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Abstract

Seismic events worldwide have shown that school buildings can exhibit vulnerability lev-
els even higher than ordinary buildings. This highlights the urgent need for reliable risk
analyses to guide decision-making in the implementation of large-scale mitigation poli-
cies. Developing seismic fragility curves that accurately reflect their typological and struc-
tural features is essential to achieve this. In this context, the paper compares two differ-
ent mechanical-analytical methods, namely the “DBV-Masonry” and “Firstep-M_PRO”,
which have been independently developed at the University of Genoa and at the Univer-
sity of Trieste, respectively. Among various possible methods, the mechanical-analytical
approach is chosen for its computational efficiency in assessing large portfolios and its
flexibility in capturing the features of specific buildings, such as schools (i.e. significant
inter-storey height and spacing between internal transversal walls). Both methods are ap-
plied to the same sample consisting of 101 unreinforced masonry (URM) schools located
in the Friuli-Venezia Giulia region (Italy). One of key-goals of the paper is to provide a
very comprehensive comparison of the similarities and differences between two methods
for deriving seismic fragility curves which refer only to the global in-plane response. The
impact of such an epistemic model uncertainty, together with the inter-building variabil-
ity, is thus quantified and fragility curves are also validated against results from previous
studies.
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1 Introduction

A significant part of worldwide population consists of school aged children (Alcocer et al.
2020), thus spending many time in school buildings. It is imperative to ensure the safety and
security of future generations when occupying such facilities. In contrast, reconnaissance
surveys after seismic events (as documented in Italy (Di Ludovico et al. 2019a, 2019b)),
reveal that strategic buildings, like schools, may exhibit vulnerability levels sometimes
comparable to or even higher than ordinary ones, emphasizing their crucial role in the terri-
torial seismic risk assessment at the territorial level. Vulnerability studies conducted world-
wide, such as those in Nepal (Gautam et al. 2020), Iran (Azizi-Bondarabadi et al. 2016),
Chile (Lopez-Almansa et al. 2020), Mexico (Alcocer et al. 2020) and Japan (Nakano 2020),
further confirm these findings.

Recent studies, like (Carofilis et al. 2020; De Leon and Donaji 2020; Gonzalez et al.
2020; Marasini et al. 2020), showcase increased attention to reducing risk and improving
resilience in school buildings. Worldwide initiatives, such as (WISS 2013; UNISDR 2014;
D’Ayala et al. 2020), focus on promoting “safer schools”. In particular, (D’ Ayala et al. 2020)
focuses on enhancing school safety in developing countries through the Global Library of
School Infrastructure (GLOSI), under the World Bank’s Safer Schools Program. It develops
tools for risk assessment, considering seismic and also floods and windstorms hazards, and
offers practical tools like survey forms and a mobile app to identify vulnerable schools and
plan interventions like retrofitting or relocation. The initiative (UNISDR 2014) emphasizes
the importance of aligning the 2030 Agenda with the Sendai Framework to integrate Disas-
ter Risk Reduction (DRR) into school planning. This has to be addressed by embedding
DRR in the Sustainable Development Goals SDG 4 (inclusive and equitable education) and
SGD 11 (inclusive, safe, resilient, and sustainable cities), and advancing resilient infrastruc-
ture and risk management; it calls for inclusive, coordinated actions among stakeholders to
ensure safe, resilient schools. To conclude, (WISS 2013) highlights the Worldwide Initia-
tive for Safe Schools (WISS), promoting political commitment, technical assistance, and
knowledge-sharing to prioritize and implement global school safety initiatives.

The development and application of fragility curves is a well-recognized widespread
strategy to perform reliable risk analyses and supporting decisions in large-scale risk mitiga-
tion policies (Rossetto et al. 2014; D’Ayala et al. 2015; Maio et al. 2017; Martins and Silva
2018). To provide reliable estimate, it is essential that fragility curves adequately reflect the
characteristics of the specific building stock under consideration. To date, limited literature
has concentrated on the fragility of school buildings and, in particular, of URM schools,
although these structures are widely spread throughout the world. Valuable resources
include empirical fragility curves, derived from direct damage observation, such as those
for Peruvian (Mufioz et al. 2007) and Nepalese (Giordano et al. 2021b) school buildings. In
Italy, the works done by (Di Ludovico et al. 2023) and (Gioiella et al. 2023) were addressed
to exploit the damage data available for the school buildings stock of Abruzzo region — hit
by L’Aquila earthquake in 2009 — and Central-Italy area — hit by some seismic events in
2016-2017 — to derive empirical fragility curves. However, due to their typically limited
stock, these curves face the challenges of less statistically robust data compared to ordinary
buildings. As a result, mechanical approaches, whether numerical or analytical models (e.g.,
Michel et al. 2017; D’Ayala et al. 2020; Hannewald et al. 2020; Yekrangnia et al. 2021;
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Giordano et al. 2021a), have a high potential in capturing the effects of specific features
influencing the seismic vulnerability of these buildings.

Recognizing the significant importance of risk and resilience assessments for the national
school infrastructure, the paper presents a comparative study on the use of two mechanical-
analytical based methods for assessing fragility curves of URM schools. Both of them have
been adopted in the MARS (Seismic Risk Maps) project (Masi et al. 2021), that recently
supported the Italian Department of Civil Protection in addressing the National Risk Assess-
ment for the seismic risk of ordinary (Lagomarsino and Masi 2021) and school buildings
(Cattari et al. 2024). In the MARS project, a consensus-based vulnerability model, integrat-
ing five methods from various research units and approaches, has been developed to define
fragility curves that can serve as national-scale reference. Two of these methods are the
mechanical-analytical models herein used, specifically the “DBV-Masonry” (Displacement
Based Vulnerability) model and the “Firstep-M_PRO” method, developed by the University
of Genoa (UniGE) (Lagomarsino and Cattari 2014) and the University of Trieste (UniTS)
(Gattesco et al. 2011, 2014), respectively. Both the methods are particularly suitable for
territorial-scale seismic risk assessments, due to the low computational effort and the lim-
ited number of mechanical and geometrical parameters required.

In this paper, these methods are applied to assess the seismic vulnerability of a specific
sample of 101 unreinforced masonry (URM) school buildings in the Friuli-Venezia Giulia
(FVG) region, in northeastern Italy, referred to as the “FVG sample”. The potential of these
two methods to pass from a national to a regional scale is thus investigated.

The aim of this work is to provide a detailed presentation and discussion of the two
analytical-mechanical methods, highlighting their capabilities and comparing the assump-
tions underlying each. The results obtained from their application to the FVG sample are
compared to evaluate their similarities and differences in terms of both fragility curves and
territorial seismic risk assessment. The detailed content of the sections comprising the arti-
cle is described below.

Section 2 offers a detailed analysis of the structural features of the FVG sample, such as
construction age, number of stories, planimetric shapes, and masonry types. Additionally, it
discusses the taxonomy used to classify these school buildings into sub-typologies, based on
structural material, number of stories, and plan area. On these three fundamental attributes,
the FVG sample is compared with data from school buildings at both regional and national
scale, to assess its representativeness.

Section 3 presents a comprehensive overview of the two mechanical-analytical methods
that were used to draw the fragility curves for the FVG sample. Both methods stand on the
simplified calculation of the buildings capacity curves and the generation of fragility curves
using a lognormal cumulative distribution, i.e. defined by median value of the intensity mea-
sure (IMp;;) linked to a 50% probability of reaching the examined damage level (the Peak
Ground Acceleration — PGA — in this paper), and its standard deviation (f;;). Specifically,
four damage levels are considered aligned with the EMS98 scale (Grunthal 1998). The pri-
mary goal is to describe and compare the two methods, focusing on their ability to account
for material and geometric nonlinearities in a building’s dynamic response to an earthquake.
Comparisons with detailed models, carried out with the Tremuri software (Lagomarsino et
al. 2013), are also shown for four case study buildings.

Section 4 examines how the different structural parameters influence fragility curves,
highlighting the importance of reliable assessments of specific parameters —such as masonry
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typology, plan shape, construction age, and covered area—in determining seismic vulner-
ability. The overall goal is to understand the key factors that contribute to the seismic vul-
nerability of school buildings and, as well as to provide insights for future regional data
collection and seismic risk assessments.

Section 5 compares the fragility curves obtained from the two mechanical-analytical
models with each other and with those found in the literature for the Italian school building
stock, particularly the fragility curves developed within the MARS-Schools project (Cattari
et al. 2024), analyzing similarities and differences.

To conclude, Sect. 6 provides an example of how the vulnerability models can then be
applied for the seismic risk assessment at the territorial scale, including expected damage,
building usability, and related uncertainties.

2 Overview of the Italian masonry school buildings stock and
description of the sample

Thanks to the collection of data on Italian school buildings that was carried out by MIUR
(Ministero dell’Istruzione e del Merito), a database describing the school buildings in Italy
is available. To date, the data have been gathered in a computerised way, and the collection
of this information has been carried out by school managers or technicians appointed by
the school. The AES inventory (Anagrafe dell’Edilizia Scolastica, i.e. the School Buildings
Registry, edited by the Italian Ministry of Education in 2005 — (Portale Unico dei Dati della
Scuola 2024)) reports approximately 50000 school buildings in the Country, with around
21% being masonry buildings. The distribution of the total URM school building stock by
age is (Fig. 1a): 20% before 1920, 18% 192145, 24% 1946—60, 20% 1961-75, 8% after
1976; additionally, 10% have unknown age (NA). It is observed that, from 1976 onwards,
the prevailing construction system is reinforced concrete, thus the number of masonry
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Fig. 1 Distribution of the main characteristics of the school buildings in the FVG sample (in black) and
at both regional (AES Reg, in light grey) and national (AES_Nat, in dark grey) scale, referring to the
construction age (a), storeys number (b) and covered area at the ground floor (¢). The total number of
Structural Units (US) is also reported for each group
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school buildings consistently decreases. Moreover, since the seismic design in Italy began
gradually to take hold from 1976 (subsequently to the Friuli earthquake), it can be inferred
that most of these buildings were designed only to withstand gravitational loads. Within this
stock, there are different plan sizes (Fig. 1c), ranging from single-storeyed to five-storeyed
URM school buildings (Fig. 1b), but the most common is the two-storeyed type with a plan
area lower than 500 m?. Also, many of these school buildings share common characteristics:

Low-rise, with a maximum of three stories;

Significant inter-storey height;

Substantial distance between transverse walls (larger than URM residential buildings);
Rigid floors;

Elongated rectangular plans or irregular plans (“T,” “L,” “C” shapes, or with central
courtyard or internal court).

e Internal walls with very limited openings, main fagade with several openings.

