity-based and time-based risk analyses. Specifically, the results are
presented in terms of damage distribution and usability ratings expected for the entire stock of
Italian school building. Notably, these results indicate that approximately 26 % of Reinforced
Concrete (RC) buildings and 31 % of Unreinforced Masonry (URM) structures may become unus-
able due to potential earthquakes expected in the next 50 years.
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1. Introduction

Schools play a central role in societies since education is not only one of the fundamental human rights, but is also a key driver of
growth, competitiveness, and economic development [1]. In this context, the safety of schools against natural and man-made hazards
is a prerequisite for learning activities [2], as explicitly recommended by the United Nations. In fact, the United Nations includes
quality education in a safe environment among the 17 Sustainable Development Goals [3], and this principle is also stated by the
World Bank, which declares that “school infrastructures meeting minimum standards for safety and inclusion are one of the four key
actions to create the foundation for safe, welcoming, non-discriminatory learning environments™ [1].

In contrast to this desired goal, data from the “Global Program for Safer Schools” [4] indicates that, major earthquakes over the
past 50 years caused 99,000 deaths in schools worldwide and, looking ahead, global forecast estimates in the future about 2,500 fatal-
ities and about $3 billion of direct losses per year.

These huge losses are primarily attributed to the significant seismic vulnerability of school buildings. Many of these structures
were built with only gravity loads or with minimal lateral horizontal load considerations, often lacking specific anti-seismic criteria.
This has been evident in past seismic events, such as those experienced in Italy [5].

Hence, a substantial effort is required to mitigate seismic risk for school infrastructure in earthquake-prone areas. This effort
should encompass various and concurrent lines of actions including [6]: i) enhancement of knowledge; ii) reduction of vulnerability;
iii) mitigation of the effects.

In Italy, following the 2002 S. Giuliano earthquake, an effort was made to implement a more comprehensive strategy for risk miti-
gation of public buildings. Specifically, OPCM 3274,/2003 [7] mandated seismic vulnerability assessment for all strategic (e.g. hospi-
tals) and critical buildings (e.g. schools). This included integrating modern criteria and the seismic classification introduced by the or-
dinance. Subsequently, significant retrofitting programs were funded in 2003 and in 2009, resulting in approximately 1350 strength-
ening interventions on strategic and critical buildings, a considerable percentage of which were for school buildings. Notably, the Na-
tional Prevention Plan, coordinated by the Italian Civil Protection Department (ICPD) (Decree-Law 39/2009, converted into Law 77/
2009), allocated around 1 billion euro in 2009, with additional funding since 2018. This plan financed retrofitting interventions for
nearly 250 school buildings, representing 25 % of the total number of interventions [6].

Other Countries, such as Canada [8], Mexico [9], Japan [10], Turkey [11], Lebanon [12], El Salvador [13] and other multi-lateral
agencies promoted retrofitting programs and supported actions aimed at improving the safety conditions of schools around the world,
like as: Sendai Framework for Disaster Risk Reduction 2015-2030 [14]; Worldwide Initiative for Safe Schools [15]; the Global Al-
liance for Disaster Risk Reduction and Resilience in the Education Sector [16]; Learning in twenty-first-century schools [17]; UNESCO
Guidelines for Assessing Learning Facilities in the Context of Disaster Risk Reduction and Climate Change Adaptation [18]; and Inter-
national Finance Corporation [19], just to mention a few. Among these initiatives, the “Global Program for Safer Schools” [4],
launched by the World Bank in 2014, seeks to stimulate large-scale investments aimed at enhancing the safety and resilience of school
infrastructure vulnerable to natural hazards and improving the quality of learning environments for children. At present, the program
has activities in over 20 countries covering about 500,000 schools and about $1.4 billion of investments [4].

To effectively address mitigation policies and prioritize large-scale actions, intervention programs require reliable risk assessment
methodologies. Because school buildings exhibit specific features that distinguish them from ordinary structures (such as residential
buildings), these methodologies must be properly developed to avoid possible inaccuracies in fragility and loss estimation [20]. Sev-
eral studies in the literature aim to assess the safety condition of school buildings. They primarily refer to specific national portfolio of
schools, such as those of Greece [21,22], Italy ([23-26]), Nepal ([27-30]), Iran ([31,32]), Pakistan [33], Mexico [34], Indonesia
([35-371), Philippines [38]. In the context of the “Global Program for Safer Schools”, the “Global Library of School Infrastructure”
([2,4]) aims at providing fragility and vulnerability functions for risk assessment and strengthening solutions for a wide collection of
school building types around the world.

In Italy, specific research on the seismic risk of school buildings has been funded by local projects [39] as well as by the ICPD for
several years. Among those funded by the ICPD, in 2018, the two centres of competence for seismic risk — i.e. the ReLUIS (Network of
University Laboratories for Seismic Engineering) consortium and the EUCENTRE (European Centre for Training and Research in
Earthquake Engineering) Foundation - supported the ICPD in developing national seismic risk maps for the residential building stock.
This significant achievement was presented to EU, in accordance with EU decision 1313/2013. The current ambition is to extend the
assessment to include additional crucial assets of the Country, with a prominent focus on school buildings.

In particular, the 2019-2021 MARS (Seismic Risk MAps) project [40], was funded by the ICPD within a specific agreement with
the ReLUIS consortium along with the EUCENTRE foundation. The main goal of the MARS project (coordinated by Proff. S. Lago-
marsino and A. Masi) was to update the national risk assessment released in 2018 (NRA 2018, [41]) and tackle the risk of further as-
sets. A specific task, i.e. Task 4.7 (coordinated by Proff. S. Cattari and A. Masi), was devoted to the seismic risk assessment of school
buildings at the national scale. In this framework, eight research units (RUs) —i.e. from the University of Genoa (UniGE-a coordinated
by Prof. S. Lagomarsino and UniGE-b by Prof.S.Cattari), University of Basilicata (UniBAS by Prof. A. Masi), University of Padua
(UniPD by Prof. F. da Porto), University of Camerino (UniCAM by Prof. A. Dall’Asta), University of Naples Federico II (UniNA by Prof.
M. Di Ludovico), University of Trieste (UniTS by Prof. N. Gattesco) and EUCENTRE (by B. Borzi) — conveyed their approaches to de-
fine a consensus-based vulnerability model of the Italian school buildings. This vulnerability model, known as “School-MARS model”,
was then used to assess the seismic risk of Italian schools.

This paper outlines the methodological steps taken to establish the “School-MARS model” and, then, demonstrates the application
of the latter for performing risk analyses on Italian school buildings. Section 1 provides the research topic background, while Section
2 presents an overview of the distinctive features of the Italian school buildings and introduces the taxonomy utilized in this risk
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analysis. In Section 3, the paper illustrates and compares the set of fragility curves as originally developed by the RUs involved in the
task. Section 4 details the integration of these fragility curves to formulate the consensus-based “School-MARS model” and its valida-
tion process. Section 5 presents the results achieved so far regarding intensity-based and time-based seismic risk. These results were
obtained by implementing such a vulnerability model on the IRMA platform which is capable of performing large-scale risk analyses.
This Section also highlights the potential of the use of “School-MARS model” for future applications addressed to support the planning
of mitigation actions. Finally, Section 6 discusses the ongoing development of the research and future challenges.

2. Italian school buildings

2.1. Overview of Italian code for school buildings

This section provides an overview of regulations that have influenced the design of school buildings over the years and, thereby,
determined some of their distinctive factors.

The first and most important regulation was issued in 1975 [42]; that was specifically devoted to the school building design from
the architectural and functional points of view. The latter introduced specific requirements for school buildings at each educational
level, for example specifying the maximum number of storeys (i.e., one, two and three storeys for nursery, elementary/secondary and
high schools, respectively). Considering its impact on exposure, it is worth noting that this regulation also established both the maxi-
mum number of classes per school (ranging from nine for nursery to sixty for high schools) and the maximum number of students per
class (twenty-five). Additionally, it specified the reference surface per student, which ranges from approximately 7 m? for nursery to
12 m? for high schools.'

Further, the live load to be considered in structural design was set to 3.50 kN/m? (then reduced to 3.00 kN/m? in 1996 by Ref.
[43]1): a value higher than the one for ordinary (residential) buildings, which was equal to 2.0 kN/m? [44].

Considering the role of the seismic behaviour of both masonry and infill walls with openings [45], code requirements generally led
to window dimensions of 1/5-1/7 for the net classroom surface, which is larger than the 1/8 reference value adopted for residential
buildings [46].

From the structural point of view, aside from some variations in the intensity of live vertical and seismic loads, the design of
schools has followed up to 2008 the same criteria of those used for other building types. It is worth mentioning that specific codes reg-
ulated the structural design of buildings subjected to gravity loads, with distinct requirements for the two most commonly used con-
struction in Italy, i.e. unreinforced masonry (URM) and reinforced concrete (RC).

Regarding URM structures, no specific code existed until 1987, when the Ministerial Decree November 20, 1987 [47] introduced
systematic prescriptions for guaranteeing the “box-like behaviour”, along with minimum reference values for mechanical properties
and wall dimensions. Before this regulation, standard practices commonly led to quite flexible diaphragms and often lacked details to
prevent out-of-plane failure mechanisms. Further, natural stone and clay bricks, commonly used in historical buildings built before
1920, were progressively replaced by hollow clay and concrete blocks.

Regarding RC buildings, the first regulation dated back 1939 when Royal Decree 2229/1939 [48] was issued. It provided some re-
quirements in terms of minimum percentage of steel reinforcement and established some minimum values for materials mechanical
properties. After the Law 1086 issued in 1971, which introduced significant prescriptions aimed to promote inspections procedures to
certify the construction quality process, several Ministerial Decrees were issued recommending a better quality of materials along
with some updating in terms of minimum requirements for structural members.

Regarding structural design in seismic areas, the first code [49] was issued after the 1909 Messina-Reggio Calabria earthquake,
marking also the beginning of the seismic classification for the territory. It provided quite few specific requirements substantially re-
lated to URM buildings and introduced limitations in terms of height/number of storeys (e.g., no more than 2 storeys or 10 m in eleva-
tion, only one storey for “ordinary” masonry buildings). Subsequent introduced two different seismic categories [50], with horizontal
loads set at 7 % or 10 % of the “seismic weight” for categories I and II, respectively [51]. However, these Codes did not include spe-
cific anti-seismic details, particularly for RC buildings.

The Ministerial Decree 19 June 1984 [52] was the first to prescribe an “importance coefficient” for schools and other critical
buildings, increasing design seismic actions by 20 % compared to the standard ones applied to ordinary residential buildings.

A significant turning point came with the 2002 S. Giuliano earthquake, in the aftermath of which a new approach for the seismic
classification was adopted and modern seismic principles were established in Codes. OPCM 3274,/2003 [7] introduced major ad-
vancements in the design of new buildings and, especially, in the assessment of existing structures. These modifications were substan-
tially aligned with Eurocode 8. Subsequently, Ministerial Decree January 14, 2008 [53] and Ministerial Decree January 17, 2018 [54]
further updated the criteria introduced by OPCM 3274/2003, integrating all types of constructions to address both man-made and
seismic hazards. According to these decrees, school buildings must be designed at least with a return period of 712 years, whereas for
residential buildings the return period is 475 years. A discussion of the evolution of regulations in Italy and Europe, is provided in Ref.
[55].

