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Abstract

Seismic risk and scenario assessments at large-scale provide important science-based tools to
support governments and civil protection departments in investment policies and emergency
planning. In this framework, school buildings are particularly significant due to the conse-
quences of their damage or collapse and their relevance, as public buildings, in emergency
planning. The evaluation of risk requires the definition of its components, i.e., hazard, expo-
sure and vulnerability. To assess the seismic vulnerability of masonry school building assets,
this paper presents the fragility curves derived for 265 building types, based on the Italian
school building census. Parametric analyses were carried out on 14 representative prototype
schools, using a mechanics-based model which considers both in-plane and out-of-plane
mechanisms. More than 7500 sample fragilities were calculated and linearly combined to ob-
tain fragility curves representing the Italian taxonomy of masonry school buildings. A macro-
seismic heuristic model from the literature was then calibrated to derive a fragility set for
each school type, for five damage states, from slight damage to complete collapse. Finally,
the paper compares the outcome fragility curves and fragility sets from the literature for resi-
dential buildings, highlighting the specificities of school seismic vulnerability. Indeed, mason-
ry school buildings are frequently characterized by intrinsic geometric deficiencies due to
significant inter-story height and great distance between transverse walls, both affecting the
out-of-plane response and, therefore, the overall seismic fragility.

Keywords: Fragility curves, School buildings, Masonry buildings, Seismic risk, Large-scale
assessment.
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1 INTRODUCTION

School buildings are crucial elements of structural and infrastructure assets for communi-
ties. The social impact of their collapse associated to seismic events is huge, in terms of both
casualties and social dispersion. After the collapse of a primary school in San Giuliano di Pu-
glia (Italy) in 2002 [1], the Italian government issued a national plan to evaluate the seismic
vulnerability of the entire stock of relevant and strategic structures, including school buildings
[2].

Detailed modeling and analyses are very time consuming, and therefore not suitable to
manage large stocks of buildings, while tools based on fragility curves of building types better
respond to this need. Fragility curves provide a correlation between a seismic intensity meas-
ure, such as the Peak Ground Acceleration (PGA), and the probability that a structure exceeds
a damage state (DS). Fragility curves for school buildings were obtained for Nepalese schools,
after processing data on observed damage caused by the 2015 Nepal earthquake [3], while
Gentile et al. [4] derived fragility curves for Indonesian schools by means of non-linear dy-
namic analyses.

Different approaches are available to define fragility curves: empirical, based on observed
damage after a seismic event [5—8]; mechanical, based on structural modeling, either detailed
[9] or simplified [10-13]; and hybrid, based on both empirical data and models [14, 15].
These methods have been largely applied to ordinary and residential buildings. Moreover,
vulnerability assessment at urban scale of the built asset specific for a regional area [16] has
aroused a large interest, as it allows a more precise estimation of risk.

The taxonomy of buildings exposed to risk is fundamental to define building types and
their distribution at large scale, requiring typological analyses of the building census of the
analyzed area. In particular for Italy, regional taxonomies have been provided in the literature,
while the evaluation of national macro-classes representative of the entire national school as-
set has yet to be defined. A typological study of masonry school buildings in the crater of the
Central Italy seismic sequence (2016) was provided by Ottonelli et al. [17], while masonry
school types were classified for the Friuli-Venezia Giulia region by Gattesco and Boem [18].

Especially for the Italian framework, the fragility analysis of specific classes of structures,
such as school buildings, based on an extensive taxonomy describing the national stock, is
required to assess risk at large scale and to optimize the allocation of funds for mitigation
strategies. This aim is carried out by a cooperative national project (ReLUIS-DPC Project
2019-2021) by will of the Italian Department of Civil Protection, in which this contribution is
included.