The buildings sample specifically analyzed in the following to draw the fragility curves,
is composed of masonry school buildings selected from the FVG regional database pro-
vided by UniTS, since detailed information on the structural characteristics is available.
The database was originally prepared within the ASSESS (Analysis of Seismic Scenarios
for Strategic School Buildings) research project (Grimaz et al. 2016) (2008-2011), funded
by the FVG Civil Protection Agency in order to study the seismic risk of school buildings
and define the intervention priorities for seismic risk reduction, considering hazard, vulner-
ability and exposure. Among the tasks, the project also included the collection of in-depth
information concerning the structural characteristics of a group of school buildings, identi-
fied as representative of the regional asset: this consisted in both research and analysis of
design documentation and on-site surveys and inspections. The collected data for each of
these representative school buildings include localization, estimation of construction age
and of the main interventions and subdivision into Structural Units (USs). Furthermore,
each US is described by means of geometric features (walls/columns position and cross
section), number and height of storeys, typology of walls/columns (including the masonry
type) and of floors and roofing, with respective estimated seismic loads.

The consistency of the ASSESS database is preliminary analyzed. To this purpose, the
taxonomy adopted for grouping the school buildings into sub-typologies is based on the
general data available in the AES inventory, namely: structural material (e.g., reinforced
concrete, masonry, steel), number of stories (i.e., 1,2,3,>4), plan area (i.e., <500 m?,
500-1000 m?, 1000-2000 m2, 2000-5000 m? and 5000 m?). Moreover, sourcing from the
ASSESS database, also the planimetric shape, the masonry typology, the load-bearing wall
ratio and the mean inter-storey height are considered.

It is observed that the ASSESS database consists mainly of reinforced concrete and
masonry school buildings, and, to a small extent, of mixed reinforced concrete-masonry
school buildings. This paper examines only the structures with an exclusive or predominant
masonry construction system, for a total of 101 US (i.e. the “FVG sample”). To analyze
the representativeness of the FVG-sample at both the regional (AES_Reg) and national
(AES_Nat) scale, a comparison is plotted in Fig. 1 (all information are taken from the AES
inventory). When comparing the 101 school buildings of the FVG sample (black bars) with
AES Reg (375 schools — light grey bars), a good correlation can be observed on the number
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of storeys and the age of construction; slightly different results are obtained on the covered
area. When comparing the sample with AES Nat (10352 schools — dark grey bars) a good
correspondence is obtained; this denotes that the sample well reflects also the characteristics
of the Italian masonry school constructions.

Table 1 gives an idea of the distribution of the 101 analyzed school buildings belonging
to the FVG sample, showing the number of school buildings defining each sub-type accord-
ing to number of floor and age of construction, to identify the most representative sub-types.

Figure 2 shows a graphical representation of the main sample characteristics: for the dis-
crete parameters (plan shape and masonry type), a percentage distribution is adopted, while
for the continuous, geometric parameters, a lognormal distribution is applied (characterized
by a median value and a standard deviation). The choice of lognormal distribution is based
on the fact the analysed values are strictly positive (so, normal distribution is not suitable).

The school buildings’ distribution based on the construction age is approximately evenly
distributed among the four periods before 1976 (slightly lower in 1921-1945) (Fig. 1la —
black bars). The structures are mainly characterized by low 1- or 2-storeys (Fig. 1b) and
are predominantly small in plan size (Fig. 1c). As far as the planimetric shape is concerned
(Fig. 2a), it was noted that, in addition to the compact rectangular, quadrangular with pro-
jections and irregular planimetric shape, there are also several buildings with an elongated
rectangular shape. In fact, such shape is particularly suited to school needs, allowing the
arrangement of many classrooms along a corridor. Examining the prevailing masonry typol-
ogy (Fig. 2b), the predominant is solid brick with lime mortar, followed by hollow brick and
stone masonry, which includes different types, such as rubble stone or ashlar stone. More
than 90% of the structures have reinforced concrete floors (mainly with R.C. ribs and hollow
clay blocks, less frequently predalles slabs); the roof is made of similar R.C. typologies in
about 75% of the buildings, but also traditional timbers roofs are found in~20% cases. As
it is reasonably assumed, the percentage of load-bearing walls at the ground floor in respect
to the total plan area (Fig. 2c) tended to increase with the number of stories (median values,
3.5-4.6-6.2% for 1-2->3 storeys school buildings, respectively); however also dispersion
increases with the storeys. Conversely, the median height of the ground floor results about
3.6 m, regardless of the number of stories (Fig. 2d). The ratio between the main plan dimen-
sions (circumscribed rectangle) is often below 2 (median 1.9 m), but can sometimes be
even more than doubled (elongated shape school buildings) - Fig. 2e. The small eccentricity
between centers of mass and stiffness (median value=0.27 m) indicates in many cases a
balanced distribution of the load-bearing walls in plan (Fig. 2f); however, dispersion is quite
large for this parameter.

For completeness, this paper is accompanied by an annex containing supplementary
material. The material includes the specific characteristics of each school building analyzed,
i.e. number of storeys, age of construction, ratio of x- and y-sides in plan, regularity in
height, type of masonry, planimetric shape, prevailing type of floors and roofing, type of
roof covering, inter-storey heights, covered area, seismic weight, percentage of resistant
area and eccentricity in x-direction and y-direction.

Table 1 Sample representative- Before 1921  1946- 1961  After
ness by sub-typologies based on 1920 1945 1960 1975 1976
age of construction and number NI (I-storey) ) > 3 . 3
of floors
N2 (2-storeys) 11 10 13 15 1
N3+ (>3-storeys) 12 6 4 3 -
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Fig. 2 Percentage distribution of the FVG sample, according to the planimetric shape (a) and prevailing
masonry typology (b); lognormal distribution of the sample in terms of percentage of resistant area (c),
inter-storey height (d), ratio between the two X- and Y-sides (e), and eccentricity (f). Median values and
standard deviations, 3, are provided for both the whole sample and as the storeys number floors varies

Figure 3 shows some case studies from the FVG sample representative of different
planimetric shapes: compact (Fig. 3a), quadrangular with projections (Fig. 3b), irregular
(Fig. 3¢), and rectangular elongated (Fig. 3d); specifically, the four school buildings listed in
the second column are later analyzed in detail, to validate and facilitate direct comparisons
between the two mechanical-analytical models.
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(d)

Fig. 3 Examples of different school buildings planimetric shapes: compact rectangular (a), quadrangular
with projections (b), irregular (¢) and rectangular elongated (d). It is observed that the four school build-
ings shown in the second column are the case studies analysed in detail in §3.1

3 Methods: similarities and differences between the two approaches

This section provides a detailed description of the seismic vulnerability assessment methods
applied for analyzing the FVG school building sample.

It is worth to note that the two research groups worked independently, defining autono-
mously the procedures and analysis parameters and only sharing the same available data on
school buildings; only at the end, they compared the results. Intentionally, some assump-
tions have not been strictly enforced to be identical in order to quantify the impact of the
epistemic uncertainty inherent in different methods when applied with equally reasonable
hypotheses.

To better understand the outcomes, a comprehensive overview of the main assump-
tions and simplifications underlying the two mechanical-analytical models adopted, named
“DBV-Masonry” (Lagomarsino and Cattari 2014; Cattari et al. 2021a) and “Firstep-M_
PRO” (Gattesco et al. 2011, 2014), is presented.

Both methods initially rely on the definition of a capacity curve, to which a nonlinear
static procedure is then applied to derive the fragility curve. Section 3.1 delves into the fun-
damental principles of the two methods in defining the capacity curves, highlighting both
similarities and differences; in Sect. 3.2, the comparison focuses on the derivation of the
fragility curves. Both methods offer the possibility of considering the specifics of each indi-
vidual structure in the sample, not only from the perspective of the mechanical properties
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but also taking into account the geometric characteristics. Such information is integrated
into the analytical process using data extracted from the building’s floor plan. However, the
level of approximation may vary, depending on the method. Regarding the DBV-Masonry
model, in the context of the study here presented, it was applied using precise geometric data
extracted from the floor plan, thus referring to each prototype building in the sample. As a
possible alternative, the method also allows for a more flexible application without the need
for a specific floor plan. In this case, representative reference parameters for a particular
class of building are adopted (e.g., load-bearing areas of the masonry, average mechanical
parameters, average corrective coefficients for plan irregularity), thereby reducing the com-
plexity of the required data (Cattari and Alfano 2025a). Conversely, the Firstep-M_PRO
model always requires the precise in-plan distribution of the load-bearing walls, resulting in
a more accurate consideration of the specific geometric features of each analyzed building.

3.1 Definition of the capacity curves

The Firstep-M_PRO method and the DBV-Masonry model adopt a simplified mechanical-
analytical procedure to determine the capacity curves for the in-plane wall response in the
two main directions of the structure. They both refer to the strength of the masonry piers to
determine the in-plane response of the walls. This strength depends on various factors, such
as the geometry, the mechanical characteristics, the axial load, and the degree of restraint to
which they are subjected, which can lead to the activation of different mechanisms, either
flexural or shear.

