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ARTICLE INFO ABSTRACT

Keywords: Fragility curves constitute an essential tool in risk studies. Together with the hazard representation and exposed
Damage levels assets databases, they are used to provide an estimate of physical or economic losses. This is typically achieved
Masonry

by introducing consequence functions, which correlate the probability of reaching specific damage levels (DL) —
estimated via the fragility curves — with the losses under consideration. Although the physical meaning of DL is
well established in engineering practice and various references are available in the literature and shared by the
scientific community (like the damage grades and definition introduced by the European Macroseismic Scale),
the ways adopted in mechanical-analytical, mechanical-numerical and empirical approaches for converting these
principles and thus deriving fragility curves are multiple. That constitutes uncertainty in risk studies which still
lacks a consensus on the scientific literature. In this context, the paper explores converting and interpreting the
huge amount of data provided by three-dimensional models analysed through nonlinear dynamic analyses
(NLDA) into synthetic DLs. One of the main novelties of the procedure is that, differently from the most common
approach in numerical methods, it does not require the introduction of inter-storey or roof drift thresholds —
conventionally defined a priori — to associate the attainment of DLs. The paper focuses on existing unreinforced
masonry (URM) buildings. Specifically, seven different URM structures, inspired by real schools, are analysed
adopting the equivalent frame modelling approach. The software package adopted — i.e. Tremuri — has been
extensively validated in strong nonlinear range in previous research. The analysed buildings were selected based
on their comprehensive documentation of geometric and mechanical characteristics, but the methodology
applied has general validity. A Cloud-based approach, refined through the combined use of Incremental Dynamic
Analyses is adopted to derive the fragility curves, which are compared with other references available in the
literature. The proposed approach revealed quite effective and replicable. Moreover, the results gathered through
accurate NLDAs are also processed to establish reference values of inter-storey or roof drift thresholds to be used
in more simplified approaches (e.g. based on the use of SDOFs system or mechanical-analytical models).

Equivalent frame models
EMS98 scale
Interstorey/roof drift thresholds

1. Introduction 114,129]. Based on existing literature, the available approaches can be
roughly categorized into the following main types:

Fragility curves play a crucial role in seismic risk evaluations, as they

represent the vulnerability component and provide a probabilistic esti-
mate of reaching a certain damage level given a specific seismic in-
tensity. Fragility curves commonly adopt a lognormal format and refer
to a discrete representation of damage levels. This format is convenient
and effective, reducing the problem of reliably estimating the median
intensity measure corresponding to the onset of a specific damage level,
along with its associated dispersion.

Various methods can be used to develop fragility curves [34,36,104,

e Empirical fragility curves derived from post-earthquake surveys.

e Mechanical-Analytical or Mechanical-Numerical fragility curves
derived from the seismic response simulations of asset classes or
individual archetypes.

e Hybrid fragility curves derived from a combination of the above
methods.

Examples of pure empirical fragility curves are those developed by
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[106] and [52]. Among mechanical-numerical approaches, in the last
decades, several mechanical-numerical methodologies have been pro-
posed for the development of fragility curves, spanning from complex
analysis of three-dimensional numerical models [5,12,30,64,81,123], to
more simplified and expedited methods [35,64,91,105,115,125,128].
An example of a recent automated approach for deriving fragility curves
at the urban scale is the META-FORMA-XL procedure, which addresses
masonry aggregates through archetype-based numerical analyses while
accounting for typological and mechanical uncertainties [107].
Mechanical-analytical approaches typically employ simplified models
that require only a limited number of geometric and mechanical pa-
rameters, making them particularly efficient due to their low compu-
tational effort and their ability to explicitly account for the large variety
of features of existing buildings. Examples for unreinforced masonry
(URM) buildings, which this paper focuses to, are the First-M PRO and
DBV-masonry methods, illustrated and critically compared in Giusto
et al. [54], addressed to the in-plane response of URM walls, and that
presented in [31], instead focused on the assessment of their
out-of-plane response. Finally, examples of hybrid approaches are: the
heuristic model developed by [70] that combines the expertise that is
implicit in the European Macroseismic Scale (EMS-98, [56]) with the
advantage of relying on observed data; the method proposed by [111,
110] that combines observational expert-judgment and mechanical ap-
proaches; the VULNUS method [75] based on the integrated use of
mechanical-analytical and macroseismic approaches. An interesting
example of risk assessment at urban scale in which fragility curves
derived from different approaches are used and compared is provided in
[29].

All methods have advantages and drawbacks, making it challenging
to identify the optimal approach. For example, the empirical approach
has the pros that provides valuable insights into building vulnerabilities
based on real-world observations but the cons that often entails limita-
tions related to data quality, sample size, and generalizability, which
should be carefully considered in seismic risk assessments. The
mechanical-analytical and mechanical-numerical approaches offer the
benefit of a mechanical understanding of building vulnerability and
allow to implement performance-based assessment principles (also more
flexible in considering a wider set of intensity measures) but the cons
that entail challenges related to the potential limitations in reproducing
all possible failure modes and to computational burden. In addition, it is
important to note that these methods differ in their ability to explicitly
estimate the various sources of uncertainties that contribute to the
dispersion (e.g. that associated with the seismic input characterization
and record-to-record variability, the structural capacity description, the
damage level definition). Recent experiences in the literature have dis-
cussed the achievable results comparing different approaches while also
highlighting the advantages of integrating multiple methods in national-
scale risk assessments [19,44,61,102,36].

Within this context and among the possible alternatives, the paper
focuses on the derivation of fragility curves according to a mechanical-
numerical approach based on the execution of NonLinear Dynamic an-
alyses (NLDAs) on 3D model with special reference to the URM build-
ings. Specifically, research questions faced in the paper are developed
with reference to the analysis of seven school buildings, selected because
they are representative of the Italian school building stock.

Deriving fragility curves through a mechanical-numerical approach
involves several issues that need to be tackled, including:

a. Selection of time histories.

b. Selection of the method for performing NLDAs.

c. Definition of efficient and sufficient intensity measure (IM) for syn-
thetic description of seismic input.

d. Availability of appropriate constitutive laws capable of describing
the nonlinear hysteretic response of structural elements and different
damage mechanisms that may affect the building.
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e. Choice of the most robust engineering demand parameters (EDPs) to
interpret the structural response and correlate it to the attainment of
damage levels.

Some of the above points cut across different structural types (ma-
sonry, reinforced concrete and steel) and have been already discussed in
the literature. Regarding the time histories, various literature papers
discuss the need of an appropriate selection of the ground motion time-
history records as well as defining appropriate nonlinear hysteretic
models [37,39,47,65,95]. Moreover, various tools already available in
the literature have improved the process of selecting seismic inputs [58,
59,78,112,119]. Regarding the IM, selecting the most suitable measures
for probabilistic seismic demand analyses is of paramount importance,
as emphasized in prior studies [45,77,84,85,113]. Regarding the
method to perform NLDAs, various methodologies to derive fragility
curves are accessible in the literature, including the Incremental Dy-
namic Analysis (IDA) method [100,124], the Multiple Stripes Analysis
(MSA) method [62], and the Cloud Method [6,63]. Interested readers
may refer to these works for a more in-depth discussion of the topic. In
particular, this paper faces the issue b), by employing as an approach to
perform NLDAs the CLOUD+IDA method and by adopting as accelero-
grams’ selection the one finalized in [78] which was extensively applied
in the MARS project [20,19,82].

Concerning issue d), advancements in nonlinear constitutive laws
also able to describe the hysteretic response of masonry panels have
enhanced the accuracy of simulating complex URM building responses
[10,24,76,98,126]. In the paper, the modeling in the nonlinear field of
the examined structures is performed by adopting the equivalent frame
(EF) approach and in particular the Tremuri software [76]. The choice of
the EF approach is justified by its computational efficiency, which is an
important requirement for the investigated NLDA-based approach as
already demonstrated in a variety of literature experiences [13,24,38,
97]. The use of the Tremuri software is corroborated by several vali-
dations performed on multiple structures whose comparison with the
actual response (also enhanced through seismic monitoring data) was
also available [2,13,20]. A particularly relevant validation is docu-
mented in [13] which describes the case study of the Visso’ school
monitored by the Italian Department of Civil Protection. This structure is
of special interest because it suffered severe damage, enabling validation
of the modelling strategy and constitutive laws well into the highly
nonlinear range. This is a crucial aspect, as the derived fragility curves
also cover very high damage level up to the near collapse state. The EF
approach adopted enables the global response associated with the
activation of in-plane damage modes of walls, thus assuming that the
activation of possible local mechanisms is inhibited. This assumption is
justified, for the case studies examined, since a box-like behavior with
rigid floors and the presence of reinforced concrete beams at floor level
characterize them. Actually, these features are rather recurrent in the
case of school buildings [26,19]. The issue inherent the integration of
the global in-plane response with the out-of-plane response, which is
relevant for URM existing structures but out of the scope of this paper, is
addressed in other works [1,101,116].

