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ABSTRACT

Over recent decades, Italy has been affected by multiple earthquakes, revealing the significant vulnerability of existing structures.

These seismic events have resulted in notable human and economic losses, emphasising the importance of evaluating the impact

of one or more seismic events on various building types. Developing fragility models to estimate damage and failure probabilities

across seismic intensity levels is essential for assessing risk and predicting damage scenarios. This study investigates the seismic

fragility of unreinforced masonry buildings. The fragility assessment is based on data collected through AeDES forms after the

2012 Emilia seismic sequence, provided by the Italian Department of Civil Protection. Damage data were converted to a five-level

scale derived from the European Macroseismic Scale EMS-98, and the dataset was supplemented with census data on undamaged

buildings, resulting in a total sample of about 110 000 URM buildings. Previously developed attenuation relationships, spatial

correlation models and shakemaps—calibrated specifically for the Emilia events—were employed to estimate the spatial ground

motion intensity distributions. An ordinal statistical model was used to calibrate fragility functions with various ground motion

intensity measures (IMs). Subsequent statistical analyses identified the IMs most strongly correlated with observed damage.

Finally, the influence of construction age and number of storeys was incorporated, and the resulting fragility curves were compared

with those from existing literature.

1 | Introduction

Seismic fragility models play a key role in the assessment of
seismic risk as well as in the prediction of damage scenarios;
as they define the relationship between structural damage and
the intensity of the seismic ground-motion. In its simplest form,
this relationship can be expressed as Damage Probability Matrices
(DMPs), introduced for the first time by Whitman [1] to describe
damage observed in multi-storey buildings after the 1971 San
Fernando earthquake. Due to their straightforward derivation,

DMPs have been widely adopted in the literature [2-5]. When the
probability of exceeding certain damage levels is defined using
continuous functions of a ground motion intensity measure (IM),
fragility functions are obtained. One of the earliest definitions of
fragility functions was provided by Kennedy et al. [6].

Fragility functions can be classified according to the method
used for their derivation: expert judgment (heuristic models),
numerical simulation of the seismic behaviour of structures
(numerical models) or statistical analysis of observed damage
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after past earthquakes (observational or empirical models). The
present study follows the observational approach, using damage
data collected after the 2012 Emilia seismic sequence in northern
Italy. With reference to observational models, further classifi-
cations are possible based on the ground motion IM adopted
[7], the mathematical form of the function used to evaluate
damage probability, the statistical regression model, the adopted
damage scale and the considered building taxonomy. The latter
often reflects the categories used in postearthquake surveys or
national databases, though efforts have been made to standardise
taxonomies at the European level [8-10]. As for the damage
scale, the most commonly adopted is that introduced for defining
the macroseismic scale EMS-98 [11]. However, some researchers
used other scales, such as Modified Mercalli Intensity (MMI) [12]
or Mercalli-Cancani-Sieberg (MCS) [13]. Concerning statistical
models and the mathematical form of the function used to define
the damage probability the reader is referred to [14, 15]. As for the
choice of the IM, the peak ground acceleration (PGA) is still the
most frequently adopted parameter, both for historical reasons
and for the availability of ground motion prediction equations
and hazard maps. However, it has been observed that PGA does
not correlate well with observed damage [16] and along with
other peak parameters (e.g., PGV, PGD), it is unable to describe
important features of seismic ground-motions, such as frequency
content, duration or number of cycles, which affect the response
of structures and therefore damage and loss. For this reason, some
empirical fragility studies have employed response spectrum-
based parameters [10]. It is worth noticing that the adoption of
spectral-based IMs is very common in fragility curves obtained
by means of numerical models. Fragility models may also differ
in the geographical scale used to collect data, ranging from the
entire area affected by an earthquake [13,17, 18] to a city within the
affected area [12, 19, 20] or to smaller administrative units such as
award [21]. Some studies also combined multiple large databases
[16] or focussed on regional typologies [22-24] to take into account
event-to-event variability.

Numerous empirical studies have been conducted to estimate
seismic fragility in Italy [25-30]; a comprehensive review of
models for Italian residential buildings can be found in [31]. Del
Gaudio et al. [27] proposed empirical fragility curves for masonry
buildings after the 2009 L’Aquila’s earthquake; they identified 20
classes of masonry buildings and defined damage scenarios for
a large area around the city of L’Aquila. More recently, Brando
etal. [32] developed an empirical-based predictive model for rapid
seismic vulnerability assessment with reference to a little town
located in the Marche region. Moreover, as part of a research
agreement between ReLUIS (Network of University Laboratories
for Seismic Engineering)—DPC (Italian Department of Civil
Protection) 2018, Rosti et al. [33] and Zuccaro et al. [34] presented
two different empirical fragility models, then used evaluate
national seismic risk maps for the URM residential building
stock, using a dedicated web GIS platform, I.R.M.A. (Italian Risk
MAps) [35].

This paper derives observational fragility curves for unreinforced
masonry (URM) buildings from damage data collected after the
2012 Emilia seismic sequence; a series of moderate intensity
events that struck the provinces of Bologna, Modena and Ferrara,
in northern Italy, in May 2012. The two mainshocks had a moment
magnitude of 6.1 and 6.0, respectively.

In the literature, only Ioannou et al. [29] have developed fragility
models for URM buildings considering the same event. Com-
pared to [29], the present study introduces several methodological
advancements: (i) it uses building-by-building data, combining
damage data from AeDES forms [36] with census information,
while [29] used data aggregated at the municipality level; (ii)
it uses ground-motion intensity values based on ground-motion
prediction equations and spatial cross-correlation models [37]
calibrated on data from the Emilia earthquake; (iii) it analyses
the correlation of different ground-motion IMs with the observed
damage; (iv) it proposes fragility models that depend on con-
struction age and number of storeys. Finally, the proposed curves
are compared with those by Ioannou et al. [29] and Rosti et al.
[33], further highlighting the contribution of the present work to
improving empirical seismic fragility assessment in Italy.

2 | Damage and Buildings Database
2.1 | AreaInvestigated

On 20 May 2012, the Emilia-Romagna region (Italy) was struck
by an earthquake of moment magnitude M, = 6.1; a seismic
sequence followed and on 29 May 2012 a second event with M, =
6 hit the area [38]. The sequence was caused by the rupture of
two separate blind thrust faults with a north-east compressive
direction in the Apennine foreland. Figure 1 shows a map of the
territory hit by the earthquake, reporting the boundaries of the
municipalities involved, the epicentres of the two mainshocks
(star symbol) and the fault surfaces. The study area considered
in the present work is highlighted in grey.

2.2 | Building Inventory

Data on damaged buildings were obtained from AeDES forms
[36], which are used to carry out postearthquake damage surveys
in Italy. In most cases, these surveys were performed on demand
only, by explicit request of house-owners, with the only exception
of some areas closer to the epicentres where all buildings were
surveyed. However, since AeDES forms were mandatory to obtain
public funds for repairing buildings after the 2012 earthquake, it is
reasonable to assume that all damaged buildings were identified.
Nevertheless, they do not cover the whole building stock in
the study area, since undamaged buildings were in general
excluded. Therefore, information on undamaged buildings had
to be obtained from another source; in the present study, the 2011
Census of population and dwellings (Italian National Statistical
Institute) was used to this purpose. In particular, building-by-
building data census data, provided by the Emilia-Romagna
regional Civil Protection Agency, was employed. It is worth
noticing that, since the main objective of the census is to survey
demographics, it does not contain detailed information about
structural systems and building features; the only relevant data
are the construction age, the number of storeys and the con-
struction material. In particular, the construction age is reported
considering the following nine intervals: (i) before 1919, (ii) 1919-
1945, (iii) 1946-1960, (iv) 19611970, (v) 1971-1980, (vi) 1981-1990,
(vii) 1991-2000, (viii) 2001-2005 and (ix) after 2005. Besides, the
census covers all the national territory at the maximum possible
level of detail, that is, single building scale [39, 40].
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FIGURE 1 | Maps of territory hit by 2012 Emilia earthquake reporting the two main shocks: 20 (a) and 29 (b) May 2012 events. Stars indicate
epicentres, red lines the surface projections of the fault surfaces, dots the positions of ground motion recording stations. Shaded areas indicate the

municipalities considered in the study.