The determination of the load bearing capacity of the masonry piers requires for both
methods, the geometric description of the piers (in-plan position, length and thickness) and
the identification of the masonry type(s) to assign the mechanical characteristics and self-
weights. Moreover, the definition of the floors’ perimeter, orientation and the identification
of the floors type(s), to assign loads, is needed. Figure 4 shows the input data required for
both approaches and the formulation used for the definition of base shear (Vyx where x
indicates the direction of horizontal actions).

Starting from the fundamental principles of the mechanical response of masonry build-
ings, the two models implement these principles in different ways. Regarding the calcula-
tion of the base shear (V}), the DBV-Masonry method is based on the summation of the
cross-section of the masonry piers in each direction (Fig. 4 - A ), considering an average
vertical stress at the ground floor level (0;y,cqr ). This stress accounts for the self-weight of
the piers, of the floor loads, and of the spandrels weight (estimated as a percentage of the
resistant area of the masonry piers). Each pier is associated with its type of masonry (i.e.,
mechanical parameters and specific weight), and depending on the floor type and orienta-
tion, the percentage of load absorbed by the elements in the X and Y directions is calculated.
For the different types of floors, a load distribution method is defined based on the typologi-
cal characteristics. For example, if the structure features a single-deck wooden floor, 90%
of the weight is assigned to the load direction and the remaining 10% to the other direction;
conversely, if a reinforced concrete floor with hollow blocks is present, the load is evenly
distributed between the two directions. Therefore, although the DBV-Masonry method
assesses the compressive stress of the masonry piers and their strength through an average
value, this evaluation takes into account the presence of different types of masonry and
floors. Subsequently, the shear capacity is explicitly calculated based on the Turnsek and
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Fig. 4 Input data required for simplified mechanical-analytical models and definition of base shear (V3)
according to the two approaches

Cacovic criterion (Turngek and Cagovi¢ 1971), assuming f;, = 1.5 - 7y as per Circular of the
Italian Structural Technical Code (Circolare 2024) (Eq. (1) in Fig. 4), that requires the defi-
nition of the shear strength of masonry (74) for interpreting the diagonal cracking (DC) fail-
ure mode; the potential activation of bending mechanisms (F) is instead considered through
the application of some corrective factors (k; with i=1,..,4 (Cattari and Alfano 2025b)).
Regarding the assumptions related to the static scheme of the masonry piers, specific coef-
ficients are applied to the global base shear, based on the degree of coupling provided by the
possible presence of tensile-resistant elements coupled to the spandrel beams. Specifically,
the absence of elements such as reinforced concrete ring beams or tie rods (referred to as
“LQD” - Low Quality Details), or the poor quality of the masonry spandrels, leads to the
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definition of corrective factors that account for a dominant flexural response of the masonry
piers. Conversely, the systematic presence of effective horizontal ties, such as reinforced
concrete ring beams (referred to as “HQD” - High Quality Details) leads to behavior closer
to the shear-type scheme; intermediate behavior is possible as well. Moreover, the capac-
ity curve exhibits a reduction in maximum strength after reaching a severe damage state
(DL3), which is calibrated as a function of quality of structural details and assumes that the
mechanical capacities of the uncracked structure are compromised (Fig. 4).

On the other hand, the Firstep-M_PRO approach evaluates the normal stress acting on
each pier, taking into account the masonry self-weight and the floor loads by influence area,
which is automatically calculated by the tool (the load distribution ratio between bearing
and unbearing walls directions can be set). Then, the in-plane lateral behavior of each pier
is determined, in a simplified way, by assuming an elastic-perfectly plastic behavior till
ultimate displacement (and eventually a residual strength after reaching severe damage),
considering the weakest mechanism between diagonal cracking and bending (according
to (NTC 2018)). In particular, the Turnsek and Cacovic criterion is applied for shear (Eq.
(2a) in Fig. 4); for bending, the resistance of a cross-section without tensile strength and
subjected to combined compression and bending is considered (Eq. (2b)). The total lateral
force on the floor (floor shear) is the sum of the forces acting on the piers in the considered
directions. It is worth to note that the in-plane lateral behavior of a pier strictly depends
on its effective height and its static scheme (influenced by the coupling effect provided by
spandrels). Thus, to set realistic assumptions, a series of case studies owning to the consid-
ered masonry school building database have been modeled and analyzed according to more
refined methods (i.e. the Equivalent Frame method with lumped plasticity (Magenes 2000;
Belmouden and Lestuzzi 2009; Raka et al. 2015; Cattari et al. 2021b)). From such analyses,
it emerged that the effective pier height can be assumed, on average, approximately equal
to 0.85 the inter-storey height. Besides, the bending moment distribution along the pier well
accords to a shear-type scheme in single-storey school buildings (strong spandrels assump-
tion — 0.=2), while an intermediate scheme between shear-type and cantilever in case of
multi-storey school buildings (partially effective spandrels — a=1.6).

As previously introduced, both methods require the definition of reference masonry
strength parameters. For the application presented in the paper, they have been assumed
referring to the values proposed into the Circular of the Italian Structural Technical Code
(Circolare 2024) for existing URM structures. This document recommends a range of varia-
tion for the elastic moduli and strength parameters, along with corrective factors to account
for the presence of good quality of mortar, good transversal connection, etc. The procedure
for determining the median value differs slightly between the two methodologies. In the
DBV-Masonry model, based on the range of parameter variations proposed by the Code,
the interval is adjusted according to the knowledge of the specific characteristics of the
masonry by applying the corrective coefficients provided in (Circolare 2024). If informa-
tion about the presence of factors that improve the masonry’s behavior is not available, the
corrective coefficients proposed by the technical standards are applied only to the maximum
value of the range. This procedure allows for a narrower range of variation when the level
of knowledge is higher. Conversely, in the cases of limited data, the lack of knowledge leads
to greater uncertainty (i.e., a wider range). This range of variation is considered in calculat-
ing the dispersion of the fragility curve (see Sect. 3.2). Conversely, in the Firstep-M_PRO
approach, the masonry mechanical parameters are selected in a deterministic way, starting
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from the mean values suggested by the Italian technical standards and applying the correc-
tive coefficient for good mortar, as it emerged from the inspections.

Regarding the elastic stiffness of the capacity curves, the DBV-Masonry method essen-
tially evaluates the global shear stiffness of the system by calculating the stiffness of the
equivalent oscillator explicitly accounting only for the shear component and, then, incor-
porating some corrective factors (namely, ks, kq (Cattari and Alfano 2025b)) to account for
the stiffness effects related to the flexural component and the coupling effect provided by
spandrels to piers. The Firstep-M_PRO approach, on the other hand, considers both the
flexural and shear contributions of each masonry pier.

Lastly, with respect to the ultimate displacement of the capacity curve, the DBV-Masonry
model computes it as a combination of two basic deformed shapes, which are aimed to
describe the typical failure modes: the Weak Spandrel — Strong Pier (WSSP) and Strong
Spandrel — Weak Pier (SSWP). The relevance of one over the other depends on the building
structural details, which affect also the dominant failure mode expected for the piers (i.e.
diagonal shear failure or bending failure). Moreover, the deformed shape displacements
are calculated by assuming inter-storey drift limit values differentiated by masonry type
and consistent with experimental results available in the literature (Morandi et al. 2018;
Rezaie et al. 2020). Additionally, the effective inter-storey height is considered to be 80%
of the total inter-storey height when calculating the ultimate displacement in the case of a
weak storey mechanism. Since it considers median floor values, the DBV-Masonry model
performs the analysis referring to a single-degree-of-freedom system, assuming a triangular
modal shape (consistent with the first vibration mode). Additionally, although in a simplified
way, it also considers the eccentricity between the centers of mass and stiffness, by applying
a corrective coefficient (k) to the structural resistance. The coefficient is estimated by using
a formulation originally proposed in the Guidelines document for Seismic Risk Assessment
and Reduction of Cultural Heritage (Guida 2011) or is calibrated on the basis of expert
judgement, if the plan of the building analyzed is not available.

For the Firstep-M_PRO model, the ultimate displacement capacity of each pier is cal-
culated on the basis of the weakest mechanism between shear and bending. The ultimate
drift values are those suggested by the Italian technical standards (NTC 2018): 0.005 and
0.01, respectively. In addition, where the shear failure occurs, a residual strength of 80%
is assumed till a drift of 0.008. Thus, once the capacity curve of every single pier is deter-
mined, the tool calculates the lateral capacity of each storey, under the hypothesis of global
behavior (i.e. floors sufficiently stiff and effectively connected to the walls). So that, once
the control displacement (i.e. that of the floor mass center) is known, it is possible to evalu-
ate the actual displacement and the corresponding individual force of each pier. Operatively,
once the coordinates of both center of mass and rigidity are determined, two independent
analyses begin, referring to the two main directions. For each, a first elastic analysis is
performed by searching for the control displacement corresponding to the first attainment
of the lateral resistance in a pier (both translational and torsional contributions generated
by the eccentricity are considered). Then, the analysis prosecuted by incremental steps of
the control displacement: for each step, the center of rigidity and the floor rotation are itera-
tively updated considering the current displacement and respective force level of each pier.
The floor shear is updated consequently. The floor capacity curve is obtained as the step-
by-step trend of the floor shear, varying control displacement. As the direct combination of
the elastic-perfectly plastic piers’ capacity curves, the floor capacity curve results in a multi-

@ Springer



Bulletin of Earthquake Engineering (2025) 23:2611-2646 2623

linear curve. It is characterized by an initial, linear branch, in which all the piers perform in
their elastic range. As the analysis progresses, the resistance still increases and the stiffness
decreases, as the different piers reach their yielding. At a certain step, the global resistance
stabilizes around a nearly constant value. which is approximately maintained, resulting in
a “pseudo-plastic” stage, until a pier reaches its ultimate displacement capacity, causing a
global resistance reduction. The resistance reduction progresses as other piers reach their
ultimate displacement. For single-storey structures, the floor capacity curve corresponds
to the capacity curve of the building. Otherwise, separate analyses are conducted for each
storey. Then, to evaluate the base shear associated with a generic storey, the floor shear is
scaled according to a triangular distribution of the lateral forces (roughly representative of
the first vibrational mode). Then, the base shear force referred to the weakest storey(s) can
be selected; moreover, the displacements of the weaker storey(s) are summed to those of the
over-resistant ones (assumed to behave elastically). Considering the approximation of the
analysis, an almost simultaneous collapse of multiple storeys is assumed when their respec-
tive base shears differ by less than 25%. The base shear force-displacement capacity curve
of the multiple degrees of freedom system is converted to one degree of freedom, assuming
that the structure responds to earthquake mainly according to the first translational mode.