The issue e) constitutes one of the main novelties of the paper.
Specifically, the paper explores the conversion and interpretation of the
huge amount of data provided by three-dimensional models analyzed
through NLDA into synthetic DL. To this aim, differently from the most
common approach in numerical methods, it doesn’t require the intro-
duction of inter-storey or roof drift thresholds conventionally defined a
priori to associate the attainment of the DL and, instead, it directly refers
to concepts related to the severity and spread of damage occurred. The
approach is conceptually consistent with the engineering process
adopted to assign DLs in actual seismic damage surveys and starts from
the original proposal introduced in [20].

Following the aforementioned research questions, Section 2 illus-
trates the iterative procedure developed for refining the execution of
CLOUD+IDA method together with the approach proposed for assigning
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the DL from NLDA’ output data. The analyzed buildings together with
the corresponding numerical models are extensively described in Sec-
tion 3. They have been selected due to their comprehensive documen-
tation regarding geometric and, in some cases, mechanical features.

Finally, the main outcomes achieved are illustrated in Section 4.
Here the fragility curves that have been derived are presented as well as
the impact of possible alternative choices on the DL definition and of the
use of iterative procedure used for executing the NLDAs is discussed.
Moreover, fragility curves derived according to the proposed approach
for assigning the damage level are also compared with the results
achievable from a more traditional approach based on the use of roof
drift thresholds. Section 5 presents a comparison between the derived
fragility curves and those available in selected references. Finally, in
Section 6 the results are also processed to establish reference values of
inter-storey (and roof) drift thresholds. In fact, even if the proposed
procedure allows to overcome the use of such EDP, these values may be
useful in other applications where analysts are forced to use simplified
mechanical-analytical methods which don’t allow to have a direct and
detailed estimate of the damage at panel scale.

2. Procedure adopted for the derivation of fragility curves

Fragility curves are derived according to a lognormal format, thus
requiring for each Damage Levels the definition of the average value
(IMp,;) and the standard deviation (o) of the selected Intensity Measure
(IM) of the input motions causing the achievements of each damage
level, as further explained in the following paragraph. In particular, the
Peak Ground Acceleration (PGA) has been selected as IM. The proba-
bility of exceeding the different damage levels, ppy;, under a certain PGA
can be consequently calculated as the probability that such PGA “ex-
ceeds” the calibrated lognormal distribution:

ppLi=p(DL>DLi|PGA)= ®((log PGA|PGA;)/c) (€))

where @ is the standard cumulative probability function. The value of
the standard deviation accounts for the various sources of uncertainty
involved in the process and accounted for the method adopted to derive
the fragility curve, as further detailed in next sections.

As introduced in Section 1, one of relevant points for deriving
fragility curves consists of the selection of appropriate EDPs and the
criteria for determining when a specific DL has been reached. This is
crucial for ensuring consistency across curves derived from different
approaches. The EDP represents a variable or set of variables that can be
monitored during the analysis to check the progression of nonlinear
response and the attainment of specific performance conditions.

In the field of mechanical-numerical methods, particularly con-
cerning NLDAs to which this paper is focused, the most commonly
adopted EDP in the literature is the inter-storey drift or, in some cases,
the roof drift. Several studies — primarily for reinforced concrete build-
ings [64,80,122,130], but also for masonry structures [16,18] - use this
option. Such an approach requires defining reference thresholds to
establish the transition from one level of damage to the next one. These
thresholds usually rely on conventional values proposed in the litera-
ture, [17,48] or are defined ad-hoc for the building under examination
through the execution of monotonic nonlinear static analyses (NLSA)
(see e.g. [86,89]).

Although the peak drift ratio has been demonstrated as a quite good
predictor of seismic damage also in recent applications that rely on
recorded measurements of monitored structures [88], in the case of
URM buildings various proposals in the literature have shown the
advantage of considering more than one EDP. For example, in [24,96]
the attainment of usability prevention damage (roughly assimilable to
DL2) corresponds to the occurrence of the first of three conditions:
attainment of a base shear equal to 95 % of the maximum base shear in
the pushover curve; attainment of light/ moderate damage in at least
50 % of the piers; and, attainment of collapse (e.g. DL3g in at least one
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pier). The first condition necessary requires the execution of a NLSA, the
second and third may also directly refer to the damage simulated by
NLDAs. [89] explored the use of different EDPs, that is: the maximum
inter-storey drift; a weighted average drift calculated as the average of
the drifts of all the elements of the critical storey, weighted on their area;
the displacements (which can be easily converted in roof-drift values)
associated to the attainment of maximum base shear and its degradation
to 80 % of its maximum value. According to this work, the thresholds
associated to the attainment of this condition are defined on basis of
monotonic or cyclic nonlinear static analyses. [73,74,79] developed a
multiscale methodology that integrates multiple criteria across different
scales, examining damage in masonry elements (piers and spandrels,
DLg), individual wall responses (DLy), and overall building behaviour
through pushover analysis. In [79], the possible drawbacks in adopting
conventional threshold values of inter-storey drift are discussed. Spe-
cifically, these authors highlighted that defining universal thresholds for
all URM walls in existing buildings is challenging due to i) variations in
masonry types; ii) the presence of irregular distributions of openings; iii)
different damage failure modes (i.e. flexural, shear or hybrid) which can
be activated in masonry panels under seismic loads. Concerning the
latter, the prevailing damage mode in URM panels depends on several
factors including: geometry; slenderness ratio; restraint conditions
which in piers are strongly correlated to the response of spandrels;
vertical compression level; and mechanical properties of masonry.
Different drift thresholds usually correspond to the activation of these
different failure modes at the scale of piers. Consequently, due to the
potential variation in piers’ drift, even located at the same level,
inter-storey drift is also affected and variable from one building to
another and, also, in the same building, from one level to another. To
overcome these limitations, in [79] a new criterion - called “DLmin”
check — was proposed. According to this criterion, a DL is reached when
all the piers in a storey of a wall reach a DLg equal to or higher than the
one monitored. Regarding the inter-storey drift check, the purpose of
this criterion is to identify the potential triggering of a soft storey
mechanism. This approach has the advantage of not requiring the
definition of inter-storey drift thresholds, but it is based only on the pier
behaviour (and their drift), for which more data is available in the
literature, consequently allowing for a more robust calibration.
Recently, [71] extended the multicriteria approach proposed by [73,
74], and [79] to include the activation of damage in diaphragms.
Although these proposals allow to extend the concept of using a single
EDP and provide improvements on the use of inter-storey drift, they still
partially rely on results of pushover curves. Instead, the proposal by [23]
allows to completely remove the dependence on NLSA, focusing solely
on damage spread concepts which are consistent with those introduced
in the EMS98 [56] and applicable in a very effective way in NLDAs.
Recently, in [49] similar concepts have been tested also for reinforced
concrete structures.

The approach proposed in this paper aligns with [23], further
refining some aspects and carrying out a parametrical analysis addressed
to explore the sensitivity of results to alternative options in the thresh-
olds assumed for the cumulative rate of damage in walls and damage
assignment criteria at pier scale. While a more detailed explanation of
these issues is provided in Section 2.1, Fig. 1 aims to provide a general
overview of the proposed procedure highlighting its main innovations
and key points. The figure refers to the interpretation of results obtained
from NLDAs carried out according to the Cloud approach, which is the
one adopted in the paper (even if then refined by the combined use of
IDA).

The first box of Fig. 1 illustrates a traditional approach, in which roof
drift thresholds (easily computed from the top displacement estimated
on the numerical models) corresponding to the attainment of given DL
attainment, are associated with conventional total base shear values
(either in the ascending part of the pushover curve or in the softening
part). These thresholds are usually defined executing monotonic NLSAs.
The DLs roof drift values are representative of the thresholds that
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Fig. 1. Sketch of the proposed approach: comparison between the traditional (a) and adopted (b) approach.

separate various Damage States (DSs), which refer to the discrete
qualitative description of the overall damage of structural and/or non-
structural elements of the building. As known in the literature, the re-
sults of a NLSA are sensitive to various factors, like as the applied

horizontal load pattern or the control node choice [4,76,90,108]. Thus,
this approach presupposes also defining which load pattern is consid-
ered the most reliable (as also debated in [89]) or at least adopting
conservative criteria (i.e. relying on the lowest roof drift provided by
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two load patterns) and performing a sensitivity analysis on the control
node (this is especially relevant in the case of flexible diaphragms). Also,
the resulting simulated damage depends on these factors, thus the
adoption of a set of EDPs which rely on criteria based on the spread of
damage cannot overcome such intrinsic simplification of NLSA. In
addition, since usually NLSAs consider the application of horizontal
forces in one main direction at each time, the simulated damage surely
constitutes an approximation of the actual one produced by a real
seismic event. Vertical continuous lines in Fig. 1 are associated with the
thresholds assumed to be representative of the transition from one DL to
the next one.

The second box of Fig. 1-A instead illustrates the use of such
thresholds to associate a DL to the results of NLDAs (expressed by dots
associated to the PGA of the given i-th record and the maximum roof
drift estimated by the numerical analysis). The results of NLDAs are
represented by black dots in this figure since the association of the DL is
made ex-post by comparing the maximum roof drift obtained from the
NLDA with the thresholds defined by the NLSA.