For clarity, Table 1 summarizes the key Italian Codes related to architectural, functional and structural requirements discussed
above.

1 These values include all school services such as gym, laboratories etc.
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Table 1
Evolution of key codes issued in Italy that introduced regulations for school buildings covering architectural, functional and structural aspects.
Aspect Structural ~ Decree number Date Main novelty introduced
Type
Architectural/functional  All Ministerial Decree 1975 Design rules regulating, for example, the maximum number of storeys, the number of
December 18, 1975 students per class and the reference surface per student. A reference live load value
[42] and window dimensions were introduced too.
Structural All Royal Decree n. 193, 1909 First seismic classification and structural prescriptions in seismic areas.
April 18, 1909 [49]
All Royal Decree-Law 1927 Seismic classification according to two seismic categories (I and II), whose horizontal
March 13, 1927, n. 431 actions were set to 7 % and 10 % of the seismic weight, respectively.
[50]
RC Royal Decree 1939 First code providing requirements in terms of minimum percentage of steel
2229/1939 [48] reinforcement and allowable minimum mechanical properties of materials.
RC Law 1086/1971 1971 Relevant prescriptions for in-situ inspections for certifying the materials quality
All Ministerial Decree June 1984 Introduction of “importance coefficient” aimed to increase by 20 % the design seismic
19, 1984 [52] actions for school buildings compared to standards values adopted for residential
structures
Masonry Ministerial Decree 1987 First structural code for URM buildings that introduced minimum values for
November 20, 1987 mechanical properties and wall dimensions, along with prescriptions to guarantee the
[47] “box-like behaviour”
All OPCM 3274/2003 [7] 2003 Introduction of principles of modern seismic engineering for design of buildings and
updating of the seismic hazard classification
All Ministerial Decree 2018 Last code in force that updated the design criteria introduced by OPCM 3274/2003,
January 17, 2018 [54] integrating all types of constructions to address both man-made and seismic hazards.

2.2. Available inventory and taxonomy adopted in the MARS project

The inventory of Italian school buildings available and used for 2019-2021 MARS research project was the one set up by the Min-
istry of Education in 2005, consisting of 49,531 assets. Although data for many schools, particularly those from specific regions, are
incomplete or not available (see Figs. 1 and 2), this inventory provided valuable information for performing a seismic risk assessment.
The inventory includes not only typological data (i.e. structural material, period of construction, number of storeys, plan area, type of
vertical/horizontal/roof structures) but also administrative details (e.g., school name, address, and level of education). Moreover, it is
worth highlighting that data is primarily collected by non-technician personnel, such as school principals or administrative officers.

Based on these data, which were adequately integrated and/or validated with local information provided by the RUs involved in
the MARS project, some attributes primarily affecting the seismic vulnerability of existing buildings have been selected and consid-
ered for addressing the goals of this study. Specifically, they consist of:

- Structural material (i.e., reinforced concrete (RC), masonry (URM), Other);
- Number of storeys (i.e., 1, 2, 3, 4+);

Structural material Age of construction
20000 50%
. 45% nR.C.
g, 16000 31.4% 30.7% — 40% = Masonry
4 = 35%
- “
Z 12000 21.1% & 30%
2 16.8% 2 25%
£ 8000 z 20%
s g 1%
3 5 P
7 4000 S 10%
o “
0 0%
RC Masonry Other NA a) Before 1920 192145 1946-60 196175 After 1976  NA
No. storeys Plan area
50% s
5% =RC. 25 =RC
— 40% ® Masonry 4 ® Masonry
= 35% 35
é“ 30% 2 3
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£ 5% 2 1w
3 10% % 0% I
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0% .. - 0% H . Em
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Fig. 1. Inventory of Italian school buildings in terms of structural material (a), construction age (b), number of storeys (c), and plan area (d) (adapted from Ref. [56]).
Note that “NA” stands for “Not Available”.
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Fig. 2. Percentages of available data for the parameters selected from the taxonomy to describe the seismic vulnerability of school buildings (i.e. structural material,
age of construction, number of storeys and plan area). The percentages are specified for each Italian region. The colours in the legend clarify the data completeness.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

- Age of construction (i.e., before 1920, 1921-45, 1946-60, 1961-75, after 1976);
- Plan area (<500 m?, 500-1,000 m?, 1,000-2,000 m?, 2,000-5,000 m?, and >5,000 m?).

Note that the “Other” category encompasses buildings made up with various structural materials, such as steel or precast concrete.
Similarly, “NA” (i.e. not available) denotes that information regarding the structural material or construction date is currently miss-
ing. The following vulnerability analyses and risk assessments pertain exclusively to RC and URM school buildings.

The list of such attributes defines the simplified taxonomy adopted in the MARS project for school buildings. The apparently short
list of attributes reflects the need to focus on factors well-recognized in discriminating the seismic behaviour while ensuring that the
data are available along the whole country for guaranteeing the proper association to fragility curves. Furthermore, this selection in-
cludes parameters that are already recognized as fundamental in seismic studies specifically related to school buildings, such are
those introduced by the GLOSI taxonomy illustrated in Ref. [2]. Specifically, within GLOSI taxonomy, the primary factors include the
main structural system, the height range and the seismic design level while the plan area falls into the secondary category. Regarding
the seismic design level, it is noteworthy to highlight that the age of construction can be regarded as a proxy for it, as it is closely cor-
related with the evolution of Codes/Standards (see Section 2.1) and, consequently, the structural details adopted for the design.

According to the adopted taxonomy, most of the school buildings consist of RC structures (approximately 31 % with moment-
resisting frames) and URM structures (about 21 % with regular or irregular masonry types). RC structures were mainly constructed
starting from the 1960s, while the URM buildings predominantly date from before the 1960s. Both RC and URM school buildings gen-
erally have 1-2 storeys in elevation. For URM school buildings, approximately 45 % have a plan area of less than 500 m?. In contrast,
RC school buildings exhibit a more balanced distribution across area categories, with about 25-30 % each in the <500 m?
500-1,000 m? and 1,000-2,000 m? ranges.

The inventory considered does not differentiate each structural unit based on their usage (e.g., classrooms, auditoriums, gyms,
etc.). Therefore, although it is worth noting that buildings used for common areas such as auditoriums and gyms typically have struc-
tural schemes characterized by large spans and are often constructed with precast concrete or steel, these distinctions could not be
made in the inventory. Furthermore, since materials other than reinforced concrete and masonry are categorized as “Other”, which is
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not included in this study, the fragility curves and risk analyses presented should be interpreted as specifically referring to classroom
buildings.

Fig. 2 illustrates the completeness of data available for the four attributes considered in the taxonomy. The legend used is con-
sistent across all attributes, enabling for a qualitative comparison of the available information across various regions. The figure
highlights that, in some regions, data completeness is lacking for most of the parameters. This information is crucial for guiding
future targeted actions and assessing areas where risk assessments might be affected by higher level of uncertainty, often due to
difficulties in accurately attributing features to the school building stock.

3. Methodology adopted for deriving the set of fragility curves

3.1. Background and overview of the adopted approaches

Each RU involved in the MARS-Schools project studied and investigated the specific behaviour of the Italian school buildings us-
ing different computational models to derive fragility curves. These adopt a lognormal format and are associated with five damage
levels (DLs) conceived to be compatible with the European Macroseismic Scale EMS-98 [57].

Among those available in the literature (e.g. Ref. [58]), the approaches adopted by RUs can be grouped into four macro-
approaches, namely:

- Empirical approach, based on the use of observational data. In this case, two main approaches were adopted: the pure
empirical approach, based on the direct fitting of observed data (by UniNA and UniCAM); and an empirical-binomial approach
that exploits the simulated damage probability matrix using the binomial probability density function, ensuring a more regular
distribution of damage states (by UniNA);

Mechanical-numerical approach, based on Nonlinear Dynamic Analyses (NLDA) on detailed models inspired by the reference
archetypes described in Section 3.2 (by UniBAS, UniCAM, UniNA, UniPD). At this stage of the research, this approach has been
adopted only for RC school buildings;

Mechanical-analytical approach, based on simulating the structural response through the use of simplified models that require a
limited number of geometric and mechanical parameters and corrective factors to account for structural details (by UniGE-b and
UniT8);

Hybrid approach, that combines at least two of the aforementioned approaches. More specifically: i) the heuristic approach
adopted by UniGE-a that aims at guaranteeing a fairly well fitting with actual damage but, at the same time, ensuring
physically consistent results for increasing values of seismic intensity, thanks to the expertise that is implicit in the EMS-98
[571; ii) the hybrid mechanical-analytical approaches adopted by UniNA and EUCENTRE, which make use also of some factors
calibrated through observed damage evidence; iii) the hybrid method adopted by UniPD based on the integrated use of
mechanical-analytical and macroseismic approaches [59].

Most of these methods were already developed and extensively validated [60] within the context of the Italian National Risk As-
sessment (NRA 2018) promoted by the ICDP [41], with specific reference at that time to the residential building stock, and adapted in
this study to school buildings characteristics. A brief description of the different approaches used by each RU within the MARS-
Schools project, along with their intrinsic pros and cons, is provided in the following section while interested readers are invited to
deepen the respective references for a more detailed description of each method.

3.1.1. Empirical approaches

The pure empirical approach adopted by UniNA RU makes use of a (lognormal) statistical model directly fitted to observational
data. This approach is similar to the one used in the NRA 2018 framework for residential buildings ([61,62]). The parameters of these
fragility curves are estimated by maximizing the likelihood function through an optimization algorithm. The algorithm assumes that
the counts of buildings experiencing a given damage grade in a specific Peak Ground Acceleration (PGA) bin follow a multinomial dis-
tribution. During the optimization procedure, the whole set of five fragility curves for a specific building class is simultaneously fitted
to the observational data. This is done by assuming a common value for the logarithmic standard deviation for all the fragility curves,
while allowing different values for the logarithmic mean. Instead, the empirical-binomial approach by UniNA is used to address the is-
sue of irregularity and scarcity of damage data by assuming a continuous trend based on real observations. Previous studies have
demonstrated that a binomial probability density function ([59,63,64]) or a beta probability density function [65] can effectively re-
produce the observed damage frequencies. To account for this, the counts of buildings experiencing a specific damage grade within a
particular PGA bin are “adjusted” using the binomial distribution as a function of the observational mean damage value. The same op-
timization procedure adopted for the pure empirical approach is then applied to the “adjusted” counts of damaged buildings to deter-
mine the unknown parameters of lognormal fragility curves. This approach helps mitigate the limitations of irregular and sparse data
by capturing the underlying continuous trend derived from observational data. Further details on these two approaches - when specif-
ically applied to the school buildings hit by the 2009 L'Aquila earthquake - are illustrated in Ref. [66].

The fragility curves presented by the UniCAM RU are directly derived from an empirical predictive model of damage ([67,68]),
based on the analysis of data coming from post-earthquake surveys of the schools located in the nearby epicentres of the mainshocks
of the 2016 Central Italy seismic sequence. The proposed probabilistic model provides a continuous description of the consequences
in terms of intensity-based damage index. The parameters of the model are determined by inference techniques. The efficiency of the
model relies on properly defined shape functions, able to describe the variability of the response by varying the intensity of the seis-
mic action. This probabilistic response model can be also used to derive traditional fragility functions referred to as discrete classifica-
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tion of damage based on a proper selection of the response thresholds [57], while two different proposals for the classification of the
DLs have been assumed according to the studies of [69,70].