This paper presents the derivation of seismic fragility curves for unreinforced masonry
(URM) school buildings by means of extensive parametric analyses carried out by applying a
mechanics-based model [19, 20] which considers both the in-plane (IP) and the out-of-plane
(OOP) mechanisms, as well as an index of the structural quality [21]. The approach has been
already effectively applied to residential URM buildings and validated by simulating the
damage scenario caused by the 2009 L’Aquila earthquake [22, 23]. In the present paper, a set
of 14 representative prototype school buildings were analyzed, varying different parameters,
i.e., number of stories, quality of construction details, floor weight, type of masonry and relat-
ed panel thickness. The contribution aims to provide fragility curves which cover all the mac-
ro-classes based on the Italian school census, defined by a limited number of parameters, i.e.,
construction age, number of stories, plan area, and type of masonry.
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2 ITALIAN SCHOOL BUILDING ASSET

A general taxonomy of Italian school buildings was derived according to the School Build-
ing Registry (SBR) of the Italian Ministry of Education [24], which classifies a large amount
of the Italian school asset, based on a limited number of parameters, i.e., construction material
and age, number of stories, plan area, and types of floors and roof. In this framework, data
from the Italian SBR (2005) for masonry schools, amounting to more than ten thousand build-
ings, were used to define the macro-classes for which the fragility model, presented hereinaf-
ter, was derived.

Figure 1 illustrates the distribution of typological characteristics of masonry school build-
ings comprised in the national census. In particular, Figure 1a shows the distribution of con-
struction ages, which appears to be covered quite evenly. Then Figure 1b provides the
distribution of the number of stories, with a peak corresponding to the case of two-story build-
ings, and Figure 1c shows the prevalence of small to medium schools, according to their plan
area. Lastly, the combinations of couples of these parameters are shown in Figure 1d with the
number of stories given the construction age, Figure 1e with the distribution of plan area giv-
en the construction age, and Figure 1f with the number of stories associated to the plan area.
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Figure 1: Distribution of typological characteristics of masonry buildings in Italian School Building Registry.

The analysis of the distribution of the typological characteristics of the masonry school
buildings in the SBR allowed the definition of a finite number of prototype buildings to be
used in the derivation of fragility curves, as described in the following sections. Considering
significant combinations of the typological parameters, 14 masonry school buildings were se-
lected from the databases collected by research groups from the Universities of Genova, Pa-



E. Saler, V. Follador, P. Carpanese and F. da Porto

dova, and Trieste, so as to ensure a good representativeness of the national school building
taxonomy; their typological characteristics are reported in Table 1. The typical shapes of
school building plans, included in the analysis by choosing representative prototype buildings,

are shown in Figure 2.

School ID Age N. stories Plan area [m’] Plan shape
S1 Before 1920 3 <500 Rectangular
S2 Before 1920 2 >2000 U-shape
S3 Before 1920 2 1000-2000 Cloister
S4 Before 1920 3 1000-2000 U-shape
S5 1921-1945 2 500-1000 Rectangular
S6 1921-1945 2 <500 Rectangular
S7 1921-1945 2 <500 T-shape
S8 1921-1945 2 1000-2000 U-shape
S9 1921-1945 2 500-1000 T-shape
S10 1946-1960 2 1000-2000 L-shape
S11 1946-1960 2 <500 Rectangular
S12 1946-1960 2 <500 Rectangular
S13 1961-1975 1 <500 Square
S14 After 1976 1 <500 Square
Table 1: Typological characteristics of prototype school buildings.
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Figure 2: Typical shapes of school building plans.
N'. Construction details Floor weight Type of masonry Thickness of
stories masonry [cm]
No ring-beam, no tie-rod .
1 ’ Light Random rubble 30-70
(LQD) ¢
Tie-rods
2 Heav Stone ashlar 30-70
(MQD) Y
Ineffective ring-beam . .
3 (HQD ineff) Clay bricks w/ lime mortar 25-50
Effective ring-beam
4 Clay blocks w/ cement mortar 30-45
(HQD) Y

Table 2: Parameters and ranges of variation considered in parametric analyses.

Preserving the geometric properties of each building, a parametric analysis was carried out,
increasing the size of the school dataset, which lead to more than 7500 realizations imple-
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mented through the simplified mechanical model. Table 2 reports parameters and their range
of variation included in the analyses.

The mechanical properties of masonry were assumed according to Italian Code [25], con-
sidering two values for the masonry strength: the minimum value reported in the regulation,
and a maximum value obtained by applying code-compliant improving coefficients, to take
into account possible interventions carried out during the lifetime of the structure.