Fig. 1-B instead summarises the proposed approach aimed to over-
come the limitations of the traditional method by performing bidirec-
tional NLDAs. The dots are coloured since the DL is associated directly
through the interpretation of damage simulated during the analysis
(according to the criteria explained in detail in Section 2.1). Actually,
the values of the roof drift thresholds which correspond to the vertical
dashed lines in Fig. 1 are computed based on results associated with the
set of time histories grouped in the same DL. Thus, in this case, the roof
drift thresholds are defined ex-post with the aim of establishing refer-
ence values when mechanical-analytical models or NLDA on SDOFs are
performed, which are not able to provide an accurate picture of the
damage at the element scale. While the first graft of Fig. 1-B refers to the
execution of a traditional Cloud analysis, the bottom graph in Fig. 1-B
shows the impact of adopting a refined Cloud+IDA analysis as shown in
Section 2.2. As depicted, moving from the two graphs, the values of the
roof drift thresholds are further updated. Actually, the refined
Cloud+IDA analysis aims to rescale the time history to identify the value
of PGA closest associated with the first attainment of the DL which is
assumed conceptually consistent with the physical meaning of the
deterministic values identified in the pushover curve (continuous line of
Fig. 1-A).

The two next sections better specify the criteria adopted to assign the
DL to each record (Section 2.1) and to implement the Cloud+IDA
analysis (Section 2.2).

2.1. Damage level definition

As introduced in Section 2, the procedure adopted in this paper relies
on the proposal of [23].

The procedure proposed in [23] was conceived to interpret the
damage of buildings that mainly exhibited a box-behavior (i.e. domi-
nated by IP response) and, therefore, with local failure mechanisms
extended to a limited portion of the building or none at all. This context
is compatible with the main features also of the case studies examined in
the paper.

Specifically, the procedure allows the definition of DLs — graduated
into five levelsi = 1,...5 as proposed in the EMS98 scale — starting from
different level scales (i.e. at the panel’s scale and macroelement scale,
where the macroelement is intended as an assemblage of components
like as vertical walls or diaphragms) with the ultimate goal of assigning
the global damage to the investigated building (DLig). The damage at
smaller scales (i.e. at panel or macroelement scales) is also set on five
levels (i.e. DLig for panels and DLiy for walls) although the physical
meaning varies from one scale to another. The only one that strictly
conceptually refers to the description of EMS98 is the global damage,
DLig. The damage at lower scales is progressively combined and inter-
preted to arrive at the DLig; the starting point is the damage simulated at
the panel scale (i.e. piers and spandrels).
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In [23] specific proposals were introduced to interpret the linguistic
descriptions of EMS98 [56] using analytical and reproducible criteria.
Specifically, the concept of “spread of damage” was included by speci-
fying the percentage of walls required to reach a given DLiy, which
affects the performance of the structure corresponding to a certain DLig.

This paper further investigates the proposal of [23] by:

refining the criteria adopted to compute the DLiy
performing a parametric analysis on various options for attributing
the DLig, for combining results and defining DLg.

Concerning the first issue, this paper calculates the damage in the
wall (DLiy), defined:
e as the mean value of average damage of each level (L) of a given wall
(DLiw,mean) if the DLLy, mean of each level is less than or equal to 2.
otherwise, DLi,, is the maximum value of DLjy,mean Of that wall.

This differentiation allows for the consideration of peak damage
concept at higher damage levels.

The DLyy,mean is determined as the average of DLi of the piers at that
wall level, weighted by the resistant area of the piers. The DLig is
assigned based on the drift achieved at the element scale (Fig. 2a).
Although robust reference drift values are available in the literature due
extensive experimental results (e.g. [3,7,9,55,87,99,103,127]), some
uncertainty is intrinsic in the process. This is why different possible al-
ternatives have been considered moving a bit the position of DLig
associated to DL2g and DL3g. In particular, the alternative options for
DL2g correlates it to the yielding point (8y) of the shear-drift relationship
that describes the nonlinear response of panels.

That is graphically represented in Fig. 2b and summarized in Table 1
(first two columns).

Fig. 3 compares the attribution of DLi,, using in one case the
maximum of DLjy,mean in that wall (defined DLy, mean) and in one case
the average of DLiw,mean (defined DLy max). The figure illustrates a
simplified scenario where all piers have the same resistant area. To
convert DLi,, from a continuous value to a discrete number, the binomial
distribution method outlined in [75] is used: 1 if 0.7 <DL, < 1.6; 2 if
1.6 <DL,< 2.5; 3 if 2.5<DL,<3.4; 4 if 3.4<DL,<4.3; 5 if
4.3 <DL< 5; otherwise, 0.

This comparison served to assess that the DLy max Was more repre-
sentative of a peak value and thus usable to obtain the DLi,, associated
with higher damage even at one level (DLyw,mean). While the DLy mean
represents widespread, but not high damage.

Fig. 3 shows the differences produced between the two alternative
estimates, particularly when there is a notable disparity in damage levels
achieved. Considering the DLy, max for higher DLiy,mean helps prevent
underestimating damage if a soft storey mechanism has been triggered.
Greater differences are expected in taller buildings compared to shorter
ones.

The defined procedure involves constructing the cumulative DLiy,
calculated according to the procedure explained in the previous para-
graphs. The cumulative of DLiy, (3 DLw) is weighted on the resistant
area of all the piers in that wall, and they are calculated for the five
damage levels. The thresholds for defining the attainment of the
building-scale damage level (DLg=DL of the building) are shown in
Table 2. Each line introduces the criteria adopted to establish the
attainment or exceeding a given DL; the integration of criteria of a given
line with the next one allows to strictly define the attainment condition
of a given DL. For example, the attainment of DL4 is associated to this
condition ) DL4,, >0.30 provided that }_ DL5, is lower than 0.5.

For DL1,, and DL2y,, the cumulative of DLy, is done by considering all
the walls of the building without differentiating them by direction.
Instead, starting from DL3,, the directionality of the walls is considered,
so two separate cumulative of DL, are computed for the two directions.
In this case the maximum reached damage is assumed as reference to
assess the global building-scale damage.

There can be many calibration options for the definition of the DLs to
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Fig. 2. — Constitutive law of masonry piers in shear failure (a), and modifications of drift thresholds according to explored options (b).

Table 1
Description of the seven analyzed options (Opt) for defining the DL from NLDAs.
Opt Drift threshold DL2g Drift threshold DL3g DL1, threshold Verification Criteria for DL2 DL4,, to
define DL5
1 Sy 83 30 % directional Yes
2 8y 83 30 % global Yes
3 8y 83 40 % global Yes
4 115, 0.85 83 30 % global Yes
5 1.2 8 0.75 83 30 % global Yes
6 8y 0.75 83 30 % global Yes
7 8y 0.75 83 30 % global NO
DL =3.66 | DL =2 [ DL =
| Lw,mean Lw.mean Lw,mean
| DL =3 | DL =2.66 ' DL =2.66
Lw,mean [.w,mean Lw,mean
| DL, = | DL, = DL, =3
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Fig. 3. Simplified scheme of wall damage calculation for different damage configurations.

be adopted, in particular, seven options were investigated as shown in the DL2g threshold. Finally, for controlling the activation of DL5, it was

Table 1. chosen to test whether the diffusion of DL4,, > 70 %. Opt. 7 corresponds
This verification can be done either by considering all walls collec- to the final procedure later adopted in the paper.

tively (a global verification, as with DL1) or directionally, as done for The result of this sensitivity analysis for two case studies is reported

higher DLs. As shown in Fig. 2b, an approach was chosen to anticipate in Section 4.1.

the activation of DL3g, while also considering a delay of 10 % or 20 % in
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Table 2

Exceedance thresholds for defining building-scale damage.
DLg
DLg >1 > bL1, >0.30 v Y DL2, > 0.15
DLg > 2 > pr2,>035 v Y DL3, >0
DLg >3 > DL3, >050 v Y DL4, >0
DLg > 4 > " br4, >0.30 v Y "DL5, >0
DL5¢ > bL5, >0.50

The various options aim to parametrically analyse some threshold
values, particularly those associated with the definition of Z DL1,
and the verification of DL2.

2.2. Implementation of the refined cloud and IDA procedure

The NLDAs were performed using the selection of records made by
[78] that selected accelerograms in the SIMBAD database, [121,120]
according to the maximum moment magnitude and rigid soil. The
epicentral distance range of SIMBAD contains almost exclusively records
up to about 30 km distance so no specific filtering was made in terms of
distance. 85 accelerograms are real, while 40 are rescaled in frequency
to be representative of longer return periods (5000 and 10000 years).
The same dataset of signals has been already tested for developing other
fragility curves within the context of MARS project [19].

The maximum PGA value between the two components of accel-
erograms is the defined IM of each analysis.

This approach allows the construction of five fragility curves that
represent a specific DS, though they do not capture the precise threshold
at which that damage level is reached. This means that an analysis might
have just exceeded the threshold or be close to the next damage level,
yet both cases are currently treated the same in the statistics.

To accurately capture the PGA value that leads to reaching the
threshold for each damage level, an iterative procedure was developed
and implemented in a MATLAB script. Starting from the initial PGA
value at iteration zero (the value without iteration, as in the cloud
analysis discussed in previous sections), this procedure rescales the
event for each i-th analysis by applying an amplifying factor (f3) to
capture the upper threshold and a reducing factor (f;) to capture the
threshold of the DL relevant to the i-th analysis.