Since the purpose of the study is obtaining fragility models for
URM buildings, both the AeDES and the census dataset were
filtered. All buildings classified in the AeDES forms as reinforced
concrete, mixed, reinforced masonry or nonidentified and those
classified as reinforced concrete, other or nonidentified in the
census dataset were discarded. Furthermore, the municipalities
for which no AeDES forms were compiled were excluded from
the analysis. After filtering, the AeDES dataset (Datl in the
following) contained 30,334 masonry buildings while the census
dataset (Dat2 in the following) contained 110,654 buildings. It is
important to notice that Dat2 contains all the masonry buildings
in the study area; therefore, the Datl buildings are also included
in Dat2. Hence, to obtain the complete building distribution in the
area of interest, the two datasets must be fused, inserting the Datl
buildings into the Dat2 dataset, while removing their undamaged
counterparts.

Since AeDES and census do not have a common code to identify
buildings, criteria had to be defined for finding Datl buildings
inside Dat2; in the present study, a criterion based on the nearest
neighbourhood was adopted. The distances between all the
buildings in the Datl and Dat2 datasets were computed, then for
each building in the Datl dataset the closest building in the Dat2
dataset, with the same number of floors and construction age, was
identified and replaced by the Datl building. Theoretically, there
should be a perfect match between Datl and its corresponding
subset within Dat2, in practice, some discrepancies were observed
due to inconsistent geographical positions. In practice, both the
Census and the AeDES dataset generally identify buildings by
means of their address, but in some cases that is incomplete,
and latitude and longitude are available only in a few cases. A
software was developed to geocode the addresses of the buildings,
that is, convert them into latitude and longitude coordinates,
using the Openstreetmaps database. In case of missing address
number, the latitude and longitude coordinates assigned are those
of the middle point along the road within the municipality of the
building under consideration. The accuracy of the reference thus
depends on the completeness of the fields. Using the described
approach, the two databases were fused into the dataset Dat3,
which contains 110,654 buildings, 30,334 from Datl and 80,320
from Dat2.

Dat1 Dat2
32000

28000

24000

20000

16000

12000

Number of buildings [-]

8000

4000

Construction age

FIGURE 2 | Construction age distribution for the two different
databases: AeDES dataset (Datl) and census dataset (Dat2).

Taking advantage of the building data collected in the
postearthquake survey forms, statistics of the building datasets
were computed for different building attributes, such as
number of storeys and construction age. The distribution of
the construction age in Datl and Dat2 is shown in Figure 2,
considering the aforementioned nine construction-age intervals
used for the census classification. Clearly Datl has a higher
relative number of older buildings compared to Dat2; since
Datl contains mainly damaged buildings while Dat2 represents
the whole stock of masonry buildings in the area of study, the
difference in the construction age distribution in the two datasets
indicates that, as expected, older buildings have a higher seismic
fragility than newer buildings. Figure 3 classifies buildings from
Dat3 based on the number of storeys (i.e., 1, 2, 3, 4, >5 floors) and
construction age. The difference in available data shows that the
most surveyed masonry buildings are medium-rise structures, 2
or 3 storeys, particularly for pre-1945 buildings.

2.3 | Damage Scale

In the present study, fragility curves are based on a five-level dam-
age scale, derived from the European Macroseismic Scale [11].

2929 of 2946

85U8017 SUOWILIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe | 8y} &8s *[9202/20/8T] Uo A%iqiTauliuo Ae|im 90a % 1ediq eSS ealy Aq 60002 8b8/200T 0T/10p/wod Ao | Arelq1jeuljuoy/sdny woiy pepeojumod ‘TT ‘5202 ‘S86960T



TABLE 1 | Conversion from the AeDES forms structural damage levels to EMS-98 damage states.

EMS98 damage level Definition AeDES damage extension AeDES damage level
D, (no damage) No damage. Null L
D, (slight damage) Local or distributed damage to up to 20% Light << § i - g > g ) H,G,1
of horizontal and/or vertical partitions
without collapses.
D, (moderate damage) Local or distributed damage to more than Medium-severe << % ) F
20% of horizontal and/or vertical
partitions without collapses.
D, (severe damage) Severe damage to up to 15% of horizontal Medium-severe E,D
and/or vertical covering surfaces with (i - E; > 3 )
collapses or at least.
D, (heavy damage) Severe damage to up to 30% of horizontal Very severe (< %; % - z ) C,B
and/or vertical covering surfaces with
collapses or to up to 20% of columns, with
permanent drift larger than 2%, or plastic
hinge at the base section.
D; (partial or total collapse)  Collapses of more than 30% of horizontal Very severe ( > § ) A

and/or vertical covering surfaces or
damage to more than 20% of columns.

1 storey u 2 storeys 3 storeys 4 storeys u =5 storeys
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FIGURE 3 | Construction age and number of storeys distribution for
the fused database Dat3.

Therefore, it was necessary to define conversion criteria for the
damage reported in the AeDES forms, which use a different
classification system. To this purpose, the procedure proposed by
[25] was followed. The adopted conversion scheme is shown in
Table 1. Furthermore, the following assumptions were adopted:
(i) only structural damage was considered; (ii) the maximum
level of damage among those reported for the vertical bearing
structure, the horizontal structural elements and roof elements
was used. The choice of using the maximum damage is dictated
by the necessity of adopting an unambiguous criterion, since
multiple choices are allowed as in the AeDES forms. Moreover,
the maximum observed damage is usually the main element
influencing the usability evaluation of a building and its cost of
repair. Figure 4 shows a map of the municipalities hit by the
earthquake with all the buildings in the dataset highlighted, the
colour scale refers to the damage level assigned: from green for
D, tored for D;. Buildings in D, are indicated by a grey symbol.

FIGURE 4 | The 110,654 buildings considered in the present study;
colours indicate the damage level.

Figure 5 shows a comparison among the damage levels distri-
butions in Datl (a) and Dat3 (b) for the municipalities located
at less than 30 km from the epicentres of the two main shocks.
Specifically, the first eight municipalities from the left are at
less than 10 km, while the others are at more than 10 km. It
is interesting to notice that there is a higher difference in the
percentage of undamaged buildings for the municipalities further
away from the epicentres. In fact, as already mentioned, the
AeDES forms (Datl) were compiled for most of the buildings in
epicentral areas, outside they were compiled only on-demand,
therefore only for damaged buildings. Figure 6 shows a disag-
gregation of the damage levels based on the construction age
for the municipalities closer than 10 km from either one of
the epicentres, splitting the building in two groups, based on
whether they were built before or after 1945. It can be noted
that, as expected, older structures were more damaged compared
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FIGURE 5 | Observed damage levels distribution for municipalities within 30 km from the 20 and 29 May 2012 epicentres considering Datl (a) and

Dat3 (b).
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FIGURE 6 | Observed damage distribution for municipalities within 10 km from the 20 and 29 May 2012 main epicentres considering Dat3. Results

are disaggregated based on the construction age, that is, before 1945 (a) and after 1945 (b).

to structures built after 1945. In particular, older buildings are
associated to higher percentages of D, and D5 damage levels. For
instance, in the municipality of Cavezzo, the percentage of older
buildings with damage equal to or higher than D, is about 51%,
while for the newer building is about 21%.