3 MECHANICS-BASED APPROACH FOR FRAGILITY ASSESSMENT

The simplified mechanics-based approach Vulnus 4.0 [19, 20], which allows the imple-
mentation of a significant amount of analyses with a limited computational effort, was applied
for the fragility assessment of the above described prototype schools. The modeling procedure
allows seismic analyses to be implemented accounting for both the In-Plane (IP) shear re-
sistance of the building and the trigger of potential Out-Of-Plane (OOP) mechanisms, togeth-
er with a vulnerability rate deriving from the II level GNDT form [21]. Vulnus 4.0 provides
three outcome indexes: 1) the first index (i;) expresses the ratio, for the weakest plan direction,
between the IP shear resistance and the weight of the building; ii) the second index (i2) de-
scribes the susceptibility to OOP mechanisms (i.e., overturning, flexural failure, and arch
compression failure), calculated by means of kinematic analyses; and iii) the third index (is)
considers qualitative factors, included in II level GNDT form, which can affect the seismic
vulnerability of a building, such as the masonry quality as well as the type of floors, also con-
sidering those configurations which strongly worsen the seismic response (i.e., heavy and rig-
id floor on weak random masonry).

Then, the combination of the indexes is carried out through fuzzy set theory, allowing the
probabilistic evaluation of the influence of both not quantifiable parameters, summarized in
the 73 index, and uncertainties of quantifiable parameters (e.g., mechanical properties of ma-
sonry), which are considered in the calculation of indexes i; and i2>. The outcome of vulnera-
bility analysis with Vulnus 4.0 consists in three fragility curves: an average curve, called white,
which describes the most probable distribution; and two extreme conditions, defined as lower
and upper, representing the lower and the upper bounds, respectively.

Fragility curves, which expresses the probability of exceedance of a damage state, are de-
rived as log-normal cumulative probability functions, which are described by two parameters:
the mean value (IMmean) and the standard deviation (f).

The resulting set represents the cumulative probability of exceeding a medium-severe
damage state (DS), according to the definition provided by the European macro-seismic scale
(EMS98) [26], which is an intermediate DS between 2 (i.e., trigger of OOP mechanisms) and
3 (i.e., IP global shear failure). The DS identified by the Vulnus 4.0 fragility set is therefore
conventionally referred to as DS2-3, hereinafter.

As mentioned before, the parametric analysis generated more than 7500 realizations and
thus, the same amount of DS2-3 fragility sets, which were then combined to finally derive
265 fragility sets, to be associated with school macro-classes, according to the typological pa-
rameters included in the Italian school building census. An exposure matrix was assumed,
based on expert judgement, to linearly combine curves obtained from each case of the para-
metric analysis, keeping the white, lower and upper curves separate. Table 3 reports the per-
centage of the exposure matrix used for the recombination in macro-classes starting from sub-
types of masonry, while Table 4 shows the percentage of recombination for different level of
quality details, whose definition has been given in Table 2.

The fragility sets for macro-classes describing the damage state 2-3 were then extended to
a complete set of five fragility curves, capable of describing the probability of exceedance of
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the five damage states given by the EMS98 [26], from DS1 (slight damage) to DS5 (complete
collapse).

The final complete sets took into account both the average whifte curve and the extreme
bounds, by means of a geometric combination, detailed as follows. The above described pro-
cedure was developed for residential buildings [27] and afterwards, in the present work, ap-
plied to school buildings.

Before 1920 1921-45 1946-60 1961-75 After 1976
Random rubble 30% 30% 10% 10% -
Stone ashlar 35% 35% 27% 27% 10%
Clay bricks 35% 35% 54% 44% 27%
Clay blocks - - 9% 19% 63%

Table 3: Assumed exposure matrix of type of masonry during construction ages.

Before 1920  1921-45 1946-60 1961-75  After 1976
LQD 20% 15% 10% - -
MQD 50% 35% 50% 30% 15%
HQD _ineff 30% 30% - - -
HQD - 20% 40% 70% 85%

Table 4: Assumed exposure matrix of quality of construction details during construction ages.

To obtain fragility sets representing five DSs, each DS2-3 fragility set was referred to the
fragility model proposed by Lagomarsino and Cattari, in 2014 [13], which was derived from a
previously presented macro-seismic model [15]. For the present application, the correlation
law between the Peak Ground Acceleration (PGA) and the macro-seismic intensity was set
according to Margottini et al. [28]. The reference model represents fragility distributed on five
DSs for the six vulnerability classes (from A to F) defined by EMS98 [26], on the basis of the
intrinsic correlation between macro-seismic intensity and damage state. The macro-seismic
reference model was thus calibrated on the macro-class fragility sets obtained with the me-
chanical procedure Vulnus 4.0, through the steps described as follows:

1. An average curve DS2-3 was derived for the six vulnerability classes, through the linear
combination of the available DS2 and DS3 fragility curves. Figure 3a shows fragility
curves from macro-seismic model for all vulnerability classes, with DS2 and DS3
curves highlighted in solid blue lines, and DS2-3 highlighted in solid black lines.