The procedure consists of two steps:

STEP 1

The first iteration rescales the PGA by two factors, namely f; and f,
whose value limits are based on expert judgment following the extensive
application to the selected case studies, while others are driven by the
intention to restrict the amplifying/reducing factors and to avoid un-
realistic physical alterations of the signals. Recently, [14,15] faced the
issues related to selection and scaling of ground motions, also verifying
the rules proposed in the Eurocode 8. In particular, the following
practice-oriented formulas for the fi and f. factors are proposed to
facilitate the application of the procedure:

fi = max {()_67;m1n <1 + (apsi — 1)(ps; — 1) ﬁ) } @

fo = min {1.74; max <apsl- +1’”#:; 1‘1> } 3)
— Upsi

Where:

e apg; represents the ratio of the IMs( between the DS of interest and
the next DS. For the sole purpose of making an initial rescaling it is
proposed to assume: aps; = apse = 2.8, apss = 1.8, apss = apss =
1.3.These values were established on basis of the application made
on several buildings.
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e ¢p;; is the ratio between the cumulative DSi value and the threshold
defined in Table 2. This allows for a scaling factor that reflects the
extent to which the analysis surpasses the reference threshold at a
given damage level.

The different reference thresholds used in defining the fi and f- fac-
tors are intended to prevent scaling from being either too small, which
would make the analysis essentially identical to the previous one, or too
large, which would make it incompatible with the initial analysis due to
scaling being applied in terms of PGA rather than frequency. These
reference values have been proposed after a calibration based on the
parametric analysis carried out of the selected case studies and was
addressed to guarantee a limited maximum number of iterations
(accepting a maximum error of 5% is maximum 9 iterations) for
reducing the computational burden.

STEP 2

From the second iteration, the procedure splits into two different
possibilities:

o if the analyses change DS (either to a higher DS when scaling forward
or a lower DS when scaling backward) an iterative bisection process
is done. The convergence is achieved when the difference between
the PGA of the current and threshold-crossing analyses is less than
5 %, relative to the PGA of the initial analysis.

if the DL threshold has not yet been exceeded, the scaling continues
by defining a new scaling factor, calculated as twice the PGA of the
current analysis minus the PGA of the previous one. This process is
repeated until one of the following conditions occurs:

-the DS changes and so the bisection process is carried out as
explained in the previous step.

-the scaling factor reaches an extreme value: below 1/3 when scaling
towards a lower DS, or above 2.5 when scaling forward. These values are
also compatible with those recommended by Eurocode 8.

In the latter case, the analysis is deemed unrepresentative of the DL
threshold and is therefore disregarded.

This iterative procedure requires processing the results of the NLDAs
using implemented MATLAB code, setting up a new series of analyses
until convergence of that analysis. Analyses falling within DSO are scaled
forward only to establish the DL1 fragility curves, and those within DS5
are scaled backward solely to define the DL5 fragility curves. All other
analyses are scaled both forwards and backwards, yielding not only IMs
that are indicative of surpassing a DL, rather than merely reaching a
specific Damage State, but also a larger dataset of analyses within each
DL.

3. URM school buildings stock and modeling assumptions

In this paper, seven URM school buildings were analyzed. Each
building was chosen as representative of the Italian masonry school
building stock [19]. According to the inventory of the Italian Ministry of
Education, Italian URM schools are characterized by a number of stories
rarely higher than three and the presence of rigid floors; moreover, in
the case of ancient ones, a significant inter-storey height and great dis-
tance between transverse walls are recurring features [21].

Four school buildings have been selected from the Friuli-Venezia
Giulia (FVG) regional database provided by the University of Trieste
(primary school in Mortegliano (UD), secondary school in Pradamano
(UD), primary school in Ovaro (UD) and secondary school in Cividale de
Friuli (UD)) [54].

Then, additional three case studies were selected from the regional
database provided by the University of Naples and Genoa (see [94]).
This database groups data collected during the support activity made by
the ReLUIS consortium and Italian Department of Civil Protection [41,
42], requested by the Reconstruction Commissioner, nominated after
the 2016/2017 Central Italy earthquake. More specifically, the three
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schools are inspired by some schools located in Visso (MC), Caldarola
(MC) and Montegallo (AP).

In this paper, each school building was analyzed only considering the
configuration in which reinforced concrete beams and rigid diaphragms
are present in the building, that is quite recurring in school buildings.

Based on the taxonomy defined in the MARS-School project [19] a
first classification was done. More specifically, the MARS-taxonomy for
schools considers: masonry typology (e.g., regular, irregular); age of
construction (before 1920, 1921-45, 1946-60, 1961-75, after 1976);
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?); diaphragm type (e.
g., concrete slab with clay units, wooden floor). This classification was
useful for making some comparisons with other fragility curves avail-
able from literature (see Section 5).

3.1. Geometrical and structural features and mechanical parameters

The first case study of the FVG region is the Mortegliano School, built
in the period 1921-45. The structure has a regular planimetric shape,
which can be categorized as quadrangular with projections. The build-
ing is also regular in elevation, with 2 storeys above ground, and consists
of a prevalent masonry type of uncut stone with uneven thickness faces
and the presence of three masonry walls of solid brick and lime mortar.
In addition, the uncut stone masonry is characterized by the presence of
lathings, while solid brick masonry is characterized by a good transverse
connection between orthogonal walls.

The second case study of the FVG region is the Pradamano School,
built in the period between 1946 and 1960. The structure has a Plani-
metric shape classified as elongated rectangular, while the elevation
development is regular, characterized by 2 floors above ground. The
masonry type that makes up the structure is unique and is classified as
solid brick and lime mortar masonry with good mortar characteristics.

The third case study of the FVG region is the Ovaro School, also built
in the period 1946-60. The structure has an irregular planimetric shape
and is also irregular in elevation being characterized by 2 floors above
ground and 1 semi-basement floor in one portion. The prevailing ma-
sonry type is of cut stones consolidated through mortar injections.

The fourth case study of the FVG region is the Cividale del Friuli
School, a building built before 1920. The structure has an irregular
planimetric shape and is also irregular in elevation, with 4 total floors, of
which one body extends only to the third floor. The masonry type is
uniform along the structure and consists of cut stones with good mortar
characteristics. The case is certainly a significant prototype building,
useful to describe medium-rise school buildings and characterized by a
significant size. Moreover, this structure is dynamically and perma-
nently monitored by the Seismic Observatory of Structures (OSS)
managed by the Italian Department of Civil Protection [43]. The data
available to the OSS on the identification of the dynamic properties of
the structure were used for initial calibration of the model, having,
moreover, verified that employing the reference values of the Italian
Circular (see [32]) of the Italian Technical Standards for Construction
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(see [92]) the error on the estimation of frequencies was very limited.

Table 3 gives an overview of the analyzed set in terms of construction
age, number of floors, plan shape, area, plan configuration, inter-storey
height and wall thickness.

The fifth case study is the Visso School (construction period
1921-45, 2 storey, area 500--1000 m?), inspired by the real school in
Visso (MC, Italy), a structure that was monitored by OSS until 2017 and
subsequently demolished after the severe damage suffered after the
Central Italy earthquake in 2016/2017. A detailed list of the structural
details of Visso’ school is available from other research projects [13,25,
23,28]. This structure is characterized by a T-planimetric shape, with
two floors above ground. The building is regular in elevation and con-
sists of a prevailing masonry type of cut stone with good texture, with
the presence of some masonry pillars of solid brick and lime mortar. In
Table 3 the main structural characteristics of the building are reported.

The sixth case study was inspired by the Caldarola School (con-
struction period 1921-45, 2 storey, area 5001000 m?). This building
has been demolished due to the severe damage suffered during the
seismic sequence in central Italy in 2016/2017. The uncut stone ma-
sonry typology that characterizes that building in its actual configura-
tion was of particularly poor properties [22]. The main body of the
building is elongated rectangular and has two levels in elevation.

The seventh case study was inspired by the Montegallo School
(construction period 1946-60, 3 storeys, area 25--500 m?). The third
school building was built around the 1960s, which is more recent than
the two previously analyzed buildings that dated back to the 1930s. The
structure has a regular planimetric shape but has irregularities in
elevation as it is two stories above ground, but with a portion of the
building having an additional semi-basement floor. The masonry is of
cut stone with brick recourses. In Table 3 the main structural charac-
teristics of the building are reported.

In Fig. 4, each school’s plan is depicted along with accompanying
photos to offer a comprehensive overview of the building.