Once the capacity curve is calculated analytically, both methods define “target” points,
that coincide with the achievement of specific Damage Levels (DLi, i=1 ... 4), intended
to be consistent with the four damage levels defined by EMS-98 (Grunthal 1998): namely,
slight (DL1), moderate (DL2), heavy (DL3) and very heavy (DL4) damage. For the DBV-
Masonry model, DL1 and DL2 are determined based on the yield displacement (D)) on
the bilinear capacity curve and are thus directly related to the mechanical and geomet-
ric parameters on which the model is based. Specifically, DL1 corresponds to 0.7 of the
yield displacement (DLI=0.7*D,), while DL2 depends on the coefficient c,, which var-
ies according to the prevailing global failure mode (DL2 =c,*D)). For c,, a value ranging
from 1.1 to 2 is proposed, transitioning from the SSWP failure mode to the WSSP mode
(Lagomarsino and Cattari 2014). When the predicted failure mode is SSWP, damage to the
piers occurs suddenly; conversely, in the case of uniform mechanisms (WSSP), damage
develops progressively in the spandrels and subsequently leads to the collapse of the piers
in the final stage. This justifies positioning DL2 closer to the yield point for SSWP mecha-
nisms and, conversely, farther away for WSSP mechanisms. Additionally, damage to the
piers can significantly compromise the building’s operational requirements, further justify-
ing why DL2 is positioned closer to DL1 in the case of the SSWP failure mode. Regarding
the more severe damage levels (DL3 and DL4), as aforementioned, they are calculated
based on the drift limit thresholds, which differ according to the type of prevailing failure
mechanism (SSWP or WSSP). The prevalence of one mechanism over the other is governed
by the coefficient egpy, (Global Failure Mode), which ranges from 0.3 to 0.8 (Cattari and
Alfano 2025b), with the formulations DL3 =&z, *DL3gqpp + (1- gy *DL3 yg5p and simi-
larly DL4 =& *DLA sspp+ (1-€pp) *DLA ysp. The displacement DL, y5p is calculated
assuming a linear deformed shape at collapse, while the displacement DL; gqp is evaluated
assuming a soft storey mechanism located at ground floor. The value of the coefficient ggpy
is lower when a uniform mechanism (WSSP) is expected to activate, whereas it is higher in
cases where the prevailing collapse mechanism is a soft storey (SSWP).

For the Firstep-M_PRO model, the target points are determined as follows: DL1, is
assumed to be reached in the global capacity curve when a reduction of about 30% (com-
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pared to the global initial stiffness) is attained; for the analyzed structures, this reflects the
condition that very few piers reach the yielding point of its own capacity curve. The attain-
ment of DL2 is associated with the beginning of the “pseudo-plastic” stage of the global
curve (i.e. first point of nearly-zero tangent stiffness); it reflects the status that many the
piers reached yielding. DL3 is the point where a gradual decrease in resistance starts, or the
point corresponding to ¥ of the displacement where a sudden resistance decrease begins;
DL4 is the point where a sudden decrease in resistance occurs, or where the residual resis-
tance is at least 75% of the maximum resistance.

It is worth noting that both methods mechanically determine the seismic behavior of the
structure by considering the in-plane response of the walls. However, the DBV-Masonry
model also introduces a corrective coefficient for reducing the ductility of the structure
to account for the possible premature activation of out-of-plane mechanisms in the walls
(Cattari and Alfano 2025b). This method, although simplified, aims to assess how specific
typological and/or morphological characteristics of the structure may allow for the activa-
tion of out-of-plane mechanisms. These reduction factors have been defined based on expert
judgment, supported by empirical evidence (Sbrogio et al. 2024) and by analytical models
(Follador et al. 2023), and are applied when there are inadequate construction details and/or
poor masonry characteristics that may lead to poor transverse connection quality between
two orthogonal walls. Additionally, ductility reductions are also considered for certain types
of floor systems that may exert thrusting actions on the walls, such as vaulted systems, or in
the case of flexible floors, to account for a more limited ultimate displacement capacity due
to the modest ability to redistribute actions among the walls and the possible occurrence of
localized damage in individual walls. Conversely, the Firstep-M_PRO model relies on the
assumption of the global response of the structure, neglecting out-of-plane failures.

Some comparisons of the capacity curves obtained from the two simplified mechanical-
analytical models for four selected prototype buildings within the FVG sample are made in
Fig. 5. The geometrical and typological characteristics of these school buildings are thor-
oughly described in (Giusto et al. 2024a). The main objective is here to assess the compa-
rability of the results each other, despite some different underlying assumptions, and also
their consistency with respect to more accurate methods to analyze the seismic capacity
of the structures. In particular, the detailed modeling of these structures was performed by
adopting the Equivalent Frame Modeling (EFM) and carrying out analyses by using the
Tremuri software (Lagomarsino et al. 2013). Pushover non-linear static analyses have been
performed by considering two load patterns (i.e. one proportional to the masses along the
height — “mass”- and the other pseudo-triangular inverted miming the first modal shape
— “modal”). The EFM model allows to explicitly account for several factors that a simpli-
fied mechanical-analytical model necessarily neglects or approximates, such as the effect of
axial force redistribution along the analysis, the progressive damage of panels (both span-
drels — that may progressively alter also the static scheme of vertical elements — and piers).

The DBV-Masonry model requires specific information about construction details that
affect the effectiveness of spandrel elements to describe the structural behavior. Since such
information was not always available for the FVG sample, each school building was ana-
lyzed in both “LQD” and “HQD” configuration. In the HQD case, the capacity of the span-
drel elements is linked to the presence of resistant construction elements that provide tensile
strength; therefore, a behavior closer to the SSWP limit case is expected. Conversely, in
the absence of any tying element (LQD), a behavior closer to the WSSP limit case is likely
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Fig. 5 Comparison in terms of capacity curves between the two simplified models (DBV-Masonry and
Firstep-M_PRO) and with the capacity curves obtained from detailed models (EFM with Tremuri), for the
four case study buildings. The main characteristics are also reported (3d view, material, age of construc-
tion, percentage of resistant area in x and y direction, ground floor interstorey height)
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expected. In Fig. 5, for both the DBV-Masonry model and the detailed analyses with the
Tremuri software, the capacity curves determined for both LQD and HQD are presented.
The Firstep-M_PRO model, on the other hand, considers an intermediate condition of effec-
tive spandrels for multi-storey buildings, thus obtaining a single capacity curve.

Overall, the comparison generally shows a good agreement among the three differ-
ent methods, despite the significant simplifications underlying the analytical-mechanical
models in respect to the detailed three-dimensional one. The simplified models are almost
always conservative compared to the curve derived from the Tremuri model, especially in
terms of maximum strength. The maximum strengths obtained from the Firstep-M_PRO
approach (green curves) are always in-between the HQD and LQD curves of the DBV-
Masonry model (solid blue and dashed blue lines, respectively), and this is in agreement
with the assumption of partially effective spandrels. Also, the stiffness of the green curves
falls within the range of dotted and blue curves. In some cases, the resistance of the green
curve is closer to the HQD configuration of the DBV-Masonry model, as in the Y direction
of school buildings CS2 and CS3; the opposite occurs for school building CS4 and for the X
direction of school building CS2. In terms of ultimate displacements, the results are in very
good alignment for school buildings CS2 and CS4; quite good agreement also for school
buildings CS3 and for Y direction of CS1. Higher discrepancies emerged for school building
CS1 in X direction, with sensible higher values in the Firstep-M_PRO model. Actually, the
damage analysis from the Tremuri software, evidenced that the failure occurs simultane-
ously in both floors of the structure. This is consistent with the collapse mechanism detected
with the simplified Firstep-M_PRO analysis, but the approximated deformable height on
which the ultimate displacement is calculated is likely overestimated in this specific case.

3.2 Definition of the fragility curves

Fragility curves describe the probability of a structure reaching or exceeding a certain level
of damage, given a specific hazard intensity (such as an earthquake). The starting point for
both methods in deriving seismic fragility curves is the use of the capacity curves defined for
each school building in the sample (discussed in Sect. 3.1). In particular, the DBV-Masonry
approach performs the analysis in the two principal directions of the structure and selects the
more severe capacity curve; on the other hand, the Firstep-M_PRO method considers both
curves, assuming that the direction of the seismic action is not known in advance.

Starting from the position of DLs on the capacity curve, the Intensity Measure compat-
ible with the attainment of each DL is computed (IMp ;) using a nonlinear static procedure
(NSP); both methods assume as IM the Peak Ground Acceleration (PGA). The NSP allows
the calculation of the maximum expected displacement demand relative to a seismic input
of a certain intensity (or, vice versa, the intensity of the seismic input associated with a tar-
get displacement), using an appropriate comparison procedure between the capacity curve
and a response spectrum. In the literature, two main alternative methods are proposed: the
N2 method (Fajfar and Fischinger 1988), based on the use of inelastic response spectra, and
the Capacity Spectrum Method (CSM) (Freeman 1998), based on the use of over-damped
response spectra.