Since the above-described methods use damage data from post-earthquake surveys to derive fragility functions, they intrinsically
account for the variability of both building types and earthquake characteristics of the considered area. However, the reliability of
these fragility functions is strongly affected by the quality and completeness of the database, as well as the capability of a set of build-
ings belonging to one, or more than one, specific areas to be representative of buildings of an entire country. Moreover, regarding the
seismic input, it is worth noting that the empirical fragility curves here presented have been derived using traditional shakemaps,
which start with the definition of a grid and a calculation based on Ground Motion Prediction Equations (GMPEs), conditioned on the
real measurements (i.e. INGV broadband and the Italian Strong Motion Network - Rete Accelerometrica Nazionale). Such an approach
is affected by the uncertainty deriving from that of GMPE used to characterize it. It is worth mentioning that some studies available in
the literature highlighted the role of spatial and inter-period correlation in the intra-event ground motion residuals [71] as well as
that of damage data in informing better the input at the site [72], both aspects that could be further investigated in future develop-
ments.

3.1.2. Mechanical-analytical approaches

The mechanical-analytical approach adopted by UniGE-b RU consists of the DBV-Masonry model, where DBV stands for Displace-
ment Based Vulnerability. The model is based on the proposal previously described in ([73,74]), and further updated within the
MARS project by Ref. [75]. According to Ref. [74], the structural response is described in terms of a capacity curve which requires
defining a limited set of mechanical and geometric parameters, assuming a fundamental modal shape, and applying specific correc-
tion factors to account for the effects related to structural and morphological details typical of existing buildings (e.g., presence or ab-
sence of steel tie-rods or RC ring beams). The analytical derivation of the main parameters that define the capacity curve (namely the
initial period, the acceleration at yielding, and the displacement capacity associated with four damage levels explicitly computed)
makes primary reference to the activation of the in-plane response of URM walls, under the assumption of a “box-like behaviour”. The
displacement capacity moreover analytically considers the activation of possible in-plane mechanisms, such as “uniform” (with a
damage primarily concentrated in spandrel) or “soft-story” (with damage primarily concentrated in pier located at ground floor), and
explicitly also thredols values of URM piers. Then, within the MARS project, additional corrective factors have been introduced to ac-
count also for the possible activation of local mechanisms associated with the out-of-plane response. The latter parameters are as-
sumed to possibly reduce the displacement capacity assessed for the full exploitation of the global response. For the definition of
fragility curves, a nonlinear static procedure - based on the use of the Capacity Spectrum Method (CSM) and overdamped spectra [76]
- is adopted to compute the value of the intensity measure that triggers each DL [57], while the response surface technique (RST) is
used for propagating capacity uncertainties and finally deriving the fragility curves [73]. The method allows to consider both the in-
tra-building variability through the RST and the inter-building variability depending on the number of analyzed archetypes.

Regarding the mechanical-analytical methodology defined by UniTS RU, simplified lateral load-displacement capacity curves were
drawn for real school buildings by using the “Firstep-M” algorithm [77]. The tool allows an estimation of the building's lateral stiff-
ness and resistance (in the two main directions) by evaluating the elastic distribution of a unitary force among the vertical panels (i.e.
piers) at the ground floor. In the case of rigid diaphragms, the redistribution of the shear force among piers is also assumed. Both
shear and bending failure in the piers are considered. The ultimate drift is based on the dominant failure mode, according to the val-
ues provided in the literature. Similarly to DBV-Masonry model, the maximum accelerations compatible with the attainment of vari-
ous damage levels were then calculated by applying the CSM and adopting overdamped spectra [76]. However, these values are “de-
terministic” for each examined archetype. Then, the source of uncertainty explicitly computed by this method for deriving fragility
curves is only associated to inter-building variability and depends on the number of analyzed archetypes.

The adopted mechanical-analytical methods, as well as the other ones available in the literature, are based on models that incor-
porate simplified assumptions to reduce the computational burden compared to refined 3D model. These models operate within a dis-
placement-based framework, allowing for the description of the seismic input using the acceleration-displacement response format.
This feature makes them more versatile. Moreover, they can be easily applied to a large number of building archetypes by explicitly
considering key attributes of the building stock under examination, as well as various sources of uncertainties. This approach there-
fore enables the simulation of the seismic response of different building types, including high-intensity seismic input values, for which
not enough robust empirical data are generally available.

However, the main limitations include the simplifications inevitably introduced by structural modelling, which reduce the mod-
els’ capability to account for the full complexity of existing buildings. These simplifications are in fact often addressed through correc-
tive factors. Additionally, the assessment of estimate of PGA associated with the attainment of DLs relies on nonlinear static proce-
dures, which are a simplification of more accurate NLDAs. Consequently, while these methods can potentially account for the intra-
and inter-buildings variability, they are less precise in estimating seismic input uncertainty.

3.1.3. Hybrid approaches

In this study different kinds of hybrid approaches have been considered.

The heuristic model developed by UniGE-a starts from the original proposal of the macroseismic method illustrated in Ref. [59]
and, recently, further refined thanks to the availability of damage data collected after many Italian earthquakes. Specifically, the re-
finement for residential buildings was completed in Ref. [64] using the data collected in D. a.D.O platform (Observed Damage Data-
base) [78], while, for the Italian school buildings, it was based on the data collected following the 2009 L'Aquila earthquake, as de-
tailed in Ref. [66]. The method is based on the expertise that is implicit in the EMS-98 scale [57], which assumes a regular increase of
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the mean damage (pp) with the earthquake intensity (I). In particular, in Ref. [59] the vulnerability curves were originally derived
with fuzzy assumptions on the binomial damage, establishing an analytical correlation between pp and I through the introduction of
two parameters, namely the vulnerability index (V) and the ductility index (Q). In Refs. [64,66], the V and Q parameters have been
derived based on the fitting of the vulnerability curve through the available real observed data. Then, the introduction of a correlation
law between PGA and I and the assumption of the binomial distribution allow passing to the fragility curves.

As for the hybrid mechanical-analytical approaches, they are proposed by UniNA, with the POST (PushOver on Shear Type models)
model [79,80], and EUCENTRE with the SP-BELA (Simplified Pushover-Based Earthquake Loss Assessment) model [81]. Both meth-
ods refer only to RC structures.

In the POST method adopted by UniNA, according to Ref. [82], the building's structural model is generated using a simulated de-
sign process in accordance with the design code requirements, professional guidelines, and seismic classification relevant to the spe-
cific location during the construction phase. Subsequently, the building response is evaluated using a 3D frame model which assumes
a shear-type behaviour. Thanks to this hypothesis, the nonlinear shear-displacement behaviours of all RC columns and infill panels
can be assumed to act in parallel at each storey. By considering these shear-displacement response curves at each storey, along with a
predetermined lateral force distribution, the pushover curve is analytically obtained in closed form. The evaluation of seismic capac-
ity in terms of spectral intensity is performed within the SPO2IDA framework [83]. This assessment is carried out at specific perfor-
mance levels (PLs), which are determined by establishing a correspondence between PLs and the damage classification suggested by
EMS-98 [57]; in defining the DLs, the procedure introduces also some calibration of inter storey drift thresholds based on evidence
from real observed data (i.e. that is the aspect that justifies the classification of the method as hybrid). Finally, a Monte Carlo simula-
tion technique is used to repeatedly apply the above procedure. Random variables are introduced to account for the inherent uncer-
tainty in the geometrical/mechanical parameters, and in models/response parameters. This ensures propagating the aleatoric and
epistemic uncertainties in the final outcomes, obtaining a distribution of PGA capacity. Its cumulative frequency distributions, herein
adopted to represent fragility curves for the considered building class and the adopted damage classification, provide information on
the exceeding probability of damage.

EUCENTRE, instead, proposes fragility curves calculated using the SP-BELA methodology, already adopted for residential build-
ings [84] but adapted in this study to be representative of the geometry and characteristics of school buildings. SP-BELA starts from a
prototype building that represents the considered typology, and creates with Monte Carlo generation a sample of buildings, each one
then subjected to a nonlinear static analysis that allows its pushover curve to be evaluated. Finally, by comparing the capacity of each
building with the demand in a displacement-based framework, the probability of exceeding damage levels is computed. The curves
obtained were calibrated by comparing the numerically calculated damage scenarios with the observed damage data from the
Da.D.O. platform [78]. In the aforementioned comparison, both structural and non-structural damage have been considered, domi-
nating severe/heavy and collapse damage levels and lower damage levels, respectively.

The hybrid mechanical-macroseismic approach adopted by UNIPD is based on the simplified mechanical approach Vulnus ([85-871),
which analyses masonry buildings by evaluating both their in-plane base shear capacity and the triggering of out-of-plane mecha-
nisms, as well as a series of qualitative vulnerability factors which derive from the II level GNDT form for URM buildings ([88,89]).
Fuzzy logic is then applied to derive fragility sets for a specific damage state. These sets are then extended to the five DLS from EMS-
98 [57] by adopting as reference for the spacing among fragility curves the macroseismic model proposed in Ref. [59].

According to the definition used in the literature, the considered hybrid approaches are based on a combination of both analytical
and observational data, also completed by expert judgment. The main advantage is that they can integrate the scarcity of observa-
tional data by using analytical results and vice-versa. Additionally, empirical data from post-seismic observations are used to calibrate
some parameters in the procedure of fragility curve derivation. However, these approaches incorporate the main limitations of the in-
dividual methods they combine, as detailed in Sections 3.1.1 and 3.1.2.

3.1.4. Mechanical-numerical approaches

The mechanical-numerical approaches make use of NLDA on detailed models for deriving fragility curves. So far this approach has
been used in MARS project only for RC school buildings. Details on the modelling strategy adopted by each RU are provided in the fol-
lowing. Instead, for what pertains the other common assumptions adopted for postprocessing the results of NLDA (e.g. selection of
records, selection of the Engineering Demand Parameter), a more in-depth discussion is carried out in Section 3.3. In all cases, numer-
ical models reproduce some of the archetypes illustrated in Section 3.2.

UniBAS RU modelled each structure in the framework of the Opensees platform [90] by following the same lumped plasticity
strategy reported in Ref. [91] for residential building types.

Three-dimensional Finite Element Models (FEMs) have been instead developed with the SAP2000 software [92] by UniCAM RU.
The models account for the hysteretic behaviour of the structural members through plastic hinges located at the ends of beams and
columns.

Also, for UniNA RU, the nonlinear numerical model was built in the SAP2000 software [92] environment, considering a lumped
plasticity approach. The plastic hinges were characterized considering cracking, yielding, ultimate rotation according to the Eurocode
8 (2005). Post peak degradation was characterized according to Ref. [93] and a pivot model was used to reproduce the cyclic re-
sponse [94], calibrating the parameters to match the hysteretic response and energy dissipation of RC members typical of the Italian
construction standards [95]. More details on the modelling approach can be found in Ref. [96].