3.2. Numerical models

The 3D structural models of examined school buildings were
generated through the equivalent frame (EF) approach and by adopting
the Tremuri software [76]. The EF modeling, among other possible
choices suited for masonry structures [33], is proposed not only in
literature [76] but also explicitly recommended by some Codes [46,92].
This approach reduces the number of degrees of freedom and therefore
allows performing NLDAs of three-dimensional masonry structures with
a reasonable computational burden [24]. The Tremuri software [76]
was largely validated in previous studies, including numerical simula-
tions of the seismic response of well-documented experimental tests on
laboratory specimens and real buildings affected by earthquakes (for
which monitoring system records were also available) [13,38,97].
Moreover, apart from the numerical studies aforementioned, the effi-
ciency of this modelling strategy has been proved in various works
aimed at developing fragility curves [1,21]. It is worth noticing the

Table 3

General data of analysed school buildings.
D Case Age N floors Area Plan Inter-storey height [m] Wall thickness
school Study [m?] configuration min-max [m]

min-max
Cs1 Mortegliano 1921-45 2 < 500 Quadrangular with projections 4.70-4.90 0.25-0.40
CS2 Pradamano 1946-60 2 < 500 Elongated 3.80 0.25-0.50
rectangular
CSs3 Ovaro 1946-60 3 500-1000 Irregular 2.90 0.20-0.95
Cs4 Cividale Before 4 500-1000 Quadrangular with projections 3.81-4.32 0.24-1.50
del Friuli 1920

CS5 Visso 1921-45 2 500-1000 T-shape 4.30-4.40 0.30-0.71
CS6 Caldarola 1921-45 2 500-1000 Elongated rectangular 4.43-4.44 0.20-0.75
Cs7 Montegallo 1946-60 3 < 500 Quadrangular with projections 2.42-3.16 0.16-0.55
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Fig. 4. Plan shape and photos of the analysed schools.
equivalent frame schematization is particularly suitable if the wall ge- in Fig. 5, where the piers are depicted in orange, while the spandrels are
ometry and the distribution of the openings in the building are charac- shown in green. These panels are interconnected by rigid nodes (shown
terized by a certain regularity, in particular about the alignment of the in cyan in Fig. 5).
openings. The 3D view of EF models of the analyzed schools is reported The numerical masonry building models were developed in previous
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Fig. 5. — Equivalent frame models of the several cases examined and examples of backbone and hysteretic response for masonry piers under flexure (left) or

shear (right).

research works, in particular CS5 model in [13] and the CS6 model in
[20]. In these two works also a validation of the equivalent frame model
reliability was made.

For performing NLDA, the multilinear constitutive law developed by
[27], has been adopted to simulate the in-plane nonlinear response and
the hysteretic behaviour of masonry panels.

The shear-drift relationship in Tremuri software [76], based on a
piecewise-linear constitutive law for panels, embodies a phenomeno-
logical approach. It enables straightforward monitoring of the damage

(a)
1.2 12
10 — 10
0.8 0.8
1 3
E E
Z 0.6 2 0.6
> >
0.4 04
0.2 02
0.0 0.0
0 0.5 1.0 1.5 2.0
3 [%]

levels (DLg) attained in each deformable structural element (piers and
spandrels) subjected to cyclic loading, facilitating assessment of stiffness
and strength deterioration. Additionally, the phenomenological
approach effectively replicates a hysteretic response, allowing for dif-
ferentiation among various failure modes (predominantly flexural,
shear, or mixed) and different behaviours of piers and spandrels.
Specifically, the attainment of a damage level in the structural
element is tracked by surpassing drift thresholds set by the analyst,
which vary for spandrels and piers and are adjusted based on the failure

(b)

—— PFreg
| —o— Vyc reg
- —+— PFirr

Ve irr
0.5 1.0 1.5 2.0
5 [%]

Fig. 6. Constitutive laws for (a) piers and (b) spandrels, assumed according to [96] and [69] for damage levels up to DL4g, and the ones of [13] for damage

level DL5g.
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mode (whether flexural, shear, or hybrid). These thresholds in the nu-
merical model effectively mirror the real-world progression of damage,
such as crack widening and propagation.

In this paper, the constitutive laws assumed to describe the resistance
to shear (Vqc) or flexural (PF) failure mechanisms of the masonry types
are reported in Fig. 6, and are coherent with literature values [13,71,
961, in which the drift (8) and strength decay values were calibrated to
be as representative as possible of reality and were consistent with the
up-to-date experimental evidence as reported in some databases [87,
103,127]. The behaviour of the spandrels as shown in Fig. 6b does not
vary in the case of PF damage between irregular and regular masonry.

The values assumed as mechanical parameters (e.g. shear strength
(70), masonry compressive strength (f,), Young modulus (E) and specific
weight (w)) for the masonry type schools are reported in Table 4 and
calculated based on the reference range of variation proposed in
Table C8.5.1I of [32].

Additionally, corrective coefficients (Table C8.5.I in [32]) were
considered, where reasonable for the specific features of the examined
school buildings. These coefficients account for specific features influ-
encing masonry response, such as good quality mortar, effective trans-
versal connections between walls, and the presence of courses
enhancing horizontal layer alignment [8,67]. Using this approach,
plausible ranges of mechanical parameters were adopted for each
school, in which the minimum value aligns with the minimum proposed
in [32] and the maximum value corresponds to the Code’s maximum
proposal, to which all the possible corrective coefficients were applied.
At the end, for executing the NLDAs, the median values (as reported in
Table 4) of the mechanical parameters within the parameter range were
adopted.

As aforementioned, for CS5 and CS6 a very accurate validation even
in a strong nonlinear range was made in some precious works [13,20].
Instead in this paper, the data of ambient vibration tests available from
0SS were used to verify the reliability of ¢ the model of CS4 school at
least in linear range.

The ambient vibration measurements refer to approximately 40 min
of data acquisition collected in July 2016. Identification through Fre-
quency Domain Decomposition allowed for clear identification of the
structure’s first five modes. Specifically, the first three modes of the
structure at 4.4 Hz, 4.55 Hz, and 4.8 Hz can be interpreted as global
modes, namely a flexural mode along the structure’s long side and two
flexural-torsional modes along the short side; conversely, the fourth and
fifth modes are associated to local modes of diaphragms.

Similarly to other literature works [26,118], various modelling
epistemic uncertainties as well a random uncertainties associated with
mechanical properties were considered to calibrate the model, specif-
ically those related to: the stiffness of the diaphragm; the elastic moduli
of masonry; the interaction with the elevator shaft in reinforced con-
crete, external to the main plan of the school building (see Fig. 4). To
establish the best option, the minimization in terms of frequency error
and the maximization of the Mac Assurance Criterion (MAC) matrix

Table 4
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were adopted as targets. In particular, the MAC allows to verify the
match in terms of modal shapes.

Among the various options considered, it was found that the concrete
elevator shaft did not influence the dynamic response and frequencies of
the building. Among the various options in terms of mechanical pa-
rameters, the solution that came closest to the real response of the
monitored building was that of masonry with mortar of good charac-
teristics. Therefore, following the values recommended by the Italian
Code for this typology (refer to [32]), the Young’s modulus was set to
224 MPa, perfectly plausible for the masonry type that characterizes the
school. Fig. 7 compares the experimental and simulated frequencies and
the MAC matrix of the parametric analyses related to the diaphragm
stiffness, for the five modal shapes respectively (see Fig. 7b and Fig. 7c).

The calibrated model shows frequency errors below 5 % for the first
three modes, with very good MAC values for the first and fourth modes,
but lower values for the second and third modes. This outcome may be
ascribable to the presence of walls arranged in non-orthogonal di-
rections (Fig. 5), which could affect the actual measurement direction of
the sensors positioned on them. This aspect will be explored further in
the future; however, it goes beyond the scope of the present work and
does not affect the analyses discussed in the following sections.

Thus, overall, the results are quite satisfactory, making the model
calibration acceptable for this paper’s main goals.

4. Obtained fragility curves
4.1. Sensitivity of results to thresholds adopted for defining the DLs

This Section presents the results of the sensitivity analysis performed,
following the various steps described in Section 2.2, to define the DSs
and at the end of the iterative process the DLs.

The options reported in Table 1 have been applied to the numerical
models of school buildings, and in particular, Fig. 8 shows the results
obtained for two case studies, e.g. the CS1 and CS2 as resulting from the
Cloud analysis. The figure aims to highlight the potential impact that
each may have on the definition of the fragility curves without iterative
process.

Since the difference between the first four options (i.e. from Optl to
Opt4) is on the threshold of the lowest DSs, it can be seen that the curves
of the highest DSs are not sensitive to them; on the other hand,
considering the last options (i.e. Opt5 to Opt7), the opposite is observed:
in fact, the only difference between the curves can be seen on the highest
DSs.

In particular, Fig. 8 shows that Optl and Opt2 have minimal impact
on the curve; therefore, Opt2 was adopted. For lower levels of damage, a
distribution of damage across the building is preferred over a peak in
any one direction. Comparing Opt2 and Opt3, the CS2 model shows
slightly more variance than the CS1 model, but these differences remain
relatively minor. Consequently, Opt2 was chosen to validate the initially
assumed thresholds, ensuring maximum consistency with the EMS-98

Values of the mechanical parameters assumed for the schools analysed, increased in the presence of improving characteristics (e.g. good mortar quality (MQ), hor-

izontal string bands (SB), good cross connection (CC), injections (I)).