3 | Ground Motion Intensity

In the present study, the ground-motion IMs listed in Table 2 were
considered in order to investigate their correlation with damage.
They were chosen following previous studies on their efficiency in
predicting the inelastic behaviour of different types of structures
[41]. The parameter T, was set to either 0.3, 0.75 or 1.5 s, in
order to represent short-, medium- and long-period structures,
respectively. Besides, for S, .o 11 [42], Tnerys Inpr, @0d STy r,s
the interval of periods [0.1, 0.5 s] was also used. All IMs, based on
response spectra, were computed considering a damping ratio of
0.05. Furthermore, all the IM values were calculated considering
directionality; in the following RotD50 values are used [43].

The values of the IMs at the locations the buildings in the
dataset were obtained from the shakemaps derived by Buratti
et al. [37], which are based on the procedure proposed by [44]
and [45]. It should be noted that ShakeMap is the name of a
software developed by USGS [46], however given its popularity
the word shakemap is here used to indicate the intensity values
of a spatial ground-motion field, even if computed by means of
a software developed by the authors. These shakemaps assume
that the logarithm of the ground-motion intensity follows a
multivariate normal distribution with spatial correlation [45, 47,
48]. The estimates of the logarithmic ground-motion intensity are
conditioned to the measurements obtained from ground-motion
recording stations (see Figure 1), that is, the ground motion inten-
sity corresponds to that measured by ground-motion recording
stations at their locations, while the intensity at sites far from
recording stations is obtained by combining the recorded values
at the neighbouring stations and predictions of an attenuation
model, using a spatial correlation model. The ground motion
intensity at each site is also associated to an uncertainty, that is,
the variance of the logarithmic ground motion intensity, which
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TABLE 2 | Ground-motion intensity measures considered in the present study.

Definition Unit Notes Reference
PGA = max(|a(t)|) cm/s? —
Sa avg 11 Tgsenes Tp) = cm/s? T, was set to 0.3, 0.75 and 1.5 s with T, = 2T,. The [42]
n 1/n range T, = 0.1s, T, = 0.5 s was also considered.
(ITS.(T1)
i=1
Iyer, = VS(T1) - V/S.(2T}) cm/s? T, was set to 0.3, 0.75 and 1.5 s. The range T, = 0.1 s, [50]
T, = 0.5 s was also considered.
0.4
Inpr, = Sa (ﬂ)[W] cm/s? T, was set to 0.3, 0.75 and 1.5 s. The range T, = 0.1s, [49]
o T, = 0.5 s was also considered.
PGV = max(|v(¢t)]) cm/s —
2T,
Shyr, = [ S,(T)dT cm T, was set to 0.3, 0.75 and 1.5 s. The range T, = 0.1 s, [51]
N T, = 0.5 s was also considered.
25
SIy = [ S,(T)dT cm [52]
0.1

Note: a(t) indicates the ground acceleration, v(t) the ground velocity, S,(T) the spectral pseudo-acceleration at the period T, S,(T) the spectral pseudo velocity at

the period T.
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FIGURE 7 | Medianvalue (a)and variance (b) of peak ground acceleration (PGA) produced by the 20 May mainshock. Black dots are ground motion

recording stations.

depends on the distance from the stations, that is, no uncertainty
is considered at the locations of the recording stations, while
the uncertainty tends to that of the ground-motion prediction
equation far from recording stations. A discussion of the effects of
the uncertainty in the ground motion estimates of fragility curves
can be found in [53, 54]. The attenuation and spatial correlation
models used to derive the shakemaps are specific for the 2012
Emilia earthquake and are presented in [37]. Finally, it is noticed
that the ground-motion intensity was evaluated at the location of
each building, without introducing any approximation due to the
usage of a grid.

As examples of the shakemaps computed, Figures 7 and 8 show
maps in terms of PGAg,ps, associated to the 20 May and the
29 May mainshocks, respectively, in the epicentral area of the
earthquakes. Each figure shows the median value of the PGA and
the corresponding conditional logarithmic standard deviation. It
is worth noticing that the number of ground motion recording
stations for the 29 May 2012 event was much higher, since
many temporary stations were installed after the 20 May 2012

earthquake (see Figure 1), thus leading to a lower uncertainty in
the ground shaking for the second event.

Having two seismic events with similar magnitude that occurred
in a very short time sequence complicates the definition of
fragility models [55] because damage may cumulate during the
sequence, but the AeDES forms only report the damage observed
after the second event. Therefore, it was not possible to determine
in which proportion damage was caused by each of the two
events, and cumulated damage models could not be developed.
Other literature studies referred to the same seismic event [27, 34,
53] have proposed that one solution to this problem is assuming
that the damage surveyed at a certain location is due to the
highest value of the ground motion intensity. Other works [56]
use a threshold IM value to determine, in case of two consecutive
events, whether a building has been affected by just one event
or the other. The first-mentioned methodology was here adopted:
Figure 9 reports a map of the area of interest and indicates for
each building which of the two earthquakes produced then higher
intensity in terms of PGA.
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TABLE 3 | Damage matrix for all buildings collected in the database: number of buildings for each damage level versus intervals of PGA.
Interval (cm/s?) Mean (cm/s?) D=D, D=D, D=D, D=D, D=D, D =D,
[6.27; 31.05) 26.10 10,896 46 31 14 33 2
[31.05; 36.83) 34.08 10,932 42 19 12 14 3
[36.83; 45.29] 40.34 10,778 110 65 38 21 10
[45.28; 64.42) 52.17 10,568 197 108 80 52 17
[64.42;103.49) 82.08 9703 566 265 232 211 45
[103.49; 141.18) 124.99 9561 565 326 261 255 54
[141.18; 195.83) 164.59 9027 700 386 398 409 102
[195.83; 307.74) 254.60 4896 2015 1050 880 1527 654
[74; 416.74) 357.46 2442 2440 1433 1221 2400 1086
[416.74; 522.85) 444.25 3553 2237 1333 1143 2005 759
Total 82,356 8918 5016 4279 6927 2732

@® event 1: 20th May
© event 2: 29th May

- Fal

N

FIGURE 9 | The 110,654 buildings considered in the present study;

colours indicate which event produced the highest PGA value.

4 | Fragility Point-Estimates

To better understand the damage distribution in the dataset Dat3,
the DPM in terms of PGA is presented in Table 3. As mentioned in

the Section 3, the IM values used in the present work are RotD50
values. To define the DPM, 10 intervals of ground motion intensity
are considered, in such a way that the number of buildings in each
of them is similar. The corresponding cumulative damage matrix
is reported in Table 4. The first column, D > D,, represents the
total number of buildings for a certain IM interval, while D > D,
represents the number of buildings that reported a damage state
greater or equal to D, for each IM interval, etc.

It is noted that the intervals considered are used only to provide
an intuitive representation of fragility and do not affect the
parametric fragility models discussed in the following, which are
calibrated without binning the IM values into intervals.

The probability of observing a damage level D > D; in the ith IM
interval can be estimated as:

bij =ni;/N; @

where N; is the total number on buildings and n; ; is the number of
buildings with damage D > D; for j = 1,..., 5, in the ith ground-
motion intensity interval. The estimated exceedance probabilities
are listed in Table 5. These tables highlight that the probability
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TABLE 4 | Cumulative damage matrix for all buildings collected in the database for PGA.