Finally, the UniPD RU simulated an archetype — that was designed only for gravity loads - through a fiber model [97] and using the
software Midas GEN [98]. Differently from the other models set by the other RUs, masonry infills are explicitly considered in the
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model, through a single-strut macro-model ([99,100]) with lumped plasticity, defined according to the constitutive law proposed by
Panagiotakos and Fardis [101].

Similar to analytical-numerical approaches (see Section 3.1.2), mechanical-numerical methods simulate the seismic response us-
ing models selected to be capable for including the key attributes of a given building stock. However, to overcome some intrinsic limi-
tations of mechanical-analytical methods, the considered mechanical-numerical methods employ more refined modelling of struc-
tural and non-structural components, along with more accurate analyses methods based on non-linear time history analyses using a
properly defined set of signals As a result, these methods effectively account for record-to-record variability. However, due to the sig-
nificant computational effort required, only a limited number of archetypes are generally analyzed: a limitation which can affect the
estimation of some sources of uncertainty, such as inter-building variability. Additionally, in the MARS project, so far, mechanical
properties of these numerical models are assumed deterministic, therefore also the uncertainty associated to the capacity is not explic-
itly estimated.

3.2. Definition of reference archetypes

Based on the taxonomy introduced in Section 2.2, the sub-types used for developing fragility curves are derived from a combina-
tion of the considered attributes, i.e., structural type, plan area, number of stories, and period of construction (as detailed in Table 2).

To define the reference archetypes representing the Italian school building stock, the most populated sub-types - i.e. those cover-
ing a large percentage of the school building stock - were selected. Specifically, five sub-types have been defined for each structural
material, as detailed in Table 2. These sub-types account for 79 % of URM buildings and 85 % of RC ones, respectively. Fig. 3, by way
of example in the case of URM school buildings, clarifies the criteria adopted for such a selection. The first three figures show the cu-
mulative distribution by construction age, number of storeys and plan area, while the fourth figure highlights that URM schools with
two storeys and area lower than 500 m?, built before 1919 (sub-type 3), and those with one or two storeys built between 1920 and
1975 (sub-types 1 and 2) are among the most common (covering the 35 % of the total stock). A similar analysis was conducted for RC
school buildings to identify the five sub-types summarized in Table 2.

For each sub-type, archetypes have been selected based on the completeness and reliability of the available data. Specifically, at
the current state of the research, a total of 14 URM and 18 RC archetypes were chosen. These prototype buildings were selected by the
various RUs using databases from previous detailed studies. The selection focused on structures with sufficiently complete data to be
modelled using both simplified mechanical-analytical models and detailed numerical models adopted for the NLDA. The Annex I pro-
vides the in-plan view of the URM and RC archetypes, respectively.

These archetypes were used either in their “as is” (i.e., original) configuration or in a “propagated” configuration to represent
other sub-types (e.g., belonging to different construction ages). The “propagated” configuration means that, while the geometrical
data (both in-plan and in-elevation) were maintained, structural details (such as presence of tie-rods or RC beams), material proper-
ties (including the wall's thickness) and diaphragms types (e.g., timber, RC, or vaults) were varied.

3.3. Overview of the common hypotheses shared among RUs

Despite the intrinsic differences in all the approaches illustrated in Section 3.1 — which, at the same time, represent one of the pro-
ject's most valuable resources-the RUs have, whenever possible, shared common basic assumptions to ensure an appropriate compari-
son of results.

First of all, as already mentioned, each RU developed fragility curves to be conceptually consistent with the five damage levels
(DL;, i = 1 ... 5) defined in the EMS-98 [57]. Fragility curves refer to the lognormal cumulative distribution format, which, as well
known, requires the definition of two main parameters: the median value of the lognormal distribution of the intensity measure (in
this case the PGApy;) for which the DL is attained; and its dispersion.

In the following, additional clarifications are provided on the building stock used as a reference to for deriving the fragility curves.

The heuristic and empirical methods by UniGE and UniNA RUs refer to the URM and RC school buildings of the Abruzzo region hit
by the L'Aquila 2009 earthquake, while the empirical approach of UniCAM RU refers to the school buildings stock of the Marche re-
gion damaged by the 2016/2017 Central Italy earthquake. A more detailed description of such samples is provided in Refs. [10,18],
respectively.

Table 2
Sub-types and relative percentage for masonry and reinforced concrete school types.
n. Masonry RC
subtype
description % of total description % of total
schools schools
1 area <500 m* n. storey = 1 13.6 area <500 mz; n. storey = 1 13.3
period: 1920-1975 period: All
2 area <500 mz; n. storey 2 and 3; period: 1920-1975 19.5 area <500 mz; n. storey 2 and 3; period: All 109
3 area <500 mz; n. storey = 1, 2 and 3; period: before 7.9 area = 500-1,000 mz; n. storey = 1, 2 and 3; 29.8
1919 period: All
4 area = 500-1,000 mz; n. storey = 1, 2 and 3; period: 27.0 area = 1,000-2,000 mz; n. storey = 2 and 3; 19.5
after 1975 period: All
5 area = 1,000-2,000 mz; n. storey = 1, 2 and 3; period: 10.5 area = 2,000-5,000 mz; n. storey = 2 and 3; 11.4
after 1975 period: All
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Fig. 3. Cumulative distributions that justify the selection of most populated sub-types — and consequently addressed the archetype choice - in the case of URM school
buildings.

For URM school buildings, both the mechanical-analytical model developed by UniGE and the hybrid model adopted by UniPD
utilized the archetypes illustrated in Section 3.2. Additionally, the two RUs employed a consistent procedure to extend the “as is” con-
figuration of the archetypes to parametric configurations that represent an entire sub-type (i.e. generalize and “propagate” them).
This procedure includes rules for adjusting wall thickness based on the masonry type (to ensure plausibility and adherence to rules of
the art), modifying load distributions across diaphragms based on their structural typology (whether timber, RC or vaults), and adapt-
ing mechanical parameters according to masonry type or to account for different structural details. The approach adopted for such a
generalization is illustrated in Ref. [75].

Conversely, the analytical-mechanical model developed by UniTS refers to a database including about 100 school buildings lo-
cated in Friuli-Venezia Giulia (FVG) region. All these buildings have been analyzed in their “as is” configuration and grouped accord-
ing to the taxonomy described in Section 2 for estimating the inter-building variability.

Table 3 summarizes for URM school buildings: the approach adopted by the RU; the name of the model adopted by the RU; the
reference building stock used for developing fragility curves (see also Section 3.2); and, the main references which interested readers
may invited referring for a more in-depth examination of key concepts of each method.

With the exception of UniTS and UniCAM, all other RUs provided fragility curves for the complete set of identified sub-types and
potentially ready to be applied to schools with fully populated database fields. UniTS did not provide results for certain sub-types —
representing approximately 950 schools across Italy — due to insufficient data coverage in the adopted FVG database. In contrast, Uni-
CAM developed a single global curve representing all URM schools. Additionally, this single fragility curve is not differentiated by the

Table 3
Approaches adopted by each research unit to define fragility curves for URM school buildings.
Approach Research unit & Reference school buildings stock Analyzed References
Approach name archetypes
Empirical and empirical-binomial UniNA School buildings of the Abruzzo region hit by the - [66]
Heuristic UniGE-a L'Aquila 2009 earthquake
Empirical UniCAM School buildings hit by the 2016-2017 Central Italy - [67]
earthquake
Mechanical-analytical UniGE-b (DBV-Masonry) Archetypes defined in MARS project - Task 4.7 All [75]1
UniTS (Firstep-M) School buildings of Friuli-Venezia - [102]
Giulia region
Hybrid mechanical- UniPD (VULNUS) Archetypes defined in MARS project - Task 4.7 All [103]

analytical/macroseismic
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number of storeys or construction age because the available data were not statistically robust enough to support a direct empirical fit-
ting of sub-types.

For RC school buildings, the mechanical-analytical models developed by EUCENTRE and UniNA utilized as starting reference the
archetypes illustrated in Section 3.2. Both RUs adopted some similar simplifications in their planimetric configurations due to some
limitations in capturing strong irregularity in the structural scheme. These approaches have provided fragility curves for all sub-types
of RC schools. For the mechanical-numerical approach based on NLDAs, building response has been simulated by taking into account
most of the failure mechanisms which may potentially affect both structural and non-structural components. At the current state of
the research, this approach has been applied to two structural configurations, one designed only for vertical gravity loads and another
one designed for low horizontal seismic forces. A total of 7 archetype buildings have been analyzed (see Section 3.2), specifically in-
spired by archetypes no.3/5/7/13/15 of Figs. I and II reported in Annex I. Table 4 summarizes for RC schools the same information
presented in Table 3 for URM schools.

Regarding the NLDAs, which have been performed only for RC school buildings, each RU adopted a different modelling software
based on their specific expertise (as described in Section 3.1). However, all RUs adopted common assumptions for conducting and
post-processing the analyses to minimize uncertainties when comparing the results.

NLDAs were performed with a Cloud-like method [107], using a large dataset of signals [108] consisting of 125 real accelero-
grams with no or limited scaling factors. The signals have been selected to match the Italian code-conforming spectra defined with in-
creasing intensity (i.e. return periods going from 50 to 10,000 years), for subsoil rock category A and B [54]. Cloud NLDAs have been
performed considering 250 time-histories per building (125 couples of accelerograms with components applied alternatively along
the two horizontal directions). The methodology involves performing NLDAs for increasing intensities of seismic excitation to explore
increasing structural damage states. The results were interpreted with a centralized procedure by establishing a correlation between a
parameter representative of the seismic response (Intensity Measure - IM) and the overall damage level simulated by the numerical
model (Engineering Demand parameter - EDP). Regarding the IM, the PGA has been chosen as the best compromise between a good
correlation with the non-linear response and practical constraints (e.g. characteristics of the IRMA platform used for risk analyses and
illustrated in Section 5). For each analysis, the maximum inter-story drift value (IDR, assumed as EDP) between the two in-plane di-
rections has been collected and then processed by considering the EDP-damage levels relationship reported in Ref. [90]. The IDR val-
ues falling within the specific ranges adopted for each five damage levels were collected, and the corresponding PGA values were then
used to derive fragility curves, assuming a lognormal distribution function. The IDR thresholds defined for reaching each DL (shown
in Table 5) were shared among the RUs with the aim of ensuring conceptual consistency with the EMS-98 [57]. The values have been
established starting from previous studies related to residential buildings and properly modified to account for the specific character-
istics of school buildings (e.g. large openings). Additionally, note that the school buildings analyzed through NLDAs have the same in-
fill type, which predominantly influences the damage levels up to DL3, and poor seismic details, which affect mostly the higher dam-
age levels. These similar features of archetypes justify the adoption of a single set of reference thresholds.