Case study Masonry Type MQ SB CcC I fn To E w
[N/mm?] [N/mm?] [N/mm?] [kN/m?]
CS1 Uncut Stones [72 %] X X 2.94 0.051 1212 20
Solid brick [28 %] 4.35 0.105 1470 18
CS2 Solid brick [100 %] X 5.02 0.121 2205 18
CS3 Cut Stone [100 %] X 4.71 0.097 2585 21
CS4 Cut Stone [100 %] X 4.09 0.084 2240 21
CS5 Cut Stone [99 %] X X 5.31 0.109 2240 21
Solid brick [1 %] X X 6.52 0.157 2205 18
CS6 Uncut Stones [100 %] X X 5.14 0.089 1697 20
Cs7 Cut Stone [89 %] X X 5.31 0.109 2240 21
Modern Masonry [11 %] 8.55 0.240 10182 18
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Fig. 7. — Comparison between the experimental and simulated numerical frequencies and the MAC matrix of the building having calibrated the equivalent shear
stiffness of the diaphragm (expressed by the value of the G modulus) starting from the identified value and having assumed the improved coefficient related to the
presence of good mortar characteristics.
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Fig. 8. Sensitivity of results to thresholds adopted to define the DSs for the CS1 and CS2 schools. The numbers reported in each box represent the options of Table 1
and are intended to give information on which curves overlap.
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damage definitions.

Starting with Opt4, the definitions of DS2 (and DL2) and DS3 (and
DL3) were modified to better distinguish these two damages. When
comparing Opt2 and Opt4, the distinctions between DSs remain limited
(with only DS3 and DS4 differing slightly in the CS1 model), so the
multilinear approach (e.g., Opt4) was deemed appropriate, though the
advance and retreat percentages required further calibration.

Between Opt4 and Opt5, Opt5 was selected. While higher DSs (i.e.,
DS3, DS4, and DS5) show little difference between the two options, Opt5
provides a shift which seems more convincing for lower DSs (i.e., DS1
and DS2), allowing the fragility curve to be a bit less fragile through an
iterative approach.

Comparing Opt5 and Opt6 reveals that the earlier advance on DS3
consequent to the adoption of Opt5 had little effect on defining DSs.
Since the curves show negligible variation between these options, Opt6
was adopted. Opt6 provides well-defined spacing between DS1, DS2,
and DS3, while DS4 and DS5 yield nearly identical results (as the iter-
ative method causes DS5 to shift backward). Thus, between Opt6 and
Opt7, Opt7 was selected to improve the separation between DS4 and
DS5, which were otherwise too close. It is important to note that Opt7
does not alter the fragility curve for DS5 compared to Opt6 but only
affects DL4, as very destructive analyses are categorized within DS5,
making them less sensitive to this adjustment.

Opt. 7 was finally selected to apply the iterative procedure described
in the previous section and to pass from the DS to DL definition.

Fig. 9 shows the building-by-building variability, giving an idea of
the dispersion of results in terms of fragility curves, fixed the DL.
Moreover, Fig. 9 also highlights the variability associated with the
record-to-record variability, with dispersion that varies from 0.2 to 0.4,
values which are in lines with other literature works [24].

While spectral acceleration for the building’s fundamental period
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generally proves to be more effective than PGA for flexible structures,
this isn’t always the case for rigid ones such as masonry buildings, owing
to irregular spectral shapes in the low-period range. It is worth recalling
that these fragility curves don’t account for the intra-building variability
since mechanical parameters have been considered deterministic.

Unlike other studies, this work does not consider material property
uncertainty nor that associated to the drift limits, as the objective was to
assess the procedure using deterministic building models. In other
studies (e.g. [11,12,24,66]) such uncertainty was addressed by per-
forming Monte Carlo sampling of the material property values. From the
studies available in the literature, it emerges that the uncertainty
contribution to the dispersion due to the material properties and drift
limits is around 0.15-0.3. Thus, such a contribution is expected to be not
dominant in fragility curves referring to a single structure [12,24,66]
and not to a building class.

For the same reason, also the impact of other epistemic uncertainties
associated to the effectiveness of structural details (like as the tie-rods,
the length of reinforced concrete elements or the quality of walls-to-
walls connection) was not part of the analysis in this paper. A more
in-depth discussion on this aspect can be found, for instance, in [54,53,
57]. Indeed, depending on the geometrical configuration of the build-
ings, the impact of such type of epistemic uncertainties may be even
more significant than that of aleatory ones but, as aforementioned, this
aspect is out of the scope of this paper.

The fragility curves derived at the end of the Cloud+IDA method
allowed estimating the record-to-record variability (6,,) and quantifying
the contribution associated to the inter-building variability. For the
latter, fragility curves of low- and medium- rise school buildings have
been grouped together. Table 5summarizes these values, where Gy
include both sources of uncertainties. The resulting value of the inter-
building variability ranges from 0.07 to 0.25. These values are a bit

DL3
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i
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Fig. 9. Fragility curves obtained for the analysed schools by considering Opt7 at the end of the iterative procedure.
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lower compared to other studies like as for example those reported in
[53]. However, it should be noted that the number of buildings in our
study is significantly lower (i.e. 7) compared to the latter (around 100
buildings).

4.2. Comparison of derived fragility curves with those achievable from a
drift-based approach

This section presents a comparison between the fragility curves ob-
tained using the proposed approach—where the damage level is
assigned by directly interpreting the damage simulated through
NLDA—and those obtained using the “traditional” DL approach, where
the damage level is assigned based on predefined drift thresholds.
Instead of adopting fixed threshold values from the literature (e.g., [17,
48]), building-specific thresholds were determined from the execution
of pushover analyses according to the criteria defined in Table 5. The
threshold derived from NLSA, differentiated for the positive and nega-
tive directions, refer to the lower value obtained by considering the two
load patterns (i.e. uniform and inverted triangular) are reported in
Table 6. At least, such an approach allows to consider customized
threshold for each individual building.

Fig. 10 illustrates, for three of the seven examined structures, an
example of this comparison, focusing on DL2 and DL4. Here, the term
“traditional approach” refers solely to the method used for assigning the
damage level and thus post-processing the NLDA results. The analyses
themselves-whether following the classical Cloud method or the com-
bined Cloud+IDA method-remain unchanged. The traditional approach
was applied only in conjunction with the Cloud method, as this is the
most commonly adopted in the literature. CS1 structure is the one whose
results are depicted also in Fig. 1.

For DL2, the results indicate that the traditional approach can yield
either lower or higher vulnerability estimates compared to the “pro-
posed approach + Cloud” with amount in the differences varying across
structures. This irregular trend may be related to the inherent limita-
tions of nonlinear static analyses in reproducing the damage patterns
simulated by NLDA, which in some cases exhibit more localized damage.
In the case of DL4, instead usually the traditional approach produces
lower vulnerability estimates compared to the “proposed approach
+ Cloud™.

Conversely, as discussed in the paper, when the Cloud+IDA method
is employed, the median value of the fragility curve decreases with
values that are always lower than both the proposed and traditional
approaches combined with the Cloud method. It is worth noting that, in
the traditional approach, the fragility curve for DS2 corresponds to a
range bounded by the thresholds for DL2 and DL3. Consequently, it is
consistent that its median value is higher than that obtained with the
Cloud+IDA method, which allows for a more precise identification of
the attainment of DL2.

Instead, the differences for DL4 are much less pronounced.

Table 5

Structures 80 (2025) 110113

Table 6
Thresholds adopted for the definition of the roof drift by performing
the NLSAs.

Damage Level Drift threshold
DL1 Vi
by = d( 2 = 0.4 /i
max
DL2 Vi
Sroof = d(v—” = 0498) /Huot
max
DL3 Vi
Sroof = d( = 070) /Huot
Vinax
DL4 Vi
B = d(v—b - 0.40) JHo
max
DL5 1%
Sroof d(V L = 050) /Hiot
max

5. Comparison with literature’s fragility curves

To validate the obtained results, the Cloud+IDA numerical fragility
curves have been compared with other ones already available in the
literature.

Firstly, the fragility curves developed in the MARS-School project
[19] have been considered. These fragility curves integrate the results of
various approaches, i.e.: the heuristic-macroseismic approach [70]; the
simplified DBV-Masonry analytical-mechanical approach [21,72]; the
empirical-binomial ~ approach [40]; the  Vulnus  hybrid
analytical-mechanical approach [109]; and the simplified Firstep-M
analytical-mechanical approach [50,51,54]. Thus, these curves ac-
count also for the epistemic uncertainty related to the approach adopted
for deriving the fragility curves. More specifically, they have been
derived to the representative of the school building stock at national
scale, considering school buildings’ samples of different types. Specif-
ically, the empirical models are based on data observed following the
earthquake that struck the Abruzzo region in 2009, the DBV-Masonry
and Vulnus analytical models developed fragility curves from a stock
of prototype buildings scattered throughout Italy, the Firstep-M analy-
tical-mechanical model was based on the FVG school sample.