Interval (cm/s?) Mean (cm/s?) D>D, D>D, D>D, D>D, D>D, D =D,
[6.27; 31.05) 26.10 11,022 126 80 49 35 2
[31.05; 36.83) 34.08 11,022 90 48 29 17 3
[36.83; 45.29) 40.34 11,022 244 134 69 31 10
[45.28; 64.42) 52.17 11,022 454 257 149 69 17
[64.42;103.49) 82.08 11,022 1319 753 488 256 45
[103.49; 141.18] 124.99 11,022 1461 896 570 309 54
[141.18; 195.83) 164.59 11,022 1995 1295 909 51 102
[195.83; 307.74] 254.60 11,022 6126 4111 3061 2181 654
[307.74; 416.74) 357.46 11,022 8580 6140 4707 3486 1086
[416.74; 522.85) 444.25 11,030 7477 5240 3907 2764 759
Total 110,228 27,872 18,954 13,938 9659 2732
TABLE 5 | Estimated failure probability for each damage level for PGA.

Interval (cm/s?) Mean (cm/s?) D>D, D>D, D>D, D>D, D =D,
[6.27; 31.05) 26.10 0.0114 0.0073 0.0044 0.0032 0.0002
[31.05; 36.83) 34.08 0.0082 0.0044 0.0026 0.0015 0.0003
[36.83; 45.29) 40.34 0.0221 0.0122 0.0063 0.0028 0.0009
[45.28; 64.42) 52.17 0.0412 0.0233 0.0135 0.0063 0.0015
[64.42;103.49) 82.08 0.1197 0.0683 0.0443 0.0232 0.0041
[103.49; 141.18) 124.99 0.1326 0.0813 0.0517 0.0280 0.0049
[141.18; 195.83) 164.59 0.1810 0.1175 0.0825 0.0464 0.0093
[195.83; 307.74) 254.60 0.5558 0.3730 0.2777 0.1979 0.0593
[307.74; 416.74) 357.46 0.7784 0.5571 0.4271 0.3163 0.0985
[416.74; 522.85) 444.25 0.6779 0.4751 0.3542 0.2506 0.0688

of observing D = D5 is in low, even for the highest intensity
intervals.

5 | Parametric Fragility Curves for Masonry
Buildings

The present Section presents the fragility models calibrated using
the dataset Dat3, as discussed in Section 2. An Ordinal Multi-
nomial Regression Model (OMRM), considered more reliable, is
used to derive fragility functions considering the influence of the
number of floors and the age of construction of buildings. Models
for all the different ground-motion IMs, previously listed, were
fitted and compared, in order to identify the IMs that best explains
the damage distribution.

5.1 | Definition of the Fragility Model

In the literature, different statistical models have been proposed
and discussed for their suitability in developing fragility functions
[9, 34, 57, 58]; readers are referred to these studies to gain a better

understanding of the strengths and limitations of each model. In
the present work, OMRMs were selected to derive fragility curves.

OMRMs, also known as cumulative link models, describe the
relationship between an ordered multicategory response variable
and some explanatory variable(s) [8, 53, 59, 60]. The ordinal model
has the advantage of accounting for and maintaining the ordered
nature of the response variable: in the present case, it maintains
the order between the exceeding probabilities for the different
damage levels given a ground motion intensity value [58], thus
excluding overlapping fragility functions. Ordinal models also
make full use of the complete dataset rather than simplifying
them into binary exceedance and nonexceedance data, therefore
preventing the loss of information [61] and are particularly useful
when sample sizes of damage observations are small.

The model adopted assumes that the damage exceedance prob-
ability follows a categorical distribution with six categories
corresponding to the damage states Dy, D;, ..., Ds. In this
approach, the damage in the i-th building, y;, is represented by an
integer variable that can assume values from 0 to 5, associated to
the aforementioned damage states. The probability of observing
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damage D; not greater than D; in the i-th building, given the IM
value IM; at its base, is here expressed using a probit model:

@' (P (D; < Dy|Cyy, N5, IM;))
=o! (P(Yi < j|CA,i’NS,[’IM[)) )
=%, + f (CayNgsylog(IM))) , with j =0, -+, 4

where y,; are regression coefficients, with yo, <741 <¥o, <
Yo < Yo.4 to maintain the order of the damage level categories.
The function f(C,;, Ng;,log(IM;)) will be defined in the follow-
ing; it depends on the factor C,;, describing the effect of the
construction age on the factor Ng; describing the effect of the
number of storeys, and on the ground motion intensity with log
denoting the logarithm in base 10. The probability of observing
the damage state D; on a building with ground motion intensity
IM; is

p (Di = Dj |CA,i’NS,i’IMi) =P ()’i = leA,i’NS,i’IMi)

P(y < OICA,isNS,i’IMi)j =0
=3P < jlCy; Ny, IM;) — P(y < j—1|Cy,Ng, IM)) 1 < j < 4
1-P(y <4[Cy;, Ng;, IM}) j =5

(3)
The likelihood function for the model is written as
N 5 5
L= H P()’i =]j |CA,i5NS,i’ IMi) " (4)
i=1 j=0

where &, ; is equal to 1if y; = j and 0 otherwise and N is the total
number of buildings in the dataset.

As for the function f(C,;, Ng;, log(IM;)), two alternative defini-
tions were considered, mdI1 for which:

f(Caps Ny, log(IM,))

=71'Cai+V2 Nsi+7s:Cai-Nsi+¥s- CA,i2 +75 - Ns;”
+710°Ca;’ Nei+ 711 - Cay - Noi + 714 Cai” - Ng,°
+ <V3 +¥s-Cai+76 N +¥9 - Cai-Nsi+712-Cai” + 713

'NS,iZ +71s5° CA,i2 “Ngi+716Ca; - NS,i2 +7%17 CA,i2 : NS,i2>

- log(IM;)
%)
and mdlI2 for which:
f (CA,iaNS,[’log(IMi))
=¥,-Cai+¥2-Ngi+¥4-Cy; - Ng; + (}’3 +¥s5-Cay)
(+76 *Ns;+77-Cy; - Ns,i) -log (IM;) (6)

In Equations (5) and (6), y,, ..., Y17 are regression coefficients.
These introduce a shift in the fragility curves based on the
combination of the two factors Ng; and C, ;. This shift is assumed
as independent from the damage level y,;, furthermore, the
construction age and number of storeys also affect the slope
coefficients of the model. The statistical models mdl1 and mdl2
differ in the degree of the factors, the first model has combinations

up to the second order of each factors C, and N, with first-
order terms for log(IM), instead mdI2 is limited to combinations
involving only first-order terms. It is worth noticing that contin-
uous variables are used to describe the effects of the construction
age and the number of storeys, rather than categorical variables.
This allows to describe trends in the dataset while maintaining
a certain regularity in the effects of the various factors, which
might not be maintained in case of usage of categorical variables,
in particular with limited datasets.

Concerning the factor C,;, indicating the construction age, two
different criteria were considered for its definition, starting from
the nine classes used in the Italian census: (i) before 1919, (ii)
1919-1945, (iii) 1946-1960, (iv) 1961-1970, (v) 1971-1980, (vi) 1981-
1990, (vii) 1991-2000, (viii) 2001-2005 and (ix) after 2005. The
first criterion adopted uses the first class as reference; C,; values
are computed as the difference between the centre of each age
interval and 1919. The so obtained values are indicated as C, 1 ;.
The second criterion uses 1966 as reference age and assigns the
C,; value corresponding to the ith building as:

Cari+Cuu; 1
Cani = <—A‘L” — —1966> I )

where C, 1 ; and C, ;;; are the lower and upper boundaries of the
building construction age interval, respectively. For instance, for a
building in the interval 1981-1990,C , ; ; = 1981 and C, ;;; = 1990.
The values of the C, variable corresponding to each construction
age interval are reported in Table 6 for the two criteria adopted.