2. Each fragility set from the mechanical model was then represented through a combina-
tion of compatible DS2-3 curves of two vulnerability classes, calculated at the previous
step. A genetic algorithm (NSGA-II [29]) was implemented to evaluate the optimal lin-
ear combination, by minimizing both the absolute and the relative errors between the
curves, calculated through the least squares and the difference between the areas, re-
spectively.

3. A set of five fragility curves (i.e., representing five DSs) was derived for each macro-
class of school buildings through the optimal coefficient that was previously calculated,
for the linear combination of vulnerability classes. Figure 3b reports, as an example, the
fragility curve DS2-3 from the mechanical model for two-story masonry schools built
before 1920 (solid red line), which resulted to be an optimal combination of DS2-3
curves for vulnerability classes B and C, which are represented in blue and black solid
lines, respectively. Fragility curves for DSs from 1 to 5, for the school macro-class, was
then derived as a combination of each DS curves from the macro-seismic model, in this
case considering the curves associated with vulnerability classes B and C.
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This procedure was applied to each macro-class of school buildings for all the curves pre-
viously derived through Vulnus 4.0, namely the white, lower and upper curves.

Finally, a procedure for geometric combination (named LUW [22, 23]) was implemented
in order to include, in the proposed fragility model, the uncertainties considered in Vulnus 4.0
analysis by means of fuzzy theory. Thus, the procedure allowed white, upper and lower
curves to be combined for each macro-typology and for each DS.

The LUW procedure preserves the mean value of the white curve; it uses upper and lower
distributions in 2.5% and 97.5% fractals of the white probability, respectively. Between 2.5%
and 50% of the white probability, it linearly combines white and upper curves, while a linear
combination of white and lower curves is calculated between 50% and 97.5%.

For example, Figure 4 illustrates how LUW procedure was applied to two-story masonry
schools built before 1920 and, thereby, the final fragility set was derived.
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Figure 3: a) Average curves DS2-3 for macro-seismic reference model, b) calibration of macro-seismic model
for one school macro-class.
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Figure 4: Application of LUW procedure on a set of fragility curves.

4 RESULTS AND PROPOSED FRAGILITY MODEL

This section presents the outcomes of this study, starting from the fragility sets associated
to a Damage State 2-3, which were obtained through the mechanical approach Vulnus 4.0.
Figure 5 illustrates the mechanical fragility curves obtained from the combination, according
to the above-described exposure matrix, of the fragility curves resulting from the above-
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described extensive parametric analysis. The figure reports a summary of the results consider-
ing two parameters (i.e., number of stories and construction age).
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Figure 5: Mechanical fragility curves for DS2-3; white curves in red between upper and lower bounds.

Macro-class fragility tends to slightly increase as the number of stories increases, while it
appears to be more evidently influenced by the construction age. Furthermore, an increase in
the dispersion was observed as the overall fragility decreases (e.g., for more recent construc-

tion ages).

A novel fragility model was derived for Italian masonry school buildings for macro-classes
based on a limited number of parameters included in the SBR (i.e., number of stories, con-
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struction age, plan area, and type of masonry). In addition, more general classes were derived
from the aggregation of specific school types, for instance all single-story masonry schools
built before 1919 (in this case, curves for specific plan area and type of masonry were com-
bined together).
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Figure 6: Comparison between fragility models for masonry schools and for masonry residential buildings [22].