In Fig. 11 the fragility curves of the analyzed schools (coloured lines)
obtained with the Cloud+IDA numerical approach are compared with
those from the MARS-School project [19]. For the latter, two ages of
construction are considered, a more ancient (in light grey) and a more
recent (in dark grey) one, respectively. In particular, the region resulting
for “ancient” sub-typologies MARS fragility curves is limited by the re-
sults associated with 1921-45 and that to 1946-60 age of constructions;
the region instead associated with “modern” sub-typologies results from
1961 to 75 and after 1976 age of construction. The comparison is made
for 2-storeys and > 3-storeys structures. This range of age of construc-
tions has been considered since the school examined in this paper are
characterized by structural details pertinent to these periods. In Fig. 11,
also the fragility curves presented in [40] which have been derived from
the observed data of school buildings hit by the L’Aquila 2009 earth-
quake are reported. Specifically, for the 1946-60 sub-typology, the
dashed lines in light grey refer to the empirical-binomial approach
developed by [60] while the lines in black refer to the heuristic approach

Values obtained for the dispersion associated to the record-to-record variability (c,,) and to overall one accounting also for the inter-building variability combined

curves (Gyop)-

DL1 DL2 DL3 DL4 DL5
Orr Gtot Orr Gtot Crr Gtot Orr Gtot Orr Gtot
2 storey 0.372 0.365 0.322 0.312 0.288 0.308 0.323 0.276 0.296 0.303
0.342 0.278 0.298 0.238 0.273
0.283 0.280 0.260 0.262 0.272
0.343 0.291 0.308 0.232 0.296
3/4 storey 0.282 0.323 0.270 0.372 0.255 0.284 0.233 0.338 0.258 0.280
0.307 0.294 0.329 0.337 0.231
0.326 0.244 0.247 0.408 0.319
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Fig. 10. Comparison between the fragility curves derived with the proposed procedure and those from a traditional approach based on the use of roof drift thresholds

defined from NLSAs.
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Fig. 11. Numerical fragility curves of the seven analyzed schools, compared with the MARS-School project literature curves [19] (area in light grey refers to ancient
schools, that in dark grey to the modern age of construction). Moreover, the empirical-binomial literature curves (dashed lines in light grey) and the heuristic
literature curves (stretch dot lines in black) [40] for the 1946-60 sub typology are reported too.

developed by [70].
From the analysis of the figure and considering the differences in the
examined approaches, the following observations can be made:

e The variation in the dispersion of the fragility curves arises from the
different uncertainty contributions considered. The curves derived
from NLDAs account only for the record-to-record variability, while
those from the MARS project incorporate contributions from various
uncertainty sources, including seismic input, structural capacity, and
damage level definitions, as well as epistemic uncertainties associ-
ated with the approach used for their derivation.

The MARS project curves represent typological classes across all of
Italy, whereas those from NLDAs are associated with single re-
alizations of specific buildings. Thus, as the number of schools
examined increases, the median values are expected to converge a
bit.

For three-storey structures, starting from DL2, the median values of
the NLDA curves are relatively well-aligned. Conversely, in the case
of two-storey structures, the NLDA results are generally more
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conservative. Such a results could be attributed to a prevalence in the
numerical models to activate a quite pure soft-storey mechanism in
case of low-rise buildings with reinforced concrete beams and rigid
diaphragms as those examined.

e For both two- and three-storey school buildings, the DL1 NLDA
curves are more conservative.

The tendency for NLDAs results to be more conservative than other
approaches has also been confirmed in the literature for other structural
types, such as reinforced concrete schools within the MARS School
project [19]. Specifically, in the case of DL1, this outcome for URM
buildings could be attributed to a tendency of the numerical model to
overestimate the onset of minor damage at the structural element scale.
Phenomenological constitutive laws, like the one adopted here,
approximate the progressive stiffness degradation in the initial phase,
potentially contributing to this effect. It should also be noted that when
assigning real damage levels based on expert judgment, the greatest
uncertainties and dispersion are observed at the lower damage levels.

Despite these differences, overall, the comparison seems quite good
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considering also the substantial differences in the approaches adopted
and results aligned.

Finally, the results are also examined in terms of distance among
fragility curves for investigating the ductility assessed for the examined
building stock. With this aim the ratios PGApx/PGApr2 have been
computed and compared with some reference values proposed in the
literature within the MARS project ([83,19]).

Specifically, according to the approach proposed in [69,83], the
value PGApy; serves as a reference, representing moderate-slight struc-
tural damage, near the point of maximum shear strength, while the ratio
PGApr/PGApr2 introduces an important concept connected to
“ductility” (or more precisely, the “behavior factor™) for levels DL3, DL4,
and DL5. Conversely, the value PGApy1/PGApr2 represents the over-
strength ratio in URM buildings. According to this proposal, a differ-
entiation between brittle and ductile behavior is introduced by
considering possible variations in the spacing of fragility curves asso-
ciated with different DLs. Specifically, in [69] two sets of fragility
curves, labeled “brittle” and “ductile”, are proposed based on the
reference values for the PGApx /PGApy, ratio summarized in Table 7.

This table reports also these ratios as resulting from the fragility
curves derived from the NLDAs presented in the paper. To be more
effective, Fig. 12 graphically illustrates the same results. It emerges that
while the distance between DL2 and DL3 obtained from NLDAs is higher
than the reference ductile behaviour established within MARS project,
that between DL2 and DL4 is intermediate between the ductile and
fragile behaviour. What it clearly appears is that the progression from
DL4 to DL5 estimated by the mechanical-numerical approach is very
moderate. However, such a result is ascribable to the fact that the nu-
merical approach tends to saturate collapse prediction: this seems
related to a limitation of the approach more than a consistent trend.
Overall, this comparison confirms a quite good agreement with trends
available from other research studies of literature.

6. Derivation of reference roof and interstorey drifts from the
NLDAs carried out

The procedure proposed in this paper is self-consistent and uses only
NLDA, presupposing, however, the availability of a model to estimate
the spread of damage. Since not always so detailed numerical models are
available, such as the case of NLDAs on single degrees of freedom,
therefore a threshold definition method must be applied. This is why
reference values for roof drifts of each DL were also estimated ex-post
from NLDAs.

The maximum wall-roof drift (6max) is calculated considering not
only the contribution of the horizontal displacements by also that of the
average rotations of the nodes at the top storey. Given the different
behaviour of the buildings in the two verses (positive or negative), the
maximum roof drift has been evaluated separately for the two directions
(6max x and Smax v) as reported in Eq. (4)

5max = max{épositive 5 (Snegative} (4)

Table 7
PGAp1x/PGApi2 ratio for each analyzed school building with respect to the
“brittle” and “ductile” vulnerability class proposed in [69].

Case study PGAp11 PGAp3 PGApr4 PGAp;5
PGApi2 PGApi2 PGApi2 PGApi2
CS1 0.39 2.13 2.65 2.84
CS2 0.55 2.82 3.25 4.05
CS3 0.39 2.67 3.02 3.01
Cs4 0.52 2.48 2.77 2.85
CS5 0.48 2.50 2.84 3.20
CS6 0.46 2.04 2.52 2.79
Cs7 0.24 1.44 1.75 1.90
Fragile vulnerability class 0.67 1.49 2.23 3.32
Ductile vulnerability class 0.51 1.95 3.82 7.46

16

Structures 80 (2025) 110113

-

3
DL,

Fig. 12. Graphical representation of the ratios shown in the Table 7 for each
analyzed school building.

Then, for each building, the 8py; roof,n.DA Obtained from the NLDAs
was evaluated as described in Eq. (5).

(5)

ODLi roof NLDA = maX{ISDLi.x; 5DLi.Y}

Specifically, for each analysis considered, the maximum roof drift
between the two directions associated with the DL reached (following
the procedure described in Section 2.2) was identified. Subsequently,
the median value and dispersion of the roof drift were calculated for
each DL. Table 8 summarizes the values obtained from both the NLDAs
carried out through the classical approach or the refined one through the
IDA and iterative procedure. For the procedure without the iteration the
values are representative of DS, but for brevity, they are called DLs.
Fig. 13 shows the values of the ratios between the maximum &, in
Table 8 with and without iterative procedure.

Analyzing the effects of the Cloud+IDA iterative procedure, it is
possible to affirm that:

o the definition of DL1 and DL2 are the most affected by the iterative
procedure, and in particular they tend to move back (on average the
ratio between the wall-roof drift from the Cloud+IDA procedure and
the Cloud one is about 0.6).

Concerning DL3 and DL4, the ratio is in average about 0.87 while for
DL5 the impact is higher, with a ratio equal in average to 0.6.
Consequently, the DLs tend to converge with each other after the
application of the iterative procedure. This may depend on the
response of the building having a "brittle" behavior and not a gradual
softening phase (typical of buildings with rigid diaphragms). The
result is consistent with the position of these three DLs on the
pushover and the fragility of the softening response.

The &pi;roof n1sa Obtained by performing NLSA are summarized in
Table 6 as well. The value computed as illustrated in Section 4.2 has
been evaluated, for each building, as reported in Eq. (6):

(6)

The roof drifts resulting from both NLDAs and NLSAs (as reported in
Table 8) may exhibit considerable variation among buildings. That is
attributed to the activation of different failure modes across various
configurations and/or storey numbers. It can be observed that the
thresholds obtained from NLSA are usually lower than those from NLDA.
This result is in favour of safety, as NLSAs, being more expeditious and
less accurate than NLDAs, must give more precautionary results. How-
ever, as illustrated in Section 4.2 not always that corresponds to fragility

ODLiroof NLSA = min{ﬁmi,x; 5DLi,Y}
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Table 8

Values of the maximum roof drift obtained for the schools analyzed with NLSA,
NLDA using the cloud method and NLDA using the iterative procedure, plus the
dispersion obtained by all the analyses that belong to a DL.