Several preliminary sensitivity analyses were carried out for the definition of the PGA value to be used as a reference. Specifically,
the following alternatives were explored: the maximum PGA between the two directions (PGA,,4); the geometric mean between the
PGA of the two directions (PGAea,); the PGA value corresponding to the component that causes the maximum inter-storey drift be-
tween the two in-plane horizontal directions (PGA,¢)). This latter value has been determined also considering the effect of applying

Table 4
Approaches adopted by each research unit to define fragility curves for reinforced concrete schools.
Approach Approach's name or Software Reference school buildings stock Analyzed References
adopted & RU archetypes
Empirical and empirical- UniNA School buildings of the Abruzzo region hit by the - [66]
binomial L'Aquila 2009 earthquake
Hybrid Heuristic UniGE-a
Empirical UniCAM School buildings hit by the 2016-2017 Central Italy - [67]
earthquake
Hybrid -mechanical- UniNA (POST) Archetypes defined in MARS project (Task 4.7) 13 (2 SU) [104]
analytical EUCENTRE (SP-BELA) 3-9-13 (4 SU) —-15  [84]
Mechanical-numerical UniNA (SAP 2000) Archetypes defined in MARS project (Task 4.7) 5 [105,106]
UniBAS (OpenSees) (for a total of 7 schools) 3
UniPD (MIDAS) 7-15
UniCAM (SAP 2000) 13 (3 SU)-5
Table 5
IDR thresholds adopted for the achievement of each DL in the post-processing of cloud-NLDAs.
Damage level (DL) IDR [%]
DL1 0.1 <IDR <0.25
DL2 0.25 < IDR <0.5
DL3 0.5<IDR <1
DL4 1 <IDR <25
DL5 IDR >2.5
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the set of signals alternately along the two horizontal orthogonal directions. The analyses carried out showed that PGA,, is always
the most optimistic, while the evaluations carried out with PGA ¢, are those that lead to more punitive results. The curves obtained
with PGA,; are intermediate between the other two and this choice was considered more suitable for the representation of the actual
structural response.

3.4. Results and comparisons of fragility curves developed by the RUs

The consistency of the trend estimated across the approaches with respect to age or height class will be further discussed in Section
4.2. Here, the focus is on the agreement regarding the parameters which define the fragility curves.

Fig. 4 shows the comparison of fragility curves obtained for URM school buildings with two stories and small area (<500 m?) be-
longing to three different ages of construction (namely before 1920, 1921-1945, and 1946-1960).

In particular, the median IM value (i.e., PGAp;) shows a good agreement for DL1 and DL2 while difference tends to increase for
higher DLs. Even in other areas of URM civil engineering research—such as the “URM nonlinear modelling - Benchmark project”
[109] aimed at comparing nonlinear modelling approaches of the existing URM buildings—significant epistemic uncertainties have
emerged, despite substantial efforts by researchers to standardize assumptions. For example, within this project, it has been shown
that while it is possible—by adopting consistent assumptions—to significantly reduce dispersion in the estimation of stiffness and
base shear of pushover curves (by approximately 15-20 %), it is not possible to drastically reduce dispersion in ultimate displacement
(with dispersion in some cases exceeding 60 %). This result is somewhat consistent with that obtained in the MARS-School fragility
curves, i.e. that dispersion for URM fragility curves increases for higher DLs (mostly affected by possible differences in displacement
capacities) while is limited in the case of DL2 (mainly related to the capacity of the model to predict the maximum base shear). This
consideration may partially contribute to explain the differences especially between mechanical-analytical and hybrid models, which,
however, are rather limited overall. In some cases, differences are not null even within the same methodological approach, as for ex-
ample for empirical and heuristic methods. Concerning the UniCAM curves, it is worth remembering that the response model was in-
ferred from available real data, that were limited to seismic intensities PGA < 0.35 g. Consequently, results concerning larger intensi-
ties are extrapolated. Moreover, the dataset mainly included schools retrofitted after the 1997 Marche-Umbria Earthquake and they
are expected to be more resistant than schools considered in the other datasets: that may especially explain the difference in DL1 and
DL2 compared to the other curves. Furthermore, a slightly different damage metric, correlated to the retrofit costs [69], is used in-
stead of that with the EMS-98 scale [57]. Specifically, the damage index for each building has been derived by UNICAM from data
contained in the AeDES survey form [110] which is the same input used by the UNINA and UNIGE research groups for developing
fragility curves for the Abruzzi building stock. These data need to be combined to define an overall damage level. The UNICAM group
applied a combination rule based on weight coefficients detailed in the work of [69], which have been calibrated to achieve the best
fit with data on repair and retrofit costs available in literature ([111,112]). Further details on the comparison between UNIGE and
UNINA fragility curves derived for Abruzzi school building stock may be founded in Ref. [66].

Concerning the dispersion of fragility curves, even greater differences are found. On that, it is worth highlighting that the curves
provided by UniTS intrinsically consider only the contribution to the inter-building variability; in fact, they analyzed a specific stock
of buildings and then they grouped the results of these “as is” configurations on basis of the correspondence between their original
features and the classification adopted in the MARS school taxonomy. Conversely, all the other methods — although through different
approaches — include the effect of uncertainty related to capacity, record-to-record variability, and DL definition. That justifies the
fact the dispersion associated with the UniTS curves is lower than other ones especially for the highest level. In the case of UniCAM
curves, as previously mentioned, this may be due to the limited statistical robustness of the sample, particularly for high intensity val-
ues.

Fig. 5 shows the comparison of fragility curves for RC school buildings, again for sub-types associated with 2- and 3-stories and
small areas; the curves refer to the age of construction after 1976. The figure also highlights the possible impact of gravity (GD) and
seismic (SD) design on the seismic vulnerability.

Results appear even more scattered than in the case of URM school buildings, even if a method belonging to the same approach is
considered.

In general, results delivered by EUCENTRE provide values of PGApy; higher than all other approaches (especially for DL1 and
DL2), and also highlight a more significant impact of design rules adopted, i.e. if gravitational or seismic. It should be emphasized
that, although the methods correspond in terms of approach type, each method is characterized by its own calculation model. For in-
stance, EUCENTRE's model calculates damages for DL3 and DL4 numerically while it defines DL1, DL2 from DL3, and DL5 from DL4
through a calibration process based on observed damage data. This calibration applies a best fit procedure between numerically cal-
culated scenarios and observed damage. The mechanical method POST employs the damage descriptions of building components
from the EMS-98. It employs IDR ratios to depict damage patterns for both infills and RC elements across the five damage levels intro-
duced by EMS-98. IDR values for infills come from Ref. [80], while for RC elements, they consider the flexural behavior and potential
shear failures. It's worth noting that individual infill panel failure corresponds to DL3, after which the analysis focuses only on RC ele-
ments. Given the mechanical basis of the method, IDR values are carefully selected to characterize the onset of damage patterns. This
circumstance could potentially lead to conservatism in the results, particularly when compared to empirical methods.

Additionally, results from the empirical and heuristic approaches based on school buildings from L'Aquila are associated only with
the seismic design rules. Since L'Aquila has been classified as seismic-prone since 1915, the observed data reflect structural features
that account for the consideration of some horizontal forces in the design, though these may not necessarily consistent align current
codes. As far as the empirical approach adopted by UniNA and UniCAM is concerned, it is worth recalling that results refer to a differ-
ent building stock (i.e. that was hit by the L'Aquila 2009 earthquake and the Central Italy 2016-17 earthquake). In general, results
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Fig. 4. Comparison of fragility curves provided by research units for URM school buildings.
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achieved of UniCAM highlight a building stock less vulnerable; however, this outcome cannot be conclusive since different ap-
proaches have been adopted to fit the observed data and a different metric of damage has been adopted, as previously mentioned also
for URM school buildings. Both aspects that may influence the final result as discussed in depth in Ref. [66], especially when the num-
ber of items into the database is scarce. These aspects are ongoing to be further investigated. Finally, as far as the dispersion is con-
cerned, the curves defined by NLDA directly account only for the record-to-record variability, justifying the lower value obtained.

Even if the differences are not yet negligible in all cases (particularly for certain sub-types and levels of damage), such fragility
curves highlight lower dispersions than other comparison available in the literature derived without a such detailed and synergistic
work but apparently referring to similar sub-types [113]. Many factors contribute to the differences still remaining in the curves de-
rived by RUs, and at the current state of research, it is not possible to further reduce some uncertainties in their knowledge, one
among all is that regarding the complete consistency of damage level definition criteria. However, such a result and the related effort
in obtaining it appear a valuable outcome for the scientific community to increase the awareness on the epistemic uncertainty associ-
ated with using different approaches to derive fragility curves.

4. The “School-MARS model”

4.1. Basic assumptions to integrate the fragility curves obtained by RUs

The results presented in Section 3.4 demonstrate the extensive and detailed data available from RUs. However, utilizing this data
for national-scale seismic risk assessment requires its integration in a synergistic and appropriate manner. To this aim, the develop-
ment of the unified consensus-based “School-MARS model” introduces several additional challenges, including:

i. defining rules to extrapolate results from RUs when data is partially incomplete with respect to the sub-types required to
represent the entire school building stock;
ii. standardizing the contributions of uncertainty and ensuring consistency in the dispersion of the compared fragility curves;
iii. establishing procedures for integrating all available fragility curves into a unified model for each structural type.

The first aspect mainly pertains to the fragility curves developed for RC school buildings, specifically:

those derived from NLDA, which at the current stage of the research, have been developed considering 7 archetypes. This
number is still insufficient to capture the vast inter-building variability characterizing the multifaceted Italian building stock.
The limited number of archetypes is due to the high computational burden of this approach, coupled with the necessity for
highly accurate data on archetypes;

those obtained from the empirical or heuristic methods, which — due to the specific features of the real building stock examined
— are deemed more representative of structures with low to medium seismic design and, consequently, less vulnerable than the
expected performance of buildings designed primarily for gravity loads.

The combination of sub-types with a different number of curves may introduce inconsistencies in the results, not due to genuinely
possibly contradictory predicted behaviours but rather due to an ineffective combination phase. To address this, appropriate criteria
have been adopted, leveraging trends observed in other approaches or other building stocks that are statistically more robust, like the
residential one discussed in Ref. [40].

Regarding the second issue, deterministic values from literature, consistent with the considered types of uncertainties, have been
combined with those directly available from the various methods adopted (i.e. the record-to-record variability from NLDA and the in-
ter-building variability from UniTS approach). The combination was performed using the square root sum of the squares (SRSS) rule.

After addressing these issues, and to enable a more effective comparison not only within the school building stock but also be-
tween it and the residential stock, the fragility curves originally derived by the RUs were converted as initially proposed in the MARS
project ([114,115]). This method allows the conversion of the fragility curves associated with each DL into percentages of vulnerabil-
ity classes. Specifically, six vulnerability classes have been considered with the aim of being consistent with those of the EMS-98 scale,
ranging from A (most vulnerable) to F (least vulnerable). According to the proposal of [115], a set of five fragility curves - associated
to the EMS98 classes and still in accordance with a lognormal format - is defined by the following parameters: the median value of
damage level DL2 (PGApy); the ratio PGAp;/PGAp; -, related to the median values of PGA for the other damage levels (k = 1,3,4,5);
and the dispersion Ppy (assumed in this application equal to 0.65). The value PGAp, is assumed as reference being representative of a
moderate-slight structural damage, close to the reaching of the maximum shear strength. The ratio PGAp;/PGAp;, introduces a rele-
vant concept, intrinsically related to the “ductility” (or better “behavior factor”) in the case of DL3, DL4 and DL5. It allows to differen-
tiate brittle and ductile behavior taking into account the possible variation in the spacing between fragility curves associated to DLs.
Two sets of fragility curves, named “brittle” and “ductile”, have been proposed in Ref. [115] through different reference values for the
PGAp;/PGAp, ratio. Conversely, the value PGAp;1/PGAp . expresses the overstrength ratio in URM buildings while is mostly re-
lated to the damage of infill and partition walls in RC buildings.