Also for the variable Ng;, two different definitions were
investigated: the first criterion assumes buildings with one
storey as reference and defines Ny for the ith building as
N ; = [number of floors for ith building] — 1; the second crite-
rion defines N ,; = ([Number of floors for ith building] — 3)/2,
thus assuming 3 storeys as reference. In both cases, buildings
with more than 5 storeys are considered equivalent to buildings
with 5 storeys. The values of the Ny variable are reported in
Table 7.

Combining the two possible definitions for f(C,;, N, log(IM,)),
that is, mdll and mdI2, with the two different definitions for C,
and N eight different models are obtained. They are indicated
in the following as mdI1(C4,;;Ng;;), mdll(Ca,;3Nssy),
mdl1(Cy 15 Ng20)s mdl1(Cy 5 Ng 1) mdl2(Cy 15 Ng 1)
mdl2(Cy 55 Nsi), mdl2(Co 3 Ngp;) and mdl2(Cy, 5 Ngy)-
Each of these models was fit on the dataset Dat3, using the
procedure described in the following, considering each of the 19
IMs listed in Section 3, thus obtaining a total of 152 models.

Regression analysis based on maximum likelihood was applied
to fit the models; during the analysis the regression terms with p
values lower that 0.05 were removed using the following iterative
procedure: (i) each model is first fit in its full form (either
Equations 5 or 6); (ii) the p values for all the regression terms are
computed; (iii) if there are any terms with p value > 0.05 the term
with the largest p value is removed and the model is fitted again,
returning to (ii), otherwise the iterative procedure ends.

Furthermore, in the regression analysis, the uncertainty on the
value of log(IM;) was considered by using a weighted regression
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TABLE 6 | Values of the C, variable corresponding to each interval for the two criteria adopted.

Construction age

<1919 1919-1945 1946-1960 1961-1970 1971-1980 1981-1990 1991-2000 2001-2005 >2005
Cani 0 13 34 47 58 68 78 84 90
Cani —1.044 —0.756 —0.289 0.000 0.244 0.467 0.689 0.822 0.956

TABLE 7 | Values of the Ny variable corresponding to each interval
for the two criteria adopted.

Number of storeys

1 2 3 4 >5
Ng.. 0 1 2 3 4
Ny, -1 -05 0 0.5

model, that is, a model in which in the definition of the likelihood
function (see Equation 4), a weight is associated to each term.
The reciprocal of the variance of the logarithm of the IM at
each building location was used as a weight in the present
study.

5.2 | Results of the Regression Analysis

This section presents the results of the regression analysis carried
out on the different models discussed previously. To compare
their capacity of describing the distribution of damage, two
different statistical parameters were used (i) the deviance (dev)
and (ii) the Akaike Information Criterion (AIC).

The deviance is a goodness-of-fit statistical parameter that
depends on the log likelihood and the sample size, and it is
defined as:

N N
1
dev=2. 1 = d; 8
Y ;n(P(D=Di|cA,,-,Ns,i,IMi)> Lrd @

where P(D = D; |C,;, Ng;,IM;) is the probability of observing a
damage level corresponding to the actual damage D; in the ith
building, given its construction age, its number of storeys and the
IM at its base. The deviance corresponds to the summation of the
deviance residuals, rd;, which measure how much probabilities
estimated from the model differ from the observed proportions
of successes. Therefore, a valid model is characterised by small
values of the deviance.

Table 8 shows a comparison of the models based on the different
IMs in terms of deviance. The values for mdll are not reported
for PGV because of converge issues in the regression analysis.
Deviance shows have significant differences, not just across
different IMs but also among different intervals of periods of
vibration for a given IM. In general, the IMs based on the interval
of periods of vibration T = [0.1;0.5 s] have lower deviance when
compared with those based on longer periods, indicating a better
predictive ability, as expected for this type of URM buildings. Con-
cerning the two alternative formulations of the regression model

in Equations (5) and (6), mdI1 shows in general slightly better
values. The differences between the two different definitions of
C,,; and Ng; are very limited.

AIC is another estimator of prediction error, which can indicate
the relative quality of statistical models for a given dataset
and therefore can be used for model selection. Considering k
the number of estimated parameters in the model and L the
maximised value of the likelihood function, the AIC value is
defined:

AIC =2k — 2In (L) )

Given a set of candidate models for the data, the preferred
model is the one with the minimum AIC value, that is, the one
that explains the greatest amount of variation using the fewest
possible parameters.

AIC values for all the models considered are reported in Table 9;
these values confirm the conclusions drawn based on the
deviance, suggesting that the models based on Iy, 5;_os are to be
preferred. Furthermore, the mdl1 is preferred when compared to
mld2, even if it includes more regression parameters. Finally, the
parameters C,,; and Ng,; are chosen to describe the effect of
construction age and number of storeys. The p values for mdil
in terms of Iy, ;o5 are reported in Table 10, considering the
different definitions of C, and Ny. It is possible to observe that all
the regression parameters are statistically significant. The values
of the regression coefficients for mdi1(C, ,;; N ,;) for all the IMs
under consideration are reported in Table 11; values for the other
models are not reported for the sake of brevity. The obtained
fragility curves in terms of Iy, _os With mdl1(C,,;; Ns,;) are
plotted in Figure 10 for N; = 2. This number of storeys is selected
since it is the most frequent in the dataset (see Section 2.2). In
each graph, keeping the damage level and the number of floors
constant, the variation of the curves is evaluated as a function of
the nine construction age classes. In general, a similar trend is
observed for the various classes identified: buildings constructed
before 1919 presented a higher probability to reach the damage
level, compared to recent constructions. This trend is maintained
for the various damage levels, with a progressive reduction
going from D, to Ds. Specifically, the two curves for buildings
constructed before 1919 and between 1919 and 1945 deviate from
the others, with the variation increasing for higher intensity
values. For instance, considering an Iy, ;s value of 400 cm /s’
the probability of exceeding D, is 0.55 for URM buildings built
before 1919 and around 0.15-0.20 for buildings built after 1960;
the same could be observed for the level of damage D;: from a
probability of 0.25 for buildings built before 1919 to nearly zero for
more recent ones. In the case of damage Level 5, the probabilities
decrease significantly, approaching nearly zero for all the curves.

2936 of 2946

Earthquake Engineering & Structural Dynamics, 2025

85U8017 SUOWILIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe | 8y} &8s *[9202/20/8T] Uo A%iqiTauliuo Ae|im 90a % 1ediq eSS ealy Aq 60002 8b8/200T 0T/10p/wod Ao | Arelq1jeuljuoy/sdny woiy pepeojumod ‘TT ‘5202 ‘S86960T



TABLE 8 | Deviance in OMRM considering all IMs.
dev (x10,000)
mdll mdI2
IMs CarisNs1i CazisNszi CarisNsai CazisNsii CanisNsii CazisNszi CarisNsai CazisNsai
PGA 528.85 528.85 528.85 528.85 535.06 535.06 535.06 535.06
PGV — — — — 711.37 711.37 711.37 711.37
Sa.01-05 240.14 240.14 240.14 240.14 242.27 242.27 242.27 242.27
Sa. 03 680.11 680.11 680.11 680.11 687.31 687.31 687.31 687.31
Sa. 075 588.44 588.44 588.44 588.44 595.24 595.24 595.24 595.24
Sa 15 911.51 911.51 911.51 911.51 920.07 920.07 920.07 920.07
SIy,; 813.17 813.17 813.17 813.17 822.62 822.62 822.62 822.62
Ingeoi-os 449.31 449.31 449.31 449.31 454.32 454.32 454.32 454.32
Ineos 585.54 585.54 585.54 585.54 591.30 591.30 591.30 591.30
Ieos 578.66 578.66 578.66 578.66 586.28 586.28 586.28 586.28
Iyeas 1093.36 1093.36 1093.36 1093.36 1102.24 1102.24 1102.24 1102.24
Inpoi-os 155.36 155.36 155.36 155.36 156.95 156.95 156.95 156.95
Inpos 609.91 609.91 609.91 609.90 614.95 614.95 614.95 614.95
Inpos 496.80 496.80 496.80 496.80 501.39 501.39 501.39 501.39
Inpis 724.47 724.47 724.47 724.47 732.89 732.89 732.89 732.89
STy 01-05 445.95 445.95 445.98 445.95 450.09 450.09 450.09 450.09
SIyo3 628.88 628.88 628.88 628.88 635.26 635.26 635.26 635.26
STy 075 609.40 609.40 609.40 609.40 616.88 616.88 616.88 616.88
SIyas 910.68 910.68 910.68 910.68 918.63 918.63 918.63 918.63
1 1 1
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FIGURE 10 | Fragility curvesin terms of Iy p01-0s With mdI1(Cy4 5 ;; N 5 ;) for Ny ; = 2 considering nine classes of construction age.
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TABLE 9 | AICin OMRM considering all IMs.
AIC (x10,000)
mdll mdl2