The reduction in the number of parameters allowed the proposed fragility model to be
compared to fragility curves from the literature, previously derived for residential buildings
by Dona et al. [22]. Since the development methodology was the same, the differences in the
fragility models are due to the variation of building types. Figure 6 reports the proposed fra-
gility model for the Italian masonry school buildings classified, according to the number of
stories and the construction age, and their comparison to fragility curves for residential build-
ings of comparable macro-classes.
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It can be observed that, before 1945, the fragilities of schools and residential buildings are
similar. On one hand, in fact, better material quality and more frequent applications of retrofit
and restoration interventions can be expected for public relevant buildings such as schools; on
the other hand, school buildings present an intrinsic geometric vulnerability (i.e., higher inter-
story and great distance between transverse walls, orthogonal to fagades) which increase their
susceptibility towards OOP mechanisms. After 1945, also the residential construction industry
improved, as described in the reference study by Dona et al. [22]. Thus, the geometric vulner-
ability factors of schools prevailed in the fragility model and, therefore, school structures ap-
pear to be more fragile than residential buildings. A note of caution is due regarding the
interpretation of results as they are strongly influenced by the assumed exposure matrix for
the combination of school macro-classes.

The trends of the mean value of the proposed fragility curves are reported in Figure 7 to
highlight how they can be affected by the different parameters taken into account. The factors
increasing vulnerability were confirmed to be the age, the great number of stories, the plan
area, which is often related to plan complexity, and the poor quality of the material.
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Figure 7: Trend of mean value as following parameters vary: a) construction age, b) number of stories, c) plan
area in square meters, and d) type of masonry.

Focusing on construction age, two groups can be identified due to a perceptible gap in the
trends of mean values: before 1960 and after 1960, when modern clay blocks and high-quality
construction details began to spread in the construction use, years before code provisions
(which started, in Italy, in the 1980s) [30]. Plan area appeared to affect the vulnerability and
two groups can be identified based on their response: small buildings and, on the other hand,
medium-large structures. Thus, for plan area greater than 500 m?, an increased vulnerability
due to plan complexity shall be expected.
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CONCLUSIONS

The present paper has illustrated the derivation on fragility curves for the Italian masonry
school building asset, on the basis of a limited number of parameters included in the Ital-
ian school building registry: the construction age, the number of stories, the plan area,
and the type of masonry.

The simplified mechanical modeling procedure Vulnus 4.0 was used, as it allows a large
amount of analyses to be performed in a suitably short time. The mechanical model con-
siders both IP and OOP mechanisms, together with an index which summarizes qualita-
tive vulnerability factors, according to the II level GNDT form [21].

A parametric analysis was implemented through Vulnus 4.0, resulting in a fragility set,
comprised of three fragility curves (i.e., average white curve, a lower-bound and an up-
per-bound), for each macro-class of school structures. Fragility sets were associated to an
intermediate DS between 2 and 3, and therefore called DS2-3. Then, a macro-seismic
model from the literature [13, 15] was calibrated to extend the mechanical fragility sets to
five damage states, according to EMS98 [26]. Lastly, average white curves were com-
bined to upper and lower bounds increasing dispersion, thereby leading to a better treat-
ment of uncertainties.

A novel fragility model was proposed and compared to a likewise developed fragility
model from the literature for masonry residential buildings [22]. Interestingly, for the
construction period before 1919 and between the two World Wars, school buildings and
residential structures present similar fragilities, suggesting that the intrinsic geometric
vulnerability of schools was balanced by the better quality of public construction industry.
Otherwise, after 1945, also the residential construction industry had improved and, there-
fore, school buildings appear to be more seismically fragile than ordinary buildings.

This research contributes to current knowledge of seismic risk assessment and mitigation
by providing a broad fragility assessment of a particular type of relevant structures (i.e.,
school buildings), at national scale. This study was focused on the Italian building asset
and construction use, to which both the database analysis and the exposure matrix are re-
ferred. A limitation of this study was the lack of information regarding the distribution of
masonry quality and construction details during the ages at national scale; this additional
information would have allowed the exposure matrices, here based on expert judgement,
to be calibrated. Further investigations are requested to retrieve data, consistent at nation-
al scale, for specific types of structures.

This contribution will be used to develop maps of seismic risk and damage scenario for
Italy. The proposed fragility sets will represent the vulnerability component in the convo-
lution with hazard and exposure to evaluate seismic risk. This evaluation will be possible
thanks to the IRMA platform [31], specifically developed by Eucentre, within the frame-
work of a cooperative national project. The final aim will be a deep knowledge of seismic
risk, to mitigate the impact of earthquakes which have caused casualties, huge economic
losses on the residential asset [32,33] and on the production sector [34, 35] and, above all
for schools, an unquantifiable social impact.
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