Tables 6 and 7 summarize the values of PGAp, and the ratio PGAp;x/PGAp,. The PGAp;, values reflect the EMS98 assumption
that the difference between one vulnerability class and the next is that an increase of one degree in macroseismic intensity is re-
quired to achieve the same level of damage. Values of Table 6 are consistent with the common format of PGA-I correlation laws
[116,117], i.e. PGA = ¢, ¢} (where c; represents the PGA for intensity I = 5, while c;, is the factor of increase of PGA due to an in-
crease of one of the macroseismic intensity). Values of Table 6 correspond to the adoption of ¢; and c, respectively equal to 0.047 and
1.8. The plausibility of the values proposed in Tables 6 and 7 has been also confirmed by the in-depth comparison made within the
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Table 6
Reference values of PGApy, established in Ref. [115] for applying the conversion of fragility curves into vulnerability classes percentage according to the MARS
metric.

Vulnerability classes A B C D E F
PGAp;,, [g] 0.11 0.20 0.36 0.64 1.16 2.09
Table 7

Reference values ratio of the PGAp;,/PGAp;, established in Ref. [115] for applying the conversion of fragility curves into vulnerability classes percentage according
to the MARS metric Note that for DL1, two different values have been considered for URM and RC types.

PGADLK/PGADL2 DL1 (URM) DL1 (RC) DL2 DL3 DL4 DL5
Brittle 0.67 0.57 1 1.49 2.23 3.32
Ductile 0.51 0.39 1 1.95 3.82 7.46

Italian National Risk Assessment made in 2028 (NRA 2018 - [41,60]). Moreover, the trend of values summarized in Table 7 can be an-
alytically expressed as:

PGAp;, = PGAp % k=1,...,5 @

where the factor a is a free parameter that ranges between 0.36 and 0.66, moving from the maximum brittle to ductile behavior.
Moreover, this parameter can be also useful to distinguish the behavior variation introduced by retrofitting interventions (as shown
for example in Ref. [118]).

As a consequence, based on the general framework introduced in Ref. [115] and previously mentioned in a concise manner, a set
of five fragility curves can be represented equivalently by either a pair of values, namely PGAp;, and «, or by a set of vulnerability
class percentages (specifically, 12 values: 6 for describing the rate of ductile behavior and 6 for the rate of brittle behavior).

To convert the fragility curves proposed by the UR into vulnerability class percentages, the free parameters PGAp;, and o (Eq. (1))
are defined through a least-squares regression of the percentage error between the MARS reference fragility curves (Tables 6 and 7)
and each UR curve. This method also implies identifying the two contiguous vulnerability classes between which the determined PGA
falls. Finally, a linear interpolation in the logarithmic plane is used to determine the percentages associated with the vulnerability
classes. Further details on the conversion procedure are provided in Ref. [115].

Once the fragility curves have been converted, their integration becomes straightforward and easy. For example, under the hy-
pothesis of assigning an equal weight to each approach, a simple average of the vulnerability class percentages can be calculated.

Differences in ductile/brittle percentages are expected depending on the construction age, since buildings are characterized by dif-
ferent structural details or seismic regulations adopted during design. Consequently, this will result in varying percentages of “duc-
tile” and “brittle” vulnerability classes.

The result of such a conversion - when applied to the fragility curves presented in Section 3.4 (after the homogenization in terms
of uncertainty sources accounted in the dispersion) - is illustrated in Section 4.2.

4.2. Definition of the unified “School-MARS model”

The final unified “School-MARS model” has been defined by the combination of a total of five models for each structural type. For
both URM and RC school buildings, two models belong to the empirical (by UniNA) and heuristic (by UniGE) approaches. The other
three belong: for URM school buildings, to the purely mechanical-analytical (by UniGE and UniTS) and hybrid (by UniPD) approaches;
for RC school buildings, to the hybrid approach by UniNA and EUCENTRE and to the mechanical-numerical one from NLDAs (in this
case, all results provided by various RUs were firstly merged). Since the empirical fragility curves developed by UniCAM assumed
some alternative damage metrics, it has been decided to not include it in this comparison at this state of the research.

The combination was made under the assumption of assigning the same reliability weight to each method. This assumption has
been made because, as reported in Sections 3.1.1-3.1.4, at this stage of the research none of the approaches can be considered signifi-
cantly more reliable than the others and each vulnerability model has its own advantages and drawbacks. Moreover, also results illus-
trated in Section 4.3 confirm the liceity of such an assumption.

Fig. 6 shows the results in terms of the percentage of vulnerability classes as provided by adopting the MARS conversion proce-
dure [115]. From the graphs in which the results of single RUs are reported (Fig. 6a/c), it emerges a greater dispersion of results for
RC school buildings than the URM ones, as already highlighted by the comparison of the fragility curves originally developed by
RUs. Instead, the graph to Fig. 6b/d shows the percentage of vulnerability classes as resulting from the combination of the five ap-
proaches.

Finally, it is worth highlighting that such combination procedure preserves the evidence on differences among RUs results but, at
the same time, allows to interpret the individual result under the same hypotheses’ umbrella.

Such an approach appears suitable also in making the comparison across different structural types and various sub-types. To get an
overview of the results obtained from the unified MARS-Schools model, some of the results are shown in the figures below (Figs.
7-10) by varying building types (URM or RC), age of construction, number of storeys and design level (GD or SD).

Regarding the variation in the age of construction, Fig. 7 shows, for URM schools, a shift of behaviour from class B to class C mov-
ing from older to modern eras. Such a result is mainly ascribable to the change in the effectiveness of structural details with the age of
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Fig. 6. Distribution of vulnerability classes obtained from research units and the integrated MARS-Schools model, for masonry and reinforced concrete schools.
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Fig. 7. Distribution of vulnerability classes of the unified MARS-Schools model by varying the age of construction. Results refer to URM schools with 2 storeys and area
500-1,000 sqm

construction. Specifically, it moves from a dominant presence of weak spandrels configuration before 1920 (which makes the build-
ing also more prone to out-of-plane mechanisms) to a predominance of RC beams or tie-rods coupled to spandrels in modern era
(which makes the building consistent with the box-type behaviour assumption).

In the case of RG, it is the design rule adopted — if seismically (SD) or gravitationally (GD) designed, to primarily affect the seismic
response. Indeed, in the right-hand side of Fig. 8 (gravitational design), no substantial differences in the behaviour emerge varying
the age of construction (i.e. if before or after the 1976), while it is evident in the seismic design by comparing before and after 1976.
In the case of RC buildings, the transition between pre and post 1976 is crucial since significant changes in the seismic load modelling
were introduced by the Law 02/02/1974 and the Ministerial Decrees DM March 03, 1975, in terms of seismic design provisions and of
seismic classification of each municipality. In fact, as debated in Section 2, DM March 03, 1975 introduced for the first time in Italy
some basic earthquake engineering concepts.

Figs. 9 and 10 show the variation in structural behaviour as the number of storeys changes, respectively for URM and for RC
school buildings. This comparison is carried out by fixing the age of construction (1921-1945 for masonry schools and after 1976 for
RC). The graphs show, for both types of construction, a strong dependence of seismic vulnerability as the number of storeys varies,
and specifically an increase in vulnerability as the number of storeys increases.

Figs. 11 and 12 show the results obtained from the MARS-Schools model in terms of vulnerability classes as the plan areas change.
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Fig. 10. Distribution of vulnerability classes of the integrated MARS-Schools model as the number of storeys variations, for reinforced concrete schools with seismic de-
sign.

The results show a little dependence of the model varying plan areas, for RC school buildings, while a slightly greater sensitivity,
for URM school buildings, when the plan area is > 1,000 m2. This result may be explained by the greater plan form irregularity that
characterizes masonry buildings with higher plan areas. Additionally, at this stage of the research, not all models used in the project
are able to consider the difference in plan area. An example includes the empirical models where the scarcity of items in the database
has prevented further subdivision of sub-types to estimate trends in the vulnerability with different plan area. The complete set of
fragility curves of the "School-MARS model" is provided in the paper as Supplementary Data. Please note that, in general, the disper-
sion values (Ppy) are slightly higher than 0.65, and vary across the sub-types, as the final values also account for the model epistemic
uncertainty, explicitly considered through the use of five different approaches.

4.3. Validation of the MARS-school model

A first validation of the MARS-Schools model was performed using the data of damage observed on public school buildings hit by
the 2009 L'Aquila earthquake. This information is available thanks to the ReLUIS consortium that supports the ICPD in post-event sur-
veys and usability assessment. In Ref. [66], Damage Probability Matrices (DPM) were defined from the damaged framework compiled
in the AeDES form [110] associating to each school: the damage grade through a conversion rule based on a peak approach conceived
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to be consistent to the EMS-98 scale [57]; and the PGA value that hit each school. The shakemaps used to associate the PGA value to
each individual building are based on the procedure described in Ref. [119].

Fig. 13 shows the spatial distribution of PGA values at the site location, which are determined as the maximum value between
the main shock and related aftershocks (i.e. April 7, 2009 Mw 4.8, April 7, 2009 Mw 5.3, April 9, 2009 Mw 5.1, April 9, 2009 Mw
4.9).

Fig. 14 illustrates the comparison between the DPM estimated alternatively by the MARS-school model (a/b) or each individual
model (c/d) and the one assessed from real observed data according to Ref. [66]. Specifically, the latter is depicted by a black line
[66] while the bars are the results obtained with the MARS-Schools model, i.e. by characterizing the sub-typology of each school in
the sample and entering the fragility curves with the PGA associated. The graphs show the damage levels from DLO to DL5 in the ab-
scissa, while the ordinate shows the probability of attainment of each damage level. The comparison in Fig. 14 considers the overall
sample from the affected towns of the Abruzzo region, that comprises 1,330 RC schools and 692 URM schools.

Similarly, Fig. 15 shows the comparison considering only the structures present in the city of L'Aquila, where the epicenter of the
seismic event occurred. Both scales, i.e. that of the whole region or that of municipality of L'Aquila, are relevant for the validation
aim, since they allow to check the capability of the model to correctly estimate varying different damage levels, from low-to-medium
in the area far from the epicenter to very severe, like that expected in the crater.

Overall, the results show a very good consistency between observed and calculated damage using the unified MARS-Schools
model. Although some methods were calibrated using observed data, the overall result was by no means guaranteed. From Fig. 14c, it
can be observed that only one model, specifically the EUCENTRE model for RC schools, tends to slightly underestimate the damage.
However, overall, this model also performs well. Given that the primary focus of the paper is on a large national scale, these results
are considered satisfactory. There were no strong reasons to assign different weights to the individual models, thus confirming the va-
lidity of the assumption introduced in Section 4.2.