Both DBV-Masonry and Firstep-M_PRO adopt the CSM, as various results available in
the literature and specifically obtained for URM structures (Marino et al. 2019; Guerrini et
al. 2021; Giusto et al. 2024b), have shown that such a method provides more reliable esti-
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mate than the N2 method when fragility curves obtained from nonlinear dynamic analysis
(NLDA) are compared with those from nonlinear static approaches. According to Eq. (3),
the use of CSM requires (i) the definition of the reference spectral shape and (ii) the deter-
mination of the damping coefficient (§p ;) for calculating the damping correction factor that
modifies the elastic spectrum.

Pori . T, < Tpri < T
[Mpy; = Stonor) T 3)
’ Py lc < Tpri <Ta
S-Fo-n(€pri) —5H '(TDL«;)

Regarding (i), the two models use for the elastic acceleration response spectrum, S,(Tpy;),
a single spectral shape compatible with that proposed by Italian technical standards (NTC
2018) for the analysis of all buildings in the sample, regardless of their actual location, and
consider subsoil category A. The DBV-Masonry model uses spectral parameters derived
from parametric analyses performed on response spectra obtained from real earthquake
recordings (Fy=2.4 and 7. = 0.4s) and already used in a previous study (Giusto et al.
2024b). Specifically, a sensitivity study was conducted on the behavior of the descending
branch of the spectrum, conventionally adopted in the Italian technical standard ““at constant
velocity” (thus with a proportional behavior of 1/T with T corresponding to the period of
the structure); proportional behaviors of (1/ T)a were explored, and a value of a equal to
1.2 was defined (Smerzini et al. 2014). Differently, the Firstep-M_PRO method assumes
a=1 and refers to the median spectral parameters for the national territory (£, =2.5 and 7
=0.33s).

Regarding (ii), different damping laws are used to assess the reduction of seismic demand
based on the use of over-damped spectra: both models define the damping correction factor,
n(€pri) - Eq. (4), as indicated by Italian technical standards, but differ in the calculation
of the damping coefficient, &, ;. The DBV-Masonry method refers to Eq. (5) and Eq. (6),
depending on the predominant collapse mechanism and using coefficients specifically cali-
brated for URM buildings in some previous studies (Cattari and Lagomarsino 2013). Both
laws refer to the system ductility (1 pr;), defined as the ratio of the DL displacement to the
structure’s yield displacement. When the predominant collapse mechanism is uniform (i.e.,
the analyzed configuration is LQD), Eq. (5) applies, with&; = 18 and & = 0.8. When the
collapse is governed by weak storey (i.e, the configuration is HQD), Eq. (6) applies, with
&3 = 4.5 and &4 = 0.4. The Firstep-M_PRO model always considers Eq. (5), with £, = 15

and & = 1.
10
n(€prLi) = \/?m > 0.55 @)

{prLi=5+& (1 - ; ) for LQD ®)

HprLi

Epri = &e*HPri for HQD (6)
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The differences between the two methodologies lead to variations in the definition of seis-
mic demand, which in turn affects the estimation of the median IMyy; ;. Additionally, the
DBV-Masonry model, to account for the approximation introduced by the application of
the nonlinear static procedure in calculating seismic demand, applies a multiplicative coef-
ficient of 1.45 to the median IM value for each DL;. This coefficient emerges from the com-
parison of IM estimated by static and nonlinear dynamic approaches for different damage
levels, evidence discussed in (Marino et al. 2019). In (Giusto et al. 2024b), the different
nonlinear static procedures, currently available in the literature, are compared, showing that
the CSM methodology remains conservative relative to NLDA. The Firstep-M_PRO model
does not consider this aspect.

In the process of deriving fragility curves, besides the median IM value, it is necessary
to assess the propagation of uncertainties in order to define the dispersion  that allows
describing the fragility curves in a lognormal format. The DBV-Masonry method accounts
for the uncertainty related to the structural capacity through the response surface method
(Pagnini et al. 2011), considering random variables, such as the mechanical parameters of
masonry, inter-storey drift thresholds defined to assess the structural displacement capacity,
floor loads, and other factors related to the knowledge of the structural geometry (inter-sto-
rey heights and the resistant areas of masonry piers). Similar approaches have been adopted
in other studies available in the literature, e.g. concerning adobe masonry structures (Cocco
et al. 2024), and reinforced concrete frames (Roberto et al. 2021). In the case of the FVG
sample, some parameters were considered deterministic (e.g., the resistant areas of masonry
piers, the inter-storey heights, the floor loads), while other parameters (the mechanical
parameters of masonry) were defined by a range determined by a minimum and maximum
value to account for their uncertainty. The dispersion value calculated by the model includes
the intra-building variability contribution (Sintrabuitding). assessed through the response
surface method (Pagnini et al. 2011), to which an additional dispersion contribution from
the combination of fragility curves associated with different buildings (Binterbuitding)
is added. This second contribution is determined by considering the dispersion given by
the standard deviation of the IM values of the combined curves, applying the formulation
shown in Eq. (7); the greater the distance between the starting curves’ IM values, the higher
the dispersion contribution accounting for interbuilding variability. These differences affect
the reliability and accuracy of vulnerability assessments, as also noted during a 2017 expert
meeting in Pavia (Silva et al. 2019), which emphasized the need for improvements in han-
dling uncertainties, such as propagation of aleatory and epistemic uncertainties and valida-
tion of vulnerability models.

Binterl)uilding = \/mean (1Og(PGADLi)2) - (mean(l()g (PGADLZ)))2 (7)

On the other hand, the Firstep-M_PRO model assumes deterministic parameters for the
single building and only accounts for the interbuilding variability contribution.

The four selected case studies within the sample, already presented in Fig. 5, were also
compared in terms of fragility curves. Specifically, Fig. 6 shows the comparison between the
fragility curve determined by the DBV-Masonry model (the more punitive of the two prin-
cipal directions), and the mean of the two IMp; ; derived from the Firstep-M_PRO model (X
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Fig. 6 Comparison of NLDAs fragility curves, under the HQD assumption, fragility curves derived from
the DBV-Masonry model and the average IMs obtained by using the Firstep-M_PRO approach, evaluated
for the four case study school buildings, for the different DLs

and Y directions). The Firstep-M_PRO model is thus represented with a single point of the
graphs, since it does not consider any intra-building variability, as aforementioned.

In Fig. 6, the fragility curves derived from the NLDAs of the four buildings modelled
with the EFM approach are also plotted (Giusto et al. 2024a). The EFM model, based on
use of the Tremuri software (D’Altri et al. 2022), is capable of simulating the hysteretic
behavior of the in-plane nonlinear response of panels. Due to its computational efficiency, it
is particularly suitable for carrying out a large number of NLDAs, as documented in several
previous works (Cattari et al. 2018; Angiolilli et al. 2021, 2023; Brunelli et al. 2022; Lago-
marsino et al. 2022), together with the validation of the modelling approach (Brunelli et al.
2021; Cattari et al. 2021c). NLDAs explicitly address record-to-record variability, offering
a higher level of refinement compared to simplified static methods. However, recent com-
parisons of fragility derivation methods reveal that while multi degrees of freedom (MDOF)
non-linear time-history analyses yield the most accurate results, simplified approaches like
single degrees of freedom (SDOF) systems calibrated on pushover curves or capacity spec-
trum methods generally underestimate median values of fragility curves and overestimate
dispersion (Gentile and Galasso 2021). These biases, while significant, are within ranges
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that could be corrected with appropriate calibration. The NLDAs were performed using
the CLOUD +IDA approach and by selecting accelerograms as finalized in (Manfredi et al.
2022) and extensively employed in the MARS project (Masi et al. 2021; Cattari et al. 2022).
The interested reader is referred to (Giusto et al. 2024a) for further details on the derivation
of fragility curves from NLDA. It is noted that in the detailed modeling for NLDA, system-
atic reinforced concrete beams were considered at various levels of the structure; therefore,
the EFM curves shown in Fig. 6 are compatible only with the HQD assumption. For the
DBV-Masonry model, both the fragility curves in the LQD configuration (dashed blue lines)
and those under the HQD assumption (solid blue lines) have been included in the compari-
son. Differently, as afore clarified, the Firstep-M_PRO results are based on the assumption
of only partially effective spandrels, thus compatible with an intermediate condition.

The comparison reveals a reasonable agreement between the different methodologies,
although some differences are highlighted, due to the assumptions made in deriving the
fragility curves. For lower damage levels (DL1 and DL2), it is observed that the NLDA
curves are slightly more vulnerable (i.e they are closer to the y-axis) compared to those
obtained from the simplified approaches, especially in comparison to DBV-Masonry HQD
curves. On that, it is worth mentioning also the challenging calibration of the transition
from damage level 0 to damage level 1 defined in the multilinear constitutive laws used
to describe the behavior of masonry piers in EFM model, which adopts secant stiffness
and not a progressive degradation, thus possibly overestimating the damage in the initial
phase. DL2 is defined differently on the fragility curve by the two simplified models: the
Firstep-M_PRO model defines this damage level at the beginning of the plastic stage of the
structure, while the DBV-Masonry model, by simplifying the capacity curve to a bilinear
curve, sets DL2 at a fixed distance from the yield point (depending on the expected behavior
of the structure). The comparison between the median IMs obtained from the two simplified
methods, starting from DL2, is also influenced by the shape of the reference spectrum, both
in terms of the “length” of the constant acceleration part (7. value) and the reduction in
demand in the DBV-Masonry method in the descending branch at constant velocity, which
results in a higher IM value. However, overall, results from DBV-masonry and Firstep-
M_PRO approach are consistent for DL1 and DL2. In the case of DL3 and DL4, the over-
all DBV-Masonry model and results from NLDA are consistent while the Firstep-M_PRO
approach tends to be more conservative. For these DLs, in addition to the spectral shape,
the difference in the formulation adopted for defining the damping coefficient (&, ;) plays a
more significant role. Furthermore, as previously described, the DBV-Masonry model also
considers a multiplicative coefficient for the median IM to account for the reliability degree
of the nonlinear static procedure compared to NLDA. Although for some structures, the
differences may appear considerable, it is worth mentioning that the achieved results are
compatible with the findings emerged also by other comparisons available in the literature
addressed to quantify the impact of epistemic uncertainty associated with the use of various
approaches (da Porto et al. 2021; Cattari et al. 2024).