IMs Cari>Nsyi Cu2i3Nsai CurisNsai Cu2iNsai Curi>Nsai Cu2iNsai CurisNsai Cu2iNsai
PGA 528.85 528.85 528.85 528.85 535.06 535.06 535.06 535.06
PGV — — — — 711.37 711.37 711.37 711.37
Su. 01-05 240.15 240.15 240.15 240.15 242.27 242.27 242.27 242.27
Sa. 03 680.11 680.11 680.11 680.11 687.31 687.31 687.31 687.31
Sa. 075 588.44 588.44 588.44 588.44 595.24 595.24 595.24 595.24
Sa 15 911.51 911.51 911.51 911.51 920.07 920.07 920.07 920.07
SIy 813.17 813.17 813.17 813.17 822.62 822.62 822.62 822.62
Inteoi-05 449.31 449.31 449.31 449.31 454.32 454.32 454.32 454.32
Ieos 585.54 585.54 585.54 585.54 591.30 591.30 591.30 591.30
Ineos 578.66 578.66 578.66 578.66 586.28 586.28 586.28 586.28
Injers 1093.36 1093.36 1093.36 1093.36 1102.24 1102.24 1102.24 1102.24
Inpoios 155.37 155.37 155.37 155.37 156.95 156.95 156.95 156.95
Inpos 609.91 609.91 609.91 609.91 614.95 614.95 614.95 614.95
Inpos 496.81 496.81 496.81 496.81 501.39 501.39 501.39 501.39
Inpas 724.48 724.48 724.48 724.48 732.89 732.89 732.39 732.39

445.96 445.96 445.96 445.96 450.09 450.09 450.10 450.09
SIM,O,l—O.S
SIyo3 628.88 628.88 628.88 628.88 635.26 635.26 635.26 635.26
STy 075 609.40 609.40 609.40 609.40 616.89 616.89 616.89 616.89
SIyas 910.68 910.68 910.68 910.68 918.63 918.63 918.63 918.63

D >D,

D > Ds

FIGURE 11 | Surfaces corresponding to the mean value of Iy p.0.1-0.5, derived from the combination of the parameters number of floors (N ;) and

age of construction (Cy4 ;).

Besides, to understand the effect of construction age and number
of storeys on the fragility curves, Figure 11 shows the logarithmic
median value of the fragility curves for different combinations
of construction age and number of storeys. In general, similar
trends can be observed for the different damage levels. Fragility
decreases (higher median value) as the number of storeys
decreases; furthermore, more recent buildings are less fragile
than older buildings (as expected). The plots in Figure 11 also
indicate a limited interaction between the effects of the two
factors under considerations. Finally, it is possible to notice that

the construction age has a stronger effect than the number of
storeys and that this effect is more relevant for higher damage
levels, in fact the slope of the surface in the plots along the C,
axis increases moving from D, to Ds.

The fragility curves presented in this study are derived from
a single seismic event; therefore, event-to-event variability is
not considered. This approach has also been adopted in several
well-established empirical models in the literature, including
those by Ioannou et al. [29], Del Gaudio et al. [27] and Zucconi
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TABLE 10 | pvalue for mdll in terms of I Np,0.1-0.5 considering different normalisations.

Regression coefficients Ca1i>Ns1i Ca2i5Nsoi Ca1isNsai CazisNs1i
You 0 0 0 0

Yoo 0 0 0 0

Yos 0 0 0 0

You 0 0 0 0

Yos5 0 0 0 0

" 3.12E-53 6.51E-40 1.17E-121 1.07E-105
¥, 0 0 0 0

Vs 0 0 0 0

Va 3.38E-199 1.43E-121 1.43E-121 7.01E-85
Vs 1.41E-248 3.50E-174 1.14E-02 1.41E-248
Ve 1.95E-215 1.98E-306 0.00E+00 7.08E-08
Y7 2.17E-20 3.45E-121 3.45E-121 2.17E-20
Vs 0 2.19E-08 0.00E+00 3.12E-14
Y9 7.00E-127 1.34E-65 4.40E-36 1.00E-96
Y10 1.02E-66 2.14E-144 5.07E-74 1.02E-66
Y1 2.29E-182 7.81E-35 7.81E-35 7.18E-171
Y13 0 4.41E-08 0 1.82E-07
Yia 1.32E-37 8.76E-11 8.76E-11 1.32E-37
Y15 2.43E-23 2.41E-04 2.41E-04 2.43E-23
Y16 9.42E-97 3.04E-132 4.29E-39 5.47E-159
Y17 9.96E-10 1.10E-02 1.10E-02 9.96E-10

et al. [62]. In fact, for a given value of an IM, variations
in observed damage may arise due to differences in ground
motion characteristics not described by the IM adopted. To
mitigate this effect, the IM Iy, ;_os Was adopted in the present
study. This IM has demonstrated a strong correlation with
observed damage based on the statistical analyses discussed
previously. Furthermore. Bojorquez et al. [49] concluded that
Iyp01-05 is both more efficient, that is, better correlated with the
maximum displacement of buildings, and more sufficient, that
is, the maximum displacement of buildings given an Iy, ;_s
value is less dependent on seismological parameters such as
magnitude or source-to-site distance, compared to other IMs
like PGA. Its use is therefore intended to reduce the event-to-
event variability. However, it is expected that that even using
Iyp01-05 €vent-to-event remains relevant; therefore, the authors
recommend using the proposed fragility models on earthquakes
with seismological features similar to those of the Emilia
earthquake.

It is further noted that the building typologies used to derive
the fragility curves are representative of a specific portion
of the Italian building stock. As shown in the compar-
isons with other models (e.g., Rosti et al. [33]), this intro-
duces a certain level of dependency on local construction
characteristics.

Finally, to facilitate the usability of the proposed methodology by
the broader scientific community, lognormal fragility curves were

fit to the ordinal curves. Their parameters are reported in Table 12
for Iy 0105 and Table 13 for PGA.

6 | Discussion of the Results

The present section compares the models obtained in the present
paper with those proposed by Ioannou et al. [29] for the same
seismic event and by Rosti et al. [33], whose model is currently
implemented in the Italian national seismic risk platform [35].