5. Risk assessment at national scale

The MARS-Schools vulnerability model has been incorporated into an online platform, named IRMA (Italian Risk MAps) [120],
able to perform risk analyses for different assets according to the common probabilistic approach [121]. As better described below,
seismic risk (in terms of estimated damage distribution) is assessed through the convolution of three main parameters, i.e. exposure
(consistency and attributes of the asset at risk), seismic hazard (expected ground motion intensity in a certain interval of time at a
site) and vulnerability (expected physical damage of an asset as a function of a given intensity measure). Starting from damage distri-
bution, physical damage-consequence functions are used to obtain risk results in terms of direct economic losses, unusable buildings
(in the short and long period) and casualties (injured and deaths). According to the terminology introduced in Ref. [122], different
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types of assessments were carried out, namely: intensity-based risk, i.e., by considering seismic intensities related to events having a
selected return period; or time-based risk, i.e., by considering all events expected in an observation time window.

In the following, the main features of the IRMA platform are described (Subsection 5.1). Therefore, in Subsection 5.2, the current
results are illustrated in terms of expected damage distribution and usability rating. They were obtained by considering: the exposure
data from the Italian school buildings inventory set up by the Ministry of Education in 2005 (see Section 2.2); the seismic hazard intro-
duced by the MPS04 seismic hazard model ([123,124]), developed by INGV (National Institute of Geophysics and Volcanology),
along with the soil amplification map provided by Ref. [125] for the entire Italian territory; and the MARS-Schools vulnerability
model. Losses in terms of usability rating are estimated through specific damage-consequence functions based on the data from the re-
construction process after L'Aquila 2009 earthquake [111].

5.1. The IRMA platform for school buildings

IRMA (Italian Risk MAps) [120] is an online platform developed by the EUCENTRE, in close collaboration with ReLUIS, for the
ICPD. It is intended for the scientific community to generate risk maps and damage scenarios according to consensus models.

The computational engine of IRMA is OpenQuake [126] whose components have been fully integrated into the platform. The plat-
form consists of several tools for different assets, one of these dedicated to the seismic risk assessment of school buildings, named
“IRMA Schools” [56]. It is flexible and allows the user to create and, then, upload different exposure matrices and different sets of
fragility curves and combine them. The only two fixed elements are the exposure database and the seismic hazard model. The expo-
sure pre-loaded database is the Inventory of Italian schools provided by the Ministry of Education and described in Section 2.2. The
seismic hazard model is the MPS04 map ([123,124]), adopted on a national level by Civil Protection Ordinance [127] and by the New
Technical Standards for Construction ([53,54]). For the evaluation of local amplification effects in IRMA Schools, the shear wave ve-
locity at 30 m depth (Vs30) map developed by Ref. [125], with a grid of 50 m by 50 m, was included. The homepage of the platform is
presented in Fig. 16.

The two key elements that users define and upload to the platform are the exposure/vulnerability matrix and the set of fragility
curves that jointly describe the seismic behaviour of school buildings. The exposure/vulnerability matrix allows the user to select
from drop-down menus the characteristics that define the taxonomy of school buildings. The behaviour of sub-types is defined ac-
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Fig. 15. Simulation of the damage scenario with the MARS-Schools model and validation with the data of schools hit by the 2009 L'Aquila earthquake, for RC (a) and
masonry (b) schools in the city of L'Aquila.

cording to the taxonomy introduced in Section 2.2. and described using a combination of the twelve vulnerability classes introduced
in Section 4.2 (e.g. A-ductile, A-brittle, B-ductile, B-brittle).

The expected damage levels are five, in accordance with the EMS-98 [57], from DL1 (light damage) to DL5 (collapse). Fig. 17
shows the logical scheme of the platform: in blue the preloaded fixed elements and in green the variable elements that the user has to
fill in and load.

Once these two elements have been defined and uploaded, the user can start the calculation:

- by selecting the Region of interest (a specific one or all of Italy);

- by running the calculation on rock or considering soil amplification;

- by selecting the type of analysis, choosing between intensity-based damage (for specified return periods) or time-based damage
(for time windows of 1, 10, and 50 years).
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Fig. 16. Homepage of the IRMA Schools Web platform. Orange dots refer to school buildings collected in the inventory provided by the Ministry of Education. (For in-
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Fig. 17. Logical scheme of the IRMA School platform.

Three levels of visualization of aggregated results are provided: Municipality, Province, and Region. Finally, by combining the re-
sults in terms of damage, it is also possible to calculate the risk in terms of economic losses and impact on usability (i.e. Useable, Unus-
able, and Collapsed), as illustrated in more detail at Section 5.2.

In Italy, the built environment varies significantly from one Region to another due to socio-economic factors and, for older build-
ings, the availability of construction materials. Consequently, the platform allows for the use of different exposure matrices and sets of
fragility curves for each Region or group of regions (e.g., Regions in Central Italy near the Apennines have buildings with similar char-
acteristics). Therefore, results can be aggregated to create comprehensive maps for the entire territory.

5.2. Seismic risk results

The MARS-Schools model has been implemented into the IRMA-School platform [56] to demonstrate its potential for conducting
national-scale seismic risk assessments.

The results are specifically focused on RC and URM school buildings, for which the fragility curves and the MARS-schools model
presented in the previous sections can be directly applied. Consequently, the maps presented in the following refer only to the sample
of schools where the structural material is specified, namely 10,279 for URM (21 %) and 15,323 for RC (31 %). The remaining 48 %
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(22,536 schools) corresponds to either “other” structural types or buildings with missing structural material information (see Section
2.2 for the discussion on the completeness of the available inventory).

Fig. 18 shows the maps illustrating the intensity-based mean damage consequent to a seismic input corresponding to 475 years re-
turn period. Specifically, Fig. 18a/b/c refers to URM school buildings, while Fig. 18d/e/f to RC ones; the number of buildings associ-
ated to each DL is here aggregated at province scale. The Figure reports both results associated to DL2 and DL3 and the mean damage
(pp, which ranges from 0 to 5) computed from the overall distribution. To relate the pp value to a more concise damage concept, a
conversion is included in the legend that translates the value into a single discrete damage level. This approach follows the original
proposal of [59] which is based on the binomial distribution. The thresholds adopted for such a conversion are defined in the legend
of Fig. 18. Note that the areas marked in white indicate provinces where either no schools with the specified construction materials
are present or the database lacks data for these materials altogether. Focusing on Fig. 18c/f, it emerges that, apart from a few small
Northeastern provinces which exhibit the maximum damage levels (DL3 and DL4, i.e. the brown and yellow areas in Fig. 18c/f),
URM school buildings primarily located along the Apennines and in some provinces of Sicily are likely to experience DL2. In contrast,
for RC ones, DL2 is expected only in a few provinces.

In the case of schools, results aggregated in terms of plan area are interesting because this parameter can be easily correlated to the
number of people attending each school (students, and personnel). This is information potentially very relevant for estimating the ex-
pected seismic losses. To this purpose, Fig. 19 shows the intensity-based damage maps aggregated by province in terms of plan area,
separately for URM (Fig. 19a) and RC buildings (Fig. 19b).

Similarly to the results presented in Fig. 18, the areas mostly damaged are estimated in some Northeastern provinces while, in the
rest of the territory, a prevalence of DL2 is expected, especially in URM schools compared to RC ones. Since the data in terms of plan
area are available only for a small number of schools, there are many provinces for which the result cannot be aggregated (areas in
white, that in fact increase in number compared to Fig. 18). In addition, note that the IRMA-School platform performs the aggregation
only if the data on the plan area reaches a completeness percentage of at least 70 %. This value corresponds to the threshold assumed
for the estimate of a reference average value enough robust.

Robust consequence functions constitute the essential requisite to finalize the seismic risk assessment in terms of losses, and prof-
itably exploiting the damage estimate illustrated in Figs. 18 and 19. The availability of the damage observed after the 2009 L'Aquila
earthquake event was crucial for calibrating customized consequence functions for the school buildings. At the current stage of the re-
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Fig. 18. Intensity-based damage maps with 475-year ground shaking intensity for URM (a) and RC (b) school buildings. Results are aggregated by province in terms of
percentage of the number of buildings and refer to DL2 (a/d), DL3 (b/e) and the mean damage mD (c/f).
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Fig. 19. Intensity-based damage maps with 475-year ground shaking intensity for URM (a) and RC (b) school buildings. Results are aggregated by province and on the
plan area.
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search, the consequence functions and the related losses were determined only for usability outcomes. Based on data provided in Ref.
[66], which correlate the distribution of the usability rating coming from the AeDES forms into DLs, Tables 8 and 9 show the conse-
quences matrices considered for RC and URM school buildings, respectively. Each matrix illustrates the percentage of buildings in
terms of “Useable”, “Unusable-short time”, “Unusable-long time”, “Collapsed” usability ratings as a function of the damage level
(from DL1 to DL5). For completeness, the values in brackets indicate those adopted for residential buildings in the NRA2018 [41], pri-
marily based on data obtained from the reconstruction process following the 2009 L'Aquila earthquake [111]. Additional details on
the criteria used to define such values are provided in Ref. [128].

The consequence matrices defined for school buildings significantly differ from those used for the Italian residential ones
([60,129]), especially in the case of lower damage levels. For example, the consequence matrices for URM school buildings show low
percentages of “Unusable long time” at DL1 whereas for residential buildings, this does not occur until DL3. This difference may be as-
cribable to variations in the intrinsic vulnerability of school versus residential buildings, including that associated with the response
of non-structural components. Additionally, it may reflect the influence of other factors on usability judgments for strategic buildings,
such as risk perception in filling in the AeDES form, which often leads to assigning more cautious ratings.

Estimates of losses in terms of expected usability for the Italian school buildings are presented in Tables 10 and 11. Results refer to
time-based risk analyses and indicate the number of school buildings (and the related percentage over the total number of buildings)
for “Useable short time”, “Useable long time” and “Collapsed”. Two time windows have been adopted, 1-year and 50-years respec-
tively reported in Tables 10 and 11.

From the usability results associated to short- and long-time obtained from the risk analyses with 50-years time window, it
emerges that approximately 26 % of RC buildings and 31 %, of URM structures would be potentially unusable. For RC buildings, this
result primarily depends on damage conditions that can be repaired with short-time countermeasures (approximately 20 %) whereas
for URM schools, similar percentages are observed for both short- (15 %) and long-time usability conditions (16 %). Consequently, in
terms of expected unusability, URM school buildings would exhibit a higher risk compared to RC structures. On the other hand, for

Table 8
Consequence matrix defined for calculating the losses in term of usability, for RC schools. In brackets the values indicate those adopted in the NRA2018 for residen-
tial buildings.

Useable Unusable short time Unusable long time Collapsed
DL1 65 (100) 35 (0) 0 (0) 0(0)
DL2 0 (60) 80 (40) 20 (0) 0 (0)
DL3 0 (0) 35 (40) 65 (60) 0 (0
DL4 0 (0) 15 (0) 85 (100) 0 (0)
DL5 0 (0) 0 (0) 0 (0) 100 (100)

Table 9
Consequence matrix defined for calculating the losses in term of usability, for URM schools. In brackets the values indicate those adopted in the NRA2018 for resi-
dential buildings.