Finally, regarding the dispersion of the curves, while the DBV-Masonry model in this
figure accounts only for the intra-building variability, the values determined by the NLDAs
account for the dispersion due to record-to-record variability. Additionally, in the case of
DBV-Masonry model, the dispersion increases passing from DL1/DL2 to DL3/DL4; that
depends on the fact that at DL3/DL4 the influence of dispersion on drift threshold is added
to the one of masonry mechanical parameters. The latter contribution is quite moderate in
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this application since it reflects the variability representative within a single building and not
that of a whole building class.

Specifically, values of intra-building variability estimated by the DBV-Masonry model
for the FVG sample vary from 0.06 to 0.31 for DL1/DL2 and from 0.23 to 0.32 for DL3/
DL4; instead, the record-to-record variability estimated by NLDAs vary from 0.23 to 0.37.
To conclude, the choice of analysis method often reflects a trade-off between simplicity and
accuracy, as highlighted in recent studies (Gentile and Galasso 2021) comparing simplified
and refined fragility derivation approaches.

4 Emerged trends and influence of different parameters on the seismic
response of the examined buildings stock

The analysis of a specific sample of representative buildings has the advantage of con-
sidering some more detailed information that cannot be examined in large-scale analyses.
Furthermore, it allows for the evaluation of the importance and influence of specific param-
eters, such as the number of stories or the regularity of the building plan, in defining seismic
vulnerability. This section analyses the trends emerging from the FVG sample which are
capable of being captured by the simplified mechanical-analytical models. Since, despite
the specific differences discussed in Sect. 3, overall compatible and analogous trends were
observed through two models, in this section only the outcomes of DBV-Masonry model
are presented.

The results obtained for each single school building of the sample were aggregated on
various parameters: type of masonry, planimetric shape, construction age and covered area.
Since the sample consists of 101 school buildings, it is not sufficiently robust when divided
into sub-groups based on two or three factors (such as the construction age and the number
of floors at the same time). This suggests the adoption of an independent process to under-
stand the possible influence of various parameters on the seismic vulnerability. The purpose
of analyzing the different factors with the use of an independent process is to understand
which parameters are eventually most important for the classification of school buildings
of the sample. Such information can also be very useful for future works aimed to guide
data collection on a regional scale, in order to replicate the work done on the FVG sample.

As an example, Fig. 7 highlights the variation in fragility curves for 1-storey school
buildings across different masonry typologies, planimetric shapes, ages of construction, and
covered areas.

In order to better investigate the significance of each analyzed parameter, Fig. 8 depicts
the median PGA value across defined subgroups, with one specific parameter varying (age
of construction/type of masonry/planimetric shape/covered area) alongside the number of
floors (1-storey in blue, 2-storeys in red and>3-storeys in green). The filled symbol repre-
sents the median PGA of the analyzed group; the range of variation is also drawn (maximum
and minimum limits).

Firstly, results are interpreted by referring to the trend of median values of PGA. Regard-
ing the construction period, single-storey buildings show a significant reduction in vulner-
ability in more recent periods, compared to older ones (Fig. 7a). This reduction is not as
evident in buildings whit two or more storeys (>3), for which the average value of the
sub-sample does not demonstrate a clear influence of this parameter (Fig. 8a). Although
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the construction age has been demonstrated very relevant for discriminating the structural
response of masonry buildings (Del Gaudio et al. 2021; Lagomarsino et al. 2021; Rosti et
al. 2021; Scala et al. 2022; Di Ludovico et al. 2023; Cattari et al. 2024), it is not of con-
siderable importance for this school buildings’ sample because of the considerable disper-
sion of the results, especially for low-rise buildings. The masonry typology is also found
to be more influential for single-storey buildings compared to multi-storey ones (Fig. 7a,
Fig. 8a); similarly to the previous parameter, the significant dispersion of the results leads
to average values that are not significantly different. Masonry type is often correlated with
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the construction period and location; in fact, various periods have seen the development of
different construction techniques and engineering knowledge, which, combined with avail-
able materials, have resulted in buildings with distinctive capacities and performances. A
detailed analysis of the sample revealed the presence of some older school buildings (con-
structed before 1960) characterized by hollow brick masonry. Some studies (Messali et al.
2017; Labo et al. 2023) have pointed out the presence of hollow bricks in the earliest eras
but characterized by horizontal holes that therefore have a poorer mechanical capacity and a
brittle behavior compared to the modern ones. Thus, for these case studies, the mechanical
parameters adopted by the DBV-Masonry model were reduced compared to those indicated
by the Code (Table C8.5.1 of the Circular to NTC2018), associating these masonry types
with a brittle behavior, resulting in modifications to the inter-storey drift. These consider-
ations also explain why there is a greater dispersion of individual school building results in
the hollow brick type, as well as the not always evident reduction in vulnerability for this
construction type.

Regarding the analysis of the planimetric shape, it revealed its significance as a deter-
mining factor. Specifically, school buildings with an elongated rectangular shape, quite
numerous in the FVG sample as well as nationwide, seems performing slightly greater
vulnerability (Fig. 7c); this is due to the presence of a much stronger direction than its
perpendicular. Furthermore, the analysis of the planimetric shape reveals that, in general,
irregular shapes tend to be not so vulnerable as expected, thanks to the increased presence
of masonry elements that enhance the structure’s resistant area. The analysis depicted in
Fig. 8 confirms the expected trend regarding the covered area: it generally does not appear
to be a fundamental parameter in defining the seismic vulnerability of masonry structures,
although larger school buildings tend to be slightly more vulnerable. It should be noted by
observing the dispersions in Fig. 8d, however, that there are sometimes criticalities that sig-
nificantly reduce the vulnerability of the individual structure or characteristics that increase
it greatly, compared to the average for a selected group, but which are not predictable except
by observing the distribution of the seismic-resistant elements.

To conclude, the overall view of Fig. 8§ reveals a consistent trend: vulnerability increases
with the number of floors, regardless of the specific parameter under investigation.

5 Comparison of fragility curves of the two models and the literature
MARS curves

In this Section, the fragility curves obtained from the two approaches for school buildings
in the FVG sample are compared each other and then also with the curves available in the
literature for the Italian school buildings stock, developed within the MARS-Schools proj-
ect (Cattari et al. 2024).

The MARS fragility curves were derived from a combination of five different approaches:
the heuristic-macroseismic approach by University of Genoa (Di Ludovico et al. 2023);
the empirical-binomial approach by University of Naples Federico II (Di Ludovico et al.
2023); the Vulnus hybrid mechanical-analytical approach by University of Padua (Saler et
al. 2021); the DBV-Masonry mechanical-analytical approach (Cattari et al. 2021a; Cattari
and Alfano 2025a); the Firstep-M_PRO mechanical-analytical approach. The strength of
the integrated MARS-Schools model lies in its ability to incorporate various approaches
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in defining fragility curves, thus allowing the use of different samples of school buildings.
For example, the observation-based models (the first two) were calibrated using data col-
lected from on-site surveys carried out on school buildings in the Abruzzo region after
the 2009 L’ Aquila earthquake. To build up the MARS-Schools model, the Firstep-M_PRO
approach was applied to the FVG sample (i.e. analogously to what presented in this paper);
differently, the mechanical-analytical models DBV-Masonry and Vulnus were applied to a
specific set of archetypes, selected to represent all subtypes of school buildings. Specifi-
cally, 14 prototype masonry school buildings located in various regions of Italy, belonging
to different construction periods and with different geometric-structural characteristics, were
selected (Cattari et al. 2021a). These buildings were first analyzed in their “as is” configura-
tion, using specific parameters that characterize each school building in its actual state, and
then re-analyzed to be representative of a class of buildings. As detailed in (Cattari et al.
2024), this procedure of extending individual prototype buildings to sub-types assumes the
definition of reference values for certain parameters determined by a range of variation (e.g.,
the mechanical properties of the masonry, the presence of specific construction details),
while other information remains unchanged to maintain the geometric-structural peculiari-
ties of the school buildings (such as floor heights, geometric dimensions, and characteristics
of plan irregularity). Coherently with the DBV-Masonry model applied to the FVG sample
(Sect. 3.1), also the DBV-Masonry model applied at the national-scale analyzed both in the
LQD and HQD configuration for each school building. The fragility curves obtained from
the two configurations were combined based on the construction period, according to the
distribution reported in Table 2. In particular, Table 2 shows the combination percentages
used for the FVG sample, derived from the detailed database provided by the University of
Trieste. Additionally, the values used at the national level are reported in brackets: they were
derived from the average values of several national school buildings databases (sample of
school buildings from the Abruzzo region, school buildings damaged following the 2016—
2017 Central Italy earthquake, and the FVG sample).