Ioannou et al. [29] used a postearthquake damage database of
residential structures, both masonry and reinforced concrete
damaged by the Emilia earthquake were considered; census
information to complete the building stock with undamaged
buildings were implemented. The ground motion intensity was
estimated using the attenuation model proposed by Bindi et al.
[63]. However, the data used were aggregated at the level of
municipalities in contrast to the building-by-building approach
adopted in the present paper. It has often been highlighted
[29, 39, 40] that this practice, common for empirical fragility
assessment, reduces the level of detail in the building typology
definition. Rosti et al. [33] constructed fragility curves for URM
buildings for various construction ages and number of storeys,
using postdisaster data from the 1980 Irpinia and 2009 L’Aquila
earthquakes found in the web-GIS platform Da.D.O. (Database
of Observed Damage) [64]. The data from the 41 municipalities
in Irpinia were assumed complete, while data from the 2009

2939 of 2946

85U8017 SUOWILIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe | 8y} &8s *[9202/20/8T] Uo A%iqiTauliuo Ae|im 90a % 1ediq eSS ealy Aq 60002 8b8/200T 0T/10p/wod Ao | Arelq1jeuljuoy/sdny woiy pepeojumod ‘TT ‘5202 ‘S86960T



10969845, 2025, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/eqe. 70009 by Area Sistemi Dipart & Doc, Wiley Online Library on [18/02/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Q

S

S

g

8

E

£

'60°0 uey} 10yS1Y sanyea d 0] Po)eIOOSSE dIdM AT} 9SNBID] PIAOTUDI IIM S)UIIIFO0I SUISSTI 9JON m

<

10—  LSS0— 16S°0— 86C°0— LELO— ¢€¥P'0— 660°0— 660°0— 69T°0 90T°0— ¥8I'0— Ge9'0— 96v°'0— VLTO0— 6€9°0 CTEE0— 0€s0 99r0— ‘M ®

(0 7A0] €LS0 vLEO LTT0 1214\ SI8°0 689°0 689°0 (474 6€L'0 6890 161°0— 999'0 €590 — 138 4l0] 8SC'T siLo m

8o

€0 LLSO 9050 S9¢°0 6£C0 Sy'0 910°0 910°0 810 10€°0 - LE90 LETO 0S¢0  9¥€'0  8I¥0 0200 9600 4 m

_2

€8L°0 LyT1 LL6°0 9980 861°C 8SP'T 790 790 18C0— 8¥L'0  ¥S6°0 Jr4 4 (44! 880°T 8¢v'0 L6S'T LS6°0— 60T "4 W

T1€°0— €8C0— - 86€°0— 8L0°0 7CI'0— LIT'O— LIT'0— 88L°0— 1IS€'0— <T6I'0— SIE0— ¢8C°0— 8ET'0— 0C€0— ¢TCC0— - 1620— 4 Mm
¢er'0 7090 6£9°0 8LY0 86€°0 299'0 2020 020 €10 98G°0  ¥81Y°0 6L9°0 10S°0 6850  89¥'0 OVY'0 orv o L6g0 ‘4
Iy 1= $90°1— CSI9°0— 996°0— YT 1— VLI'C— 88L'T— 88L'T— 698'1— L60C— 120°C— SYe0 6v9'1— 6SST— S8vL'1— T8I'l— GLSE— 696 T— 4
0ve'0— T6L'0— 6LE0— 6se0— 9IS'0— SS6'0— - - L8T'0— TI90— €600 G99 1— 8CC'0— S6£0— OVL'0— L60'T— - yzo— 4
6€€'0 L8890  8¥Y0 S6C°0 (44 40] wso LETO LETO 6€€’0  S0S0 LET'O c6L°0 IS0 L9T°0  ¥¢S0  6EV0 80T°0— 80C°0 4
LS00 TLTO0— ¥S9°0— 890°0— S6L°0— SEE'0— €0€°0— €0€0— 8’1l 16170  00T°0— 120 — 0IC’0— 8ST'0 <C0T'0— G6G'0— — 4
69T'T— LTTT— 896'0— (4300 S6CT—  LYS8T— V660— 66°'0— €VS'0— CIL'T— 899'1— 1cce— LIET— 88S'T— €TSS T— SLIT— 8IL'T— 1402 S
€50°0— SS9°0— €LV'O— LTe0— 0ST°0— T16S0— ¥8€0— ¥8€°0— 8G0°0— 8¥¢'0— 08T 0— 661'0— L0€°0— 88I'0— LLV'O— LYEO— Gceo ¢gr0— A
91€’'0 0950  68£0 €90 8¢T0 1¢S°0 S€°0 5€°0 6CcC’0  L9Y'0  TLEO 6L8°0 65’0 00€'0  TIZv0 18€°0 1€C°0— CIeo A
S¥6'0— 90CT— ¥eS0— §99°0— 8¢CTT— 60ST— €080— €08°0— Ye6'0— SPET— €LS0— 6C¢C— 9¢T'T— €08°0— TI9v'I— PeEV'I— - eLro—-
00v'¢c— 8LTT— VeELT— - CCCc— 8L9C— 66¢C— 66¢C— 686'T— €I¥'Cc— GS8SC— 11ec— LOTC— 6CSC— OIF'c— 88SC— 886°C— SIy'c— L
L9¢°0— 9YCT0 L60°0— 81C°0— - veL0 ove o 0ove0 89%°0— 0SI'0 1o 6L0°0— 6L0'0— O00T'0— O0ZFr0 +EE0 LLST— 960°0 U
— S8T'0—  6£C°0 1¢C0— 6900 VLS0— TIev'0— TIey'0— SIT0  vev'0— v6€°0— 0EL'T— 9vC’0— 0v0'0— ¥8E0— PSP 0— €ETT wsro- 4
£€69'9 0IL'S S1cs LS8'S YST'L 8968 S06'8 S06'8 €879 80T'8 S9v'6 6098 8CL9 €09°'L 8908 89Y'6 19’6 sz <4
€6°S geo'y vov'vy SC0°S LEV'O 0ST'8 YII'8 YIT'8 SLY'S cIeL 9¢9'8 69L°L 6£6°G ¥9L'9 cIeL 98 108'8 L6s'L Vo4
129°S 6£9v  S60V LELY So1'9 8L CI8’L CI8’L SST'S 910°L [44%] SLY'L Ly9’S  0L¥'9  900°L GGE'8 €818 orrL 4
96C°S eseY L8L'E SIv'y 998°S PES'L 90S°L 90S°L €88t LTL9 10°8 Yor'L ses ILT'9 12L°9 508 891'8 Lig9 4
L'y S68°¢ 08C'¢ L68'C SLE'S 0L 056’9 056’9 S8EY 6SC'9 6LY"L ¥v9°9 088tV  919'¢ LST9 0€S’L LO9°L 1679 T4
STWpg SLOWpg €0Wpg SO-TOWpe STINp scodNp €0dNp  SO0-TOdNp  STOWp SLOPWp €09Wp  SO-TO02NWf Hpg SIPg  SL0Dg €0 Pg S0-T0 %6 wog AL

“(FSN€VD)T1pwt [opow SuIsn SIAT [[ 10§ SJUSIOJO00 UOISSAIY | TT ATAV.L

©

<

o

2

G

S)

=

<

o

2




TABLE 12 | Statistical parameters (x and o) of the lognormal cumulative distributions for I Np,0.1-0.5-
D, D, D, D, Dy

Ca Ns wllog®] ol-1 pllog®)l ol-]1 pllog@)l ol-]1 wllog®] ol-1 wllog®] ol-]
<1919 1 —0.4284 0.3473 —0.2355 0.3473 —0.1291 0.3473 —0.0242 0.3473 0.2507 0.3473
2 —0.4539 0.4036 —0.2297 0.4036 —0.1060  0.4036 0.0158 0.4036 0.3352 0.4036

3 —0.5130 0.3924 —0.2950 0.3924 —0.1748 0.3924 —0.0563 0.3924 0.2542 0.3924

4 —0.5763 0.3235 —0.3966 0.3235 —0.2975 0.3235 —0.1998 0.3235 0.0562 0.3235

>5 —0.6203 0.2435 —0.4851 0.2435 —0.4105  0.2435 —0.3369 0.2435 —0.1442 0.2435

1919-1945 1 —0.3297 0.3716 —0.1233 0.3716 —-0.0095  0.3716 0.1027 0.3716 0.3967 0.3716
2 —0.3012 0.4085 —0.0742 0.4085 0.0509 0.4085 0.1742 0.4085 0.4975 0.4085