Useable Unusable short time Unusable long time Collapsed
DL1 40 (100) 50 (0) 10 (0) 0(0)
DL2 0 (60) 33 (40) 67 (0) 0(0)
DL3 0(0) 20 (40) 80 (60) 0(0)
DL4 0(0) 0(0) 100 (100) 0(0)
DL5 0 (0) 0 (0) 0 (0) 100 (100)
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Table 10
Usability rating at the national scale from time-based risk analyses considering a 1-year time window. The “Exposure” data refers to the total number of buildings
considered and the relative percentage with respect to the entire database (in italic and in bracket).

Unusable short- time Unusable longtime Collapsed Exposure (no. buildings)
RC 100 20 2 15323

0.6 % 0.1 % 0.01 % (32 %)
URM 50 40 1 10279

0.5 % 0.4 % 0.01 % 21 %)

Table 11
Usability rating at the national scale from time-based risk analyses considering a 50-years time window. The “Exposure” data refers to the total number of buildings
considered and the relative percentage with respect to the entire database (in italic and in bracket).

Unusable short-time Unusable long-time Collapsed Exposure (no. buildings)
RC 3115 965 70 15323

20 % 6.3 % 0.5 % (32 %)
URM 1510 1620 55 10279

15 % 16 % 0.5 % 21 %)

both RC and URM similar percentages (approximately 0.5 %) of collapses are expected. The above comments also apply in the case of
1-year time window.

Finally, Table 12 compares the risk estimate resulting for school and residential buildings. Results refer to the time-based risk with
50-years time window. Results for residential buildings have been obtained from MARS DPC-ReLUIS 2019-2021 project [129]. They
constitute an update of the NRA2018 and are currently the most consistent with the assessment conducted for school buildings. In
fact, analogous methodological approaches have been adopted to develop fragility curves (Section 3.1), the same conversion metric
has been implemented for defining the MARS-model (Section 4.2), and consistent criteria for the attribution of the soil class and seis-
mic hazard have been assumed (i.e. the ones implemented in the IRMA platform, Section 5.1). It is worth noting that Table 12 also
summarizes the estimate of losses for school buildings by assuming the same consequences functions of residential buildings (i.e. by
adopting the values in brackets of Table 8). This additional simulation is useful for quantifying the impact on the final result caused
by the differences previously discussed on these consequence functions. From Tables 8, it clearly emerges that the risk resulting in
Table 12 for schools - which is higher than that expected for residential buildings - is mainly ascribable to the difference in the conse-
quence functions rather than in the vulnerability model. In fact, the percentages summarized in Table 12 are overall consistent, with
the only notable difference being a slightly higher percentage for schools ascribable to the vulnerability components. This finding
aligns with what already emerged from a more detailed comparison of the fragility curves obtained through the empirical and heuris-
tic approaches by UniNA and UniGE-a [66] for school buildings, and those of the NRA2018 [60] for residential buildings. To summa-
rize, this study highlighted that school buildings are more vulnerable than residential ones in the case of slight to moderate damage,
though they are substantially comparable for highest DLs. Specifically, the architectural features of school buildings, such as like large
windows in infills or large spans between columns (especially in RC school buildings), may take them more susceptible to damage of
non-structural components.

6. Conclusions

In Italy, great attention is given to seismic risk studies. A valuable evidence of is the MARS (Seismic Risk MAps) project, funded in
2019-2021 by the Italian Civil Protection Department with the involvement of ReLUIS consortium with EUCENTRE foundation con-
veying the effort and expertise of several Italian researchers. The project also included a special task dedicated to the seismic risk as-
sessment of school buildings at the national scale.

The present paper outlines the methodological framework of this research, with a particular emphasis on the consensus-based vul-
nerability model defined and shared by all the eight research units involved in the project.

Table 12
Usability rating at the national scale from time-based risk analyses considering a 50-years time window. Results of school buildings refer to the use of consequence
functions consistent with those adopted for residential buildings (i.e. the ones reported in brackets in Tables 8 and 9).

Unusable short-time Unusable long-time Collapsed Exposure (no. buildings)
RC (residential) 136042 83708 7513 4284611
3% 2% 0.2 %
URM (residential) 447871 336590 46163 7903087
6 % 4% 0.6 %
RC (schoolx) 970 613 70 15323
6 % 4% 0.5 % (32 %)
URM (schoolx) 715 462 56 10279
7 % 5% 0.5 % (21 %)
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Based on the inventory of Italian school buildings provided by the Ministry of Education for the MARS research, dating back to
2005, a specific taxonomy was developed and a comprehensive set of archetypes representative of schools building in Italy was se-
lected. Fragility curves has been derived using 10 different models, 5 of them for URM and 5 for RC building types, belonging to
heuristic, mechanical, analytical, empirical and hybrid approaches. The paper critically examines the analogies and differences
among these methods. The methods used by the research units to derive the fragility curves were already developed in most cases in
previous research, although they were applied to different building typed (i.e., residential buildings). This paper presents the results
collectively for the first time, facilitating a comprehensive comparison of the whole set of fragility curves obtained in the MARS pro-
ject. The curves developed stem from approaches that are very different from one another, and in some cases, the resulting differences
are not null even within the same methodological approach. Many factors contribute to these differences, and at the current state of
research, it is not possible to further reduce some uncertainties in the knowledge. These differences, due to various factors as debated
in the paper, highlight the epistemic uncertainty in fragility curve derivation. Typically, current risk analyses rely on a single method,
often overlooking the potential bias this introduces.

The paper's key contribution is the creation of the “MARS-Schools model,” which integrates fragility curves into a unified frame-
work based on the six EMS-98 vulnerability classes. This model leverages results from multiple approaches and clarifies the impact of
taxonomy attributes. The MARS methodology offers a replicable process for other countries, emphasizing the need for diverse ap-
proaches to better understand seismic response variability and account for epistemic uncertainties.

Future research should aim to quantify this uncertainty more precisely and explore ways to minimize differences. The MARS pro-
ject's approach, which translates fragility curves into vulnerability class percentages, proves effective for comparing different sub-
types and communicating outcomes to decision-makers for risk mitigation planning.

Furthermore, the availability of this model enabled to carry out a risk analysis at a national scale. Specifically, the MARS-Schools
vulnerability model has been incorporated in the IRMA-School platform, a tool developed by EUCENTRE to perform risk analyses ac-
cording to the common probabilistic approach. Exposure data comes from the inventory of Italian school buildings set up by the Min-
istry of Education in 2005, while seismic hazard information is based on the MPS04 hazard map, released by the INGV and the soil
amplification map provided by Ref. [125] for the entire Italian territory.

Results from intensity-based risk analyses have been presented in terms of damage distribution for 475-years return period while
those from time-based ones for both 1-year and 50-years time windows. The results indicate that the expected damage tends to align
with the most hazardous areas, such as certain provinces of the Northeast of Italy and along the Apennines, in particular for URM
school buildings. Additionally, time-based analyses over 50-years time window estimate a significant percentage of schools becoming
unusable. Specifically, approximatively 26 % of RC buildings and 31 %, of URM buildings would be unusable due to the potential
earthquakes expected in the next 50 years. These results further confirm the bit greater risk for URM school buildings compared to RC
ones.

Risk results have been compared with those produced in 2018 for residential buildings and they highlight a higher seismic risk for
school buildings. This result is ascribable more to the different consequence functions adopted for two asset types than a strong differ-
ence in the vulnerability model. It is worth recalling that these consequence functions have been calibrated for the two architectural
types (i.e. residential and school buildings) based on real damage data.

Although significant progress was made in the 2019-2021 MARS project, the ongoing 2022-2026 MARS-2 project addresses vari-
ous challenges. A key development is the incorporation of a newly updated school inventory from 2022, provided by the Italian Min-
istry of Education, into the risk analyses. This updated database includes more comprehensive data, such as information on mainte-
nance status and retrofitting interventions, which enables a more accurate assessment of school vulnerabilities and associated risks.
Additionally, data on the most commonly adopted strengthening techniques is being collected and analyzed. The new registry will
also differentiate the functional areas of each school building, distinguishing between those used exclusively for educational purposes
and those that host collective spaces or are designated for specific activities, such as canteen, auditoriums, gyms, and/or swimming
pools. This will enhance the analysis of structural vulnerability by considering the key needs and vulnerabilities of these large-span
environments.

Finally, in order to enrich the available set of fragility curves, further non-linear dynamic analyses involving archetypes not con-
sidered in the 2019-2021 project are being performed. Further archetypes belonging to mixed building types or representative of
common practice in specific regions are also being selected and analyzed. That will contribute to extend the risk assessment to the
overall building stock since up to now it has been limited to RC and URM schools.
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ANNEX I. In plan view of prototype school buildings adoped for deriving the MARS-School model

Prototype buildings with area <500 sqm

o P S )

1k _‘ : } ‘ ‘ —
: ncLA:::\' — OW ]'=' e

Pvioad Vv ar 1 2 3

TN
.l.‘ = _7. l_q‘ " A

;_::.'.i.' | 5 It L . > ;l

L =

—_—— -: Y et ———— __,‘ =
T O // | — E—— E——
s s J‘r :[:*_g:ﬁ Foo 25m  5m
= 4 6 7 :
a) - —
Prototype buildings with area 500-1000 sqmn
= s e
{ =] ' g’
e
I':, 2 ‘,IE‘A ;\: Tr i‘u "‘Hw
T [—I_lI—[ '] sn_tom
~ w_— - —
Prototype buildings with area > 1000 sqm
r—T
:’r_j. oy B ]_ '—':_‘j .
| S e L n]an
) ‘—;" | l_.[ E_l :
I8 _ N 21 TTE
L S B '_[ H ) b “\'ljjj"}:' i3
FH_LT1: [T (! | |
L_Er ,_1_,__[.4 _{ -4 10 HL; 11 ,__;_ﬂ‘u \chuld 12
e

A 7.5m  15m
14 - —

Figure 1. Floor plans of URM school building archetypes distinguished by plan area < 500 sqm (a) plan area 500-1,000 sqm (b) and areas > 1,000 sqm (c).

No. archetype No. of storeys Age of construction Type of masonry (for the “as-built” configuration)
1 1 1961-1975 Hollow bricks

2 2/3 1946-1960 Stone ashlar

3 2 1946-1960 Solid bricks

4 1 After 1976 Regular masonry

5 2 1921-1945 Solid bricks

(continued on next page)
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Prototype buildings with area <500 sqm
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Figure II. Floor plans of RC school building archetypes distinguished by plan area < 500 sqm (a) plan area 500-1,000 sqm (b) and areas > 1,000 sqm (c).
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No. archetype No. of storeys Age of construction Design level (for the “as-built” configuration)
1 1 After 1976 Seismic

2 2 After 1976 Seismic

3 2 After 1976 Gravitational
4 2 1961-1975 Gravitational
5 2/3 1961-1975 Gravitational
6 1 After 1976 Seismic

7 2 1961-1975 Gravitational
8 3 1961-1975 Gravitational
9 2 After 1976 Seismic

10 2 After 1976 Gravitational
11 2 1961-1975 Gravitational
12 2 After 1976 Seismic

13 3 After 1976 Seismic

14 3 1961-1975 Gravitational
15 2 1961-1975 Gravitational
16 4 1961-1975 Gravitational
17 3 After 1976 Gravitational
18 4 1961-1975 Gravitational

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/].ijdrr.2024.104822.
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