Within the MARS project, the taxonomy adopted for grouping the masonry school
buildings into sub-typologies considered the age of construction and the number of sto-
reys, coherently with Table 1. For consistency in comparisons, the results obtained with the
DBV-Masonry model applied to the FVG sample were aggregated without differentiating
the floor area, a parameter that, however, did not significantly influence the seismic vulner-
ability within the FVG sample (as discussed in Sect. 4). Table 3 shows the results obtained
by the two DBV-Masonry and Firstep-M_PRO models applied on the FVG sample, in terms
of median PGA and dispersion B for each sub-typology; the representativeness of the sample
for each subtype, relative to the 101 school buildings analyzed, is shown in Table 1 and indi-
cated in brackets in Table 3. In aggregating the results into sub-typologies, the school build-
ings in the sample were considered in their “as is” state, with their structural-typological
characteristics, to highlight possible effects due to regionalization.

Table 2 Combination percent- Before 1920 1921-45 194660 196075  After
ages of fragility curves obtained 1976
for LQD and HQD configura- LQD  81% (60%) 82% 60% 4% (15%) 0%
tions based on the construction (50%) (40%) (5%)
age for the FVG sample and, in 0 ° y
brackets, for school buildings at HQD  19% (40%) 18% 40% 96% 100%

the national scale (50%) (60%) (85%) (05%)
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Table 3 Results obtained by the two methods (DBV-Masonry and Firstep-M_PRO) applied to the FVG
sample, in terms of median PGA [g] and dispersion (). The number of school buildings analysed for each
sub-typology is also reported in brackets

Sub-typology DBV-Masonry Firstep-M_PRO
(n° of school buildings) DLI DL2 DL3 DL4 DLI DL2 DL3 DIL4
N1 — Before 1920 PGA[g] 0.088 0.140 0398 0555 0.150 0250 0.463 0.539
4) B 043 042 037 035 072 061 034 032
N2 — Before 1920 PGA[g] 0.076 0.165 0296 0412 0.092 0.141 0318 0.366
an B 034 028 037 036 039 029 028 027
N3+—Before 1920 PGA[g] 0.078 0.173 0275 0.400 0.102 0.161 0309 0.362
(12) B 023 025 039 038 030 023 027 029
NI —1921/1945 PGA[g] 0.139 0221 0363 0506 0218 0327 0435 0.506
(2 B 042 041 037 034 013 013 008 0.10
N2 —1921/1945 PGA[g] 0.082 0.173 0304 0423 0.106 0.136 0323 0377
(10) B 033 029 036 034 023 025 023 023
N3+—1921/1945 PGA[g] 0.074 0.166 0264 0376 0.093 0.141 0247 0.296
(6) B 023 025 043 040 028 023 034 031
N1 — 1946/1960 PGA[g] 0.119 0.187 0345 0465 0202 0266 0356 0.402
(6) B 042 042 038 035 040 036 022 020
N2 — 1946/1960 PGA[g] 0.075 0.152 0272 0364 0.083 0.132 0280 0.327
(13) B 034 031 036 036 048 048 036 034
N3+ — 1946/1960 PGA[g] 0.091 0.178 0294 0415 0.102 0.161 0308 0.363
(4) B 026 026 038 036 022 019 011  0.12
N1 -1961/1975 PGA[g] 0.141 0222 0438 0522 0.169 0227 0358 0.404
an B 044 044 036 036 033 033 019 0.8
N2 - 1961/1975 PGA[g] 0.098 0.162 0320 0381 0.089 0.130 0240 0.266
(15) B 041 040 033 032 062 045 041 039
N3+-1961/1975 PGA[g] 0.057 0.112 0259 0355 0.063 0.128 0.197 0.223
3) B 027 034 038 038 044 031 031 028
N1 — After 1976 PGA[g] 0.155 0242 0454 0531 0202 0281 0374 0438
(3) B 055 055 045 039 051 048 026 021
N2 — After 1976 PGA[g] 0.106 0.174 0303 0358 0.157 0201 0243 0.266
1 B 025 025 027 027 044 032 025 022
N3+—After 1976(-) PGA[g] - - - - - - - -

B - - - - - - - -

The results obtained by the DBV-Masonry and Firstep-M_PRO models applied on the
FVG sample are summarized in Table 3, in terms of media PGA and dispersion B for each
sub-typology. The results indicate a reasonable agreement between the two mechanical-
analytical methods, as also demonstrated in the example of Fig. 9 (blue and green curves).
The Coefficient of Variation (CoV) of the median PGA is less than 15% in 64% of the cases,
and exceeds 25% (but never exceeds 0.4) in only 10% of the cases. Regarding the dispersion
values (B), comparable values are generally observed between the two models. As explained
in Sect. 3.2, the DBV-Masonry model considers both the intra-building and inter-building
variability: the two contributions are combined according to the SRSS (Square Root of the
Sum of Squares) rule. Looking at the results of the DBV-Masonry model, the dispersion
B, which averages around 0.36 (CoV 20%), does not appear to be influenced significantly
by the specific DL, with values remaining fairly stable and CoV tending to decrease as
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Fig. 9 Example of two-storey school buildings: fragility curves of each school building in the sample (in
grey) and of the sub-typology (blue), obtained using the DBV-Masonry approach, the Firstep-M_PRO
method (in green), the literature curves developed within the MARS-Schools project (Cattari et al. 2024)
(in red) and the DBV-Masonry model on a national scale (in cyan), for the four different construction age
and for DL2 and DL3

the damage level progresses. When applying the Firstep-M_PRO method, which considers
exclusively the contribution of the inter-building variability, B averages around 0.31, but
significantly higher variation emerges (CoV 43%). However, it is also observed the trend of
B in decreasing as the Damage Level increases: the average is 0.36 for DL1-2 (CoV 41%)
and 0.25 for DL3-4 (CoV 34%). By comparing the two models, it can thus be inferred that
intra-building variability has a more marked influence on the more severe DLs.

Fig. 9 provides an example concerning the fragility curves obtained for two-storey school
buildings; it compares the results obtained from the two mechanical-analytical methods
applied to the FVG sample with the fragility curves determined by the integrated MARS-
Schools model. Two-storey school buildings are chosen because it is the most common
category within the FVG sample. The figure shows damage level 2 (DL2), representing
a light damage level that impacts the operational level of the structure, and damage level
3 (DL3), which is characteristic of more severe damage. Specifically, the MARS-Schools
model is represented by the red line, the Firstep-M_PRO approach in green, and the DBV-
Masonry method in blue. Moreover, the curves obtained with the DBV-Masonry method for
individual school buildings are plotted (thin grey lines). Additionally, the curves obtained
using the DBV-Masonry method at the national scale are also shown cyan lines).

To make the fragility curve obtained from the two simplified models more comparable
with those derived from the integrated MARS-Schools model, some contributions related to
the uncertainty in defining the damage levels (DL,) and the uncertainty in the seismic hazard
curve have been added to the dispersion values P calculated by the two models (shown in
Table 3). These contributions are accounted for through conventional values equal to 0.4
and 0.3, for DL,/DL, and DL,/DL,, respectively, and 0.2 for the hazard curve. These val-
ues are similar to those assumed in the use of the DBV-Masonry model within the MARS
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project. The combination of the different dispersion contributions was carried out using the
SRSS rule.

Overall, the comparison highlights a good agreement between the different methods ana-
lyzed. Focusing on the comparison between the two simplified models used for the analysis
of the FVG sample, it emerges that the Firstep-M_PRO method (green curves) yields for
DL2 slightly more conservative median values compared to the DBV-Masonry approach
(blue curves) across all four construction age classes shown. This result can primarily be
attributed to the different definitions of the damage level on the capacity curve. In fact, the
Firstep-M_PRO method defines it at the onset of the structure’s plastic phase, while the
DBV-Masonry model sets it at a constant distance from the yield point (see Sect. 3.1). Also
for DL3 the two methods generally provide comparable results, in exception for the con-
struction period 1961-1975, with an evident higher vulnerability predicted by the Firstep-
M_PRO approach. This discrepancy is likely related to the different assumptions regarding
the spandrels effectiveness in the two models. In fact, for the DBV-Masonry model, this
period is mainly governed by the response of buildings characterized by HQD configura-
tion, whereas, for earlier periods, the LQD configuration governs the response (Table 2).
As emerged in previous comparisons of selected individual buildings (Figure 6), the two
methods show better agreement when DBV-Masonry assumes the LQD configuration, both
due to the Firstep-M_PRO model’s assumption of intermediate spandrels effectiveness for
all the buildings (Sect. 3.1), and to the different formulations adopted for calculating the
damping coefficient (Sect. 3.2).

The comparison between the fragility curves from the two methods and those obtained
from the MARS-Schools model (red curves) shows a good consistency in results, with com-
parable values in terms of median PGA and higher dispersions from the MARS-Schools, as
likely expected, given that the latter is a combination of five different models.

Considerations on potential regionalization effects can be drawn through the comparison
between the curves obtained from the DBV-Masonry model applied to the FVG sample
(in blue) and at the national scale (in cyan). Especially for DL3, the results at the national
scale yield less vulnerable fragility curves than those derived for the FVG sample. This is
the result of studying buildings with different morphological and geometrical characteris-
tics, as well as the different percentage combinations used to define the configuration of
construction details (LQD or HQD) depending on the construction age (Table 2). Besides,
it shall also be considered the greater geometric variability that is taken into account when
analyzing the FVG sample (with the actual planimetric distribution of many buildings),
compared to the approach adopted at the national level (identification of a smaller number
of representative prototype buildings).