School NLSA NLDA-Cloud NLDA-Iterative
no. Method Procedure
Smax [%] Smax [%] 4 Smax [%] c
CS1 DL1 0.02 0.07 0.332 0.04 0.159
DL2 0.11 0.17 0.319 0.11 0.198
DL3 0.29 0.34 0.163 0.28 0.088
DL4 0.35 0.49 0.152 0.41 0.135
DL5 0.42 1.41 0.593 0.78 0.324
CS2 DL1 0.01 0.04 0.272 0.03 0.161
DL2 0.07 0.12 0.433 0.06 0.180
DL3 0.20 0.28 0.238 0.26 0.155
DL4 0.35 0.48 0.344 0.37 0.173
DL5 0.39 1.61 0.529 0.94 0.336
CS3 DL1 0.01 0.02 0.306 0.01 0.126
DL2 0.05 0.08 0.534 0.04 0.178
DL3 0.19 0.26 0.240 0.23 0.143
DL4 0.25 0.32 0.149 0.33 0.150
DL5 0.30 0.96 0.533 0.46 0.497
CS4 DL1 0.01 0.04 0.283 0.03 0.086
DL2 0.07 0.12 0.425 0.07 0.128
DL3 0.22 0.28 0.540 0.27 0.166
DL4 0.26 0.45 0.203 0.41 0.217
DL5 0.27 0.75 0.463 0.55 0.224
CS5 DL1 0.01 0.04 0.325 0.03 0.115
DL2 0.08 0.12 0.435 0.06 0.170
DL3 0.31 0.34 0.272 0.28 0.182
DL4 0.40 0.49 0.234 0.44 0.215
DL5 0.51 1.19 0.573 0.75 0.312
CS6 DL1 0.01 0.06 0.346 0.04 0.159
DL2 0.07 0.14 0.318 0.10 0.213
DL3 0.31 0.32 0.152 0.26 0.119
DL4 0.39 0.48 0.231 0.37 0.156
DL5 0.49 1.47 0.520 0.89 0.448
CS7 DL1 0.01 0.02 0.508 0.01 0.127
DL2 0.03 0.08 0.391 0.06 0.310
DL3 0.19 0.15 0.353 0.12 0.305
DL4 0.30 « 1.318 0.22 0.673
DL5 0.36 0.81 0.622 0.53 0.545

" This value is not statistically robust and is therefore not reported.

curves more vulnerable.

Moreover, it can be observed that the intra-building dispersions re-
ported in Table 5 and computed from NLDAs are significant as well;
however, it is worth recall that this dispersion accounts only for the
influence of the record-to-record variability.

To be useful in risk analyses at large scale values summarized in
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Table 5 have been aggregated in Table 8 on the complete sample of
examined structures (first row) or grouped for 2-storey buildings and
3-4 storey buildings (second and third rows). Table 9 also reports the
inter-storey drift limits proposed by FEMA [48,68,93]. These values are
provided for four damage states (Slight, Moderate, Extensive, Com-
plete), which have been associated in this comparison with DLs: DL2 to
DL5, respectively. Since all the analysed buildings are equipped with
reinforced concrete beams, it is assumed that their seismic performance
may fall between the Pre-Code and Low-Code Seismic Design Levels.
Low-rise buildings are considered those with 1 or 2 storey, while
Mid-rise buildings have more than 3 storey. The comparison with the
values proposed by FEMA shows that, for DL2 and DL4, the thresholds
obtained using the Cloud-based approach are significantly lower than
those of FEMA, while they are more comparable for DL3. In general,
differences between low- and medium-rise buildings are smaller than
those indicated by FEMA. For all damage levels, the thresholds resulting
from the Cloud+IDA approach are significantly lower.

Moreover, it is important to keep in mind that the reference values
proposed in Table 9 refer to building with specific features, i.e. with
rigid diaphragms and certain masonry types. Moreover, the estimated
thresholds also do not consider the dispersion associated with other
sources of uncertainties (e.g. mechanical properties, drift limits at scale
of pier and spandrels, structural details); therefore, it is expected that the
associated dispersion could be even larger in the reality.

7. Conclusions

The paper explores the derivation of fragility curves through an ac-
curate mechanical-numerical approach based on nonlinear dynamic
analyses (NLDAs). Although the presented application pertains to URM
school buildings, the proposed procedure is general and can also be
applied to other types, such as residential or monumental structures
(like palaces). The strength of the developed procedure lies in the self-
consistent use of the dynamic approach, relying exclusively on the
interpretation of simulated damage without the need to define con-
ventional thresholds based on more approximate analyses, for instance,
those resulting from applying the nonlinear static approach.

The method adopted for interpreting the simulated damage is based
on a methodologically consistent approach to damage level definitions
according to EMS98. It contributes to reducing potential discrepancies
associated with different damage metrics across various approaches for
deriving fragility curves.

The method in this paper based on the execution of NLDA on 3D
models, is expected to be more effective than other more simplified
approach, such as based on the use of SDOF systems, particularly for

DL3 DL4 DL5

W cs6

cs7

Fig. 13. Ratio of the average 6., resulting from NLDAs with and without iterative process, for the seven examined case studies (CS).
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Table 9
Median values of the roof and interstorey drift obtained for the whole sample, for the 2-storey and the 3-storey buildings, using the cloud method and the Cloud-+IDA
method.
dpL1 OpL1 dpr2 0pL2 dpL3 OpL3 dpr4 OpL4 dpLs OpL5
[%] [%] [%] [%] [%]
Sroof NLDA - Cloud Sample 0.04 0.206 0.12 0.184 0.27 0.438 0.33 0.751 1.13 0.098
Method 2-storey 0.05 0.107 0.13 0.178 0.32 0.283 0.49 0.333 1.41 0.063
3/4-storey 0.03 0.318 0.09 0.161 0.23 0.407 0.19 1.180 0.84 0.148
NLDA - Sample 0.02 0.228 0.07 0.268 0.24 0.384 0.35 0.547 0.68 0.311
Iterative procedure 2-storey 0.03 0.164 0.08 0.099 0.27 0.320 0.40 0.196 0.84 0.164
3/4-storey 0.02 0.220 0.06 0.448 0.20 0.401 0.31 0.783 0.51 0.489
Sinterstorey NLDA - Cloud Sample 0.05 0.226 0.15 0.165 0.40 0.419 0.53 0.677 2.47 0.136
Method 2-storey 0.05 0.105 0.16 0.153 0.43 0.154 0.78 0.225 2.69 0.180
3/4-storey 0.04 0.369 0.13 0.170 0.35 0.560 0.32 1.094 2.22 0.014
NLDA - Sample 0.03 0.233 0.08 0.319 0.34 0.449 0.56 0.581 1.39 0.247
Iterative procedure 2-storey 0.03 0.213 0.09 0.192 0.37 0.388 0.59 0.282 1.55 0.111
3/4-storey 0.02 0.169 0.07 0.484 0.31 0.493 0.52 0.870 1.20 0.349
FEMA Low-rise / 0.30 0.60 1.50 3.50
Low-Code Mid-rise / 0.20 0.40 1.00 2.33
FEMA Low-rise / 0.24 0.48 1.20 2.80
Pre-Code Mid-rise / 0.16 0.32 0.80 1.87

irregular buildings or those with flexible diaphragms, as it explicitly
considers the actual distribution of damage - an aspect that SDOF models
are inherently unable to capture. In fact, particularly these configura-
tions may be subjected to a more irregular or localized distribution of
damage. The SDOF models, as well as typically mechanical models, can
usually be correlated to damage only through roof drift or in some case
(more rarely) inter-story drift. However, especially in the case of
advanced damage states, roof drift may not be the most suitable indi-
cator, as it fails to capture localized damage.

The fragility curves developed are compared in the paper with others
available in the literature, showing overall good agreement, albeit with
some differences attributable to intrinsic variations among methods.

Moreover, the results obtained from the NLDAs have been processed
to provide roof drift and interstorey drift thresholds, which could serve
as a useful reference for applications by other researchers relying on
more simplified approaches that do not allow for the estimation of the
damage distribution at the single structural element scale. Such refer-
ence thresholds are quite limited in the literature, and in the future, the
proposed approach could be used to perform parametric analyses on
configurations representative of various architectural/structural typol-
ogies and thus enrich these reference sets of values.

Furthermore, the comparison with the “traditional DL approach”
indicates that adopting identical roof or inter-story drift thresholds for
all buildings or customized on the structure but based on pushover
analyses-may be arbitrary and may produce not always robust fragility
curves. Thus, strengthening the research in the outlined direction
therefore appears both necessary and beneficial.

Finally, the proposed procedure could have in the future wider areas
of applications. A possible example lies in the development of decision-
support tools for assessing the damage of permanently monitored stra-
tegic buildings, where accurate numerical simulations via NLDAs could
complement the interpretation of synthetic parameters estimated from
on-site measurements (as for example tentatively applied in [117].
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