3 —0.3621 0.3920 —0.1444 0.3920 —-0.0243  0.3920 0.0941 0.3920 0.4042 0.3920

4 —0.4821 0.3332 —-0.2970 0.3332 —0.1950 0.3332 —-0.0944  0.3332 0.1693 0.3332

>5 —0.6073 0.2633 —0.4610 0.2633  —-0.3804  0.2633 —-0.3009  0.2633 —0.0926 0.2633

1946-1960 1 —0.1560 0.4242 0.0796 0.4242 0.2095 0.4242 0.3376 0.4242 0.6733 0.4242
2 —0.0977 0.4273 0.1397 0.4273 0.2706 0.4273 0.3996 0.4273 0.7378 0.4273

3 -0.1777 0.4025 0.0459 0.4025 0.1692 0.4025 0.2907 0.4025 0.6092 0.4025

4 —0.3606 0.3583 —0.1616 0.3583 —0.0518 0.3583 0.0563 0.3583 0.3398 0.3583

>5 —0.5901 0.3068 —0.4197 0.3068 —0.3257  0.3068 —0.2331 0.3068 0.0096 0.3068

1961-1970 1 —0.0332 0.4691 0.2274 0.4691 0.3710 0.4691 0.5127 0.4691 0.8838 0.4691
2 0.0062 0.4471 0.2546 0.4471 0.3916 0.4471 0.5266 0.4471 0.8804 0.4471

3 —0.0949 0.4168 0.1366 0.4168 0.2643 0.4168 0.3901 0.4168 0.7199 0.4168

4 —0.3036 0.3816 —0.0916 0.3816 0.0253 0.3816 0.1405 0.3816 0.4424 0.3816

>5 —0.5827 0.3448 —0.3911 0.3448 —0.2855  0.3448 —0.1814 0.3448 0.0914 0.3448

1971-1980 1 0.0860 0.5182 0.3738 0.5182 0.5326 0.5182 0.6890 0.5182 1.0991 0.5182
2 0.0827 0.4702 0.3439 0.4702 0.4879 0.4702 0.6299 0.4702 1.0020 0.4702
3 —0.0424 0.4346 0.1991 0.4346 0.3322 0.4346 0.4634 0.4346 0.8074 0.4346
4 —0.2668 0.4078 —0.0402  0.4078 0.0847 0.4078 0.2078 0.4078 0.5306 0.4078

>5 —0.5790 0.3875 —0.3637 0.3875 —0.2450 0.3875 —0.1280 0.3875 0.1787 0.3875

1981-1990 1 0.2127 0.5757 0.5325 0.5757 0.7089 0.5757 0.8827 0.5757 1.3382 0.5757
2 0.1437 0.4977 0.4201 0.4977 0.5726 0.4977 0.7229 0.4977 1.1167 0.4977

3 —0.0089 0.4566 0.2448 0.4566 0.3846 0.4566 0.5225 0.4566 0.8838 0.4566

4 —0.2434 0.4387 0.0003 0.4387 0.1347 0.4387 0.2671 0.4387 0.6143 0.4387

>5 —0.5786 0.4391 —0.3346 0.4391 —0.2001  0.4391 —0.0675 0.4391 0.2799 0.4391

1991-2000 1 0.3659 0.6512 0.7276 0.6512 0.9271 0.6512 1.1237 0.6512 1.6391 0.6512
2 0.1966 0.5333 0.4929 0.5333 0.6562 0.5333 0.8172 0.5333 1.2392 0.5333

3 0.0099 0.4855 0.2796 0.4855 0.4283 0.4855 0.5749 0.4855 0.9591 0.4855

4 —0.2315 0.4788 0.0345 0.4788 0.1811 0.4788 0.3257 0.4788 0.7045 0.4788
>5 —0.5822 0.5096 —0.2992 0.5096 —0.1431 0.5096 0.0108 0.5096 0.4140 0.5096

2000-2005 1 0.4763 0.7089 0.8701 0.7089 1.0873 0.7089 1.3013 0.7089 1.8623 0.7089
2 0.2245 0.5597 0.5354 0.5597 0.7068 0.5597 0.8758 0.5597 1.3187 0.5597

3 0.0131 0.5072 0.2948 0.5072 0.4502 0.5072 0.6033 0.5072 1.0046 0.5072

4 —0.2310 0.5088 0.0516 0.5088 0.2075 0.5088 0.3611 0.5088 0.7637 0.5088

>5 —0.5874 0.5657 —0.2732 0.5657  —0.0999  0.5657 0.0709 0.5657 0.5185 0.5657

(Continues)
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TABLE 12 | (Continued)

D, D, D, D, D;
Cy Ns pullog(®l ol-1 wpllog®l ol-1 nllog(®l ol-1 wpllog®)l ol-1 pllog(®l ol-]
>2005 1 0.6066  0.7797 1.0397  0.7797 1278 07797 15140 07797 21309  0.7797
2 0.2491  0.5909 05774 05909  0.7584  0.5909  0.9368  0.5909 14044  0.5909
3 0.0092  0.5329 03053 05329 04685 05329  0.6294 05329 10511  0.5329
4 —02369 05448  0.0658 05448 02327 05448 03972  0.5448  0.8283  0.5448
>5  —0.5957  0.6373  —02417 0.6373 —0.0464 0.6373 01460  0.6373  0.6503  0.6373

L’Aquila event were considered for the fragility analysis only if
the completeness rate was equal or above 90%. Both these studies
used a similar approach for the classification of the damage from
the AeDES forms to the EMS-98 damage scale, as explained in
Section 2.3. Ioannou et al. [29] report curves for two groups of
construction age (<1945, >1945) for either masonry buildings or
all the buildings in the database considered. Furthermore, curves
are reported distinguishing buildings located in ground failure
areas. The model proposed by Rosti et al. [33] considers two
classes of buildings height (i.e., 1-2 storeys and >2 storeys) and
four classes of construction age (i.e., <1919; 1919-1945; 1946-1961;
>1981).

Concerning the IMs, Rosti et al. [33] used PGA while Ioannou
et al. [29] considered two ground motion IMs, PGA and PGV.
Therefore, the comparison presented in this section is carried
out using PGA as IM since it is the only IM common to all
the models under consideration, even if the results presented in
Section 3 indicate that there are other IMs that can better explain
the damage distribution.

In Figure 12, the fragility curves, constructed in this study (namely
M1), are compared to those from the two aforementioned studies,
considering damage states D,, D; and Ds. The model by Ioannou
et al. [29] is indicated as M2, while the model by Rosti et al. [33] is
indicated as M3. For each damage level, the figures are grouped
in two panels. Those on the left report curves for buildings with
construction age earlier than 1945, while those on the right are
for more recent buildings. For each of the two construction ages,
four curves are reported for the model M2: masonry buildings
not located in ground failure areas (M2: mas, dg = no), masonry
buildings located in ground failure areas (M2: mas, dg = yes),
general buildings not located in ground failure areas (M2: dg =
no) and general buildings located in ground failure areas (M2: dg
= yes). Concerning the model M3, the left panels report curves
for the following cases: construction age earlier that 1919 and 1-
2 storeys (L); construction age earlier that 1919 and more than
2 storeys (MH); construction age between 1919 and 1945 and 1-
2 storeys (L); construction age between 1919 and 1945 and more
than 2 storeys (MH). The right panels refer to the following
cases: construction age between 