6 Risk assessment on the portfolio schools

The potential of the developed fragility curves is shown by carrying out a seismic risk
assessment. Specifically, the IRMA platform (Italian Risk MAps) (Borzi et al. 2021) has
been used to determine the expected losses for masonry school buildings in the Friuli-Vene-
zia Giulia region. The IRMA platform is a tool developed by the EUCENTRE Foundation
in collaboration with the ReLUIS consortium, to carry out damage and seismic risk analyses
for various assets (such as residential, school buildings, hospitals or churches) at different
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geographical scales (municipal, provincial, regional, or national). The IRMA platform was
created as part of the MARS project (Masi et al. 2021) and adapted for specific use in school
buildings (Cattari et al. 2024). In particular, the AES 2005 database was implemented to
specialize the specific exposure of school buildings, while for seismic hazard, the MPS04
model (Stucchi et al. 2004, 2011) is used, defining hazard curves for the 9 return periods
specified by Italian regulations - NTC 2018 (NTC 2018). Additionally, data from (Mori et
al. 2020) is utilized to define the subsoil class of each school building site.

Figure 10 represents the map of the FVG region, where all the 344 masonry school build-
ings belonging to the Italian national database AES 2005 are marked in grey, while the 101
belonging to the FVG data sample are marked in red. Additionally, the figure shows the
seismic hazard values for the region (expressed in median PGA [g]) provided by the MPS04
model for a 10% probability of exceedance in 50 years (475-years return period).

For the 344 FVG masonry school buildings, an intensity-based damage map was calcu-
lated, evaluating the expected level of damage following seismic events with specific return
periods on a national scale. Subsequently, the simulated consequences in terms of building
usability (usable, unusable for short or long periods, and collapsed) were extracted. To per-
form this last simulation, it was necessary to assume consequence matrices that correlate
the information on the level of damage reached by each structure to its usability. For this
purpose, the consequence matrices proposed in (Cattari et al. 2024), explicitly derived for
masonry school buildings, were used (Table 4). They calibrated based on the usability data
collected from the sample of school buildings in the Abruzzo region following the event that
struck the city of L’Aquila in 2009 (Di Ludovico et al. 2023). The impact of consequence

0-0.025g
0.025 —0.05g
0.05 —0.075¢g
0.075 —0.1g
0.1-0.125g
% 0.125 - 0.15g
0.15-0.175¢g
0.175 —0.2g
* 0.2-0225g
* 0.225 —0.25g
* 0.25 02752
* 0275 -0.3g

o MUR schools of
AES 2005

@ MUR schools of the
analyzed database

Fig. 10 Seismic hazard map of the FVG region and identification of URM school buildings from to the
Italian national AES 2005 database (in grey) and those analyzed in this study belonging to the FVG data
sample (in red)
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Table 4 Consequence matrix Usable Short-term Long-term Collapsed

defined for calculating the losses unusable unusable

in term of usability, for URM

school buildings. In brackets the DLI 40 (100) >0(0) 10(0) 0(0)

values indicate those adopted DL2 0 (60) 33 (40) 67(0) 0(0)

in the NRA2018 for residential DL3 0(0) 20 (40) 80 (60) 0(0)

buildings (Dolce et al. 2021) DL4 0(0) 0 (0) 100 (100) 0 (0)
DL5 0 (0) 0(0) 0(0) 100 (100)
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Fig. 11 Consequences, in terms of usability, for school buildings in the FVG region, obtained with the
two mechanical-analytical models, the integrated MARS-Schools model and the DBV-Masonry model at
a national scale, considering a 475-years return period

matrices on the final result was investigated in (Cattari et al. 2024), where a comparison
is presented between the consequence matrices defined for masonry school buildings and
those used for carrying out the National Risk Assessment - NRA 2018 for residential build-
ings (Dolce et al. 2021) (values in brackets in Table 4). From the consequence matrix shown
in Table 4, buildings that reach minor damage levels (DL1 and DL2) primarily define the
“usable” and “short-term unusable” buildings, while “long-term unusable” buildings are
defined by 100% of the buildings that have reached severe damage levels (DL4) and by 80%
of the school buildings that have reached DL3. Collapsed school buildings are defined by
all structures that reach DLS. The latter is not defined by either of the two simplified models
used in this work, due to the complexity of predicting structural collapse through simplified
numerical methods. Therefore, to perform the risk analysis, DL5 was identified by applying
a multiplicative coefficient to DL4, based on the results obtained from the macroseismic
model (Lagomarsino and Giovinazzi 2006; Lagomarsino et al. 2021). Figure 11 shows the
results achieved for a seismic risk analysis considering a return period of 475 years.

The result of the seismic risk analysis confirms the trend between the methods observed
in Sect. 5. In particular, referring to the FVG sample, the Firstep-M_PRO model indicates
a slightly higher percentage of usable school buildings than DBV-Masonry (A=+3.7%),
and a slightly lower percentage of short-term unusable school buildings (A=—4.9%); but
summing these two groups, the two methods almost coincide (34-36% of the structures are
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included). Similarly, the Firstep-M_PRO model indicates a slightly lower percentage of
long-term unusable school buildings (A=—3.3%), and a slightly higher percentage of col-
lapsed school buildings (A=+4.5%); but, again, summing these two groups, the two meth-
ods almost coincide (64—66% of the structures are included). The DBV-Masonry model,
when applied to the FVG sample (DBV-Masonrypy), identifies a higher vulnerability than
when it is applied to the format the national-scale sample (DBV-Masonryyggiona)- Moreover,
the analysis shows good agreement between the DBV-Masonryy,,n,s method and the inte-
grated MARS-Schools model.

Both mechanical-analytical models presuppose some simplifications and, at this stage, is
not possible conclude which is more reliable. Actually, the main goal of this detailed com-
parison is providing a quantitative estimate of the epistemic uncertainties intrinsic in the use
of different possible approaches for such risk analyses on a territorial scale.

7 Conclusions

This study compared two mechanical-analytical methods, the DBV-Masonry model and
the Firstep-M_PRO model, used to develop fragility curves for masonry school buildings
in Friuli-Venezia Giulia (FVG). The application was conducted on a sample of 101 school
buildings (the “FVG sample”) for which detailed structural information was available.

A preliminary analysis of the database provided by the Ministry of Education (4nagrafe
dell’Edilizia Scolastica, i.e. the School Buildings Registry, in 2005) showed that the FVG
sample was representative of the region’s school buildings, even though a slightly greater
predominance of small buildings (< 500 m?). The sample was proved to be representative
also of the masonry school buildings at the national scale, considering the distribution in
terms of construction age, storeys number and covered area.

In this context, the approaches were used to perform seismic vulnerability analysis of
buildings in their actual configuration. Thus, both models initially derived the capacity curve
of each structure and subsequently the fragility curves. The features of two approaches were
discussed in detail. The differences in drawing the capacity curve relies at first in the deter-
mination of the base shear (with reference to the whole resistant area for DBV-Masonry,
or separately, for each single resisting element, for the Firstep-M_PRO). Both methods are
based on the Trunsek-Cacovic formulation for shear failure to evaluate the load-bearing
resistance, but they account in different ways for the possibility of bending failure and the
coupling effect of the spandrels on the piers. Different assumptions are also made for the
evaluation of the initial stiffness and the ultimate displacement capacity of the structures.
Once the capacity curve is drawn, the two methods apply the Capacity Spectrum Method to
evaluate the peak resisting ground acceleration (PGA) associated to four Damage Levels,
but differ in the definition of such DL, as well as in some response spectrum parameters and
in the damping law. The differences in drawing the fragility curve are also related to dis-
persions: even though considering the same reference mechanical parameters for masonry,
in the Firstep-M_PRO they are selected in a deterministic way, while the DBV-Masonry
considers some range of variation. Moreover, the DBV-Masonry applies corrective fac-
tors to the obtained median values of PGA, to comply with the results of more accurate
nonlinear dynamic analysis. The validation of the results obtained with the DBV-Masonry
and Firstep-M_PRO models against those derived from nonlinear static analyses (capacity
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curves) and nonlinear dynamic analyses (fragility curves) obtained from detailed models
confirmed the reliability of the simplified methods.

The emerged trends and influence of different parameters on the seismic response of the
sample were investigated: this analysis primarily used the DBV-Masonry model to aggre-
gate results and compare different building characteristics, to identify which parameters
impact the vulnerability and how simplified models capture these trends. This analysis did
not reveal a significant influence of some specific parameters, such as the type of masonry
and the planimetric shape; conversely, it was found that seismic vulnerability increases with
the number of stories.

The application of the two models to the FVG sample and the comparison with the
fragility curves of the MARS-School project highlighted a good agreement, although the
Firstep-M_PRO model tends to provide more conservative vulnerability estimates, when
considering more severe damage levels. The detailed analysis of the similarities and differ-
ences between the two methods was useful for explaining and understanding the obtained
results. Overall, the results of the two models are well aligned, considering the different
simplifications made. It is concluded that these simplified mechanical-analytical approaches
can provide reliable estimations of the seismic response, capturing distinctive structural
features with considerably lower computational effort, and this makes them an effective
and efficient tool to be applied at the large territorial scale. The comparison of the results
provides an estimation of the intrinsic epistemic uncertainty associated with the use of dif-
ferent methodologies that stem from a same type of approach (mechanical-analytical). An
analogous estimation was quantified in the MARS-Schools project (Cattari et al. 2024), but
in reference to different approaches (empirical, mechanical, and hybrid).

The seismic risk analysis conducted for the FVG region, using the IRMA platform,
showed a good agreement between the two simplified methods, although the Firstep-M_PRO
model indicated slightly higher vulnerability for losses associated with more severe dam-
age levels, coherently with previous finding in the fragility curves. Overall, the two models
suggested slight greater vulnerability compared to both the integrated MARS-School model
and the DBV-Masonry model when applied at a national scale. However, such differences
are more likely attributable to the different methodology, rather than a significant impact of
regionalization effects on the considered building stock. This result cannot be generalized,
as it is mainly a consequence of the fact that the analysed regional sample exhibits typologi-
cal and constructive characteristics representative of the national stock. In other cases (e.g.,
in the presence of very different masonry types), the impact of regionalization is expected to
be higher, and the features of the mechanical-analytical models analyzed in the paper should
be able to capture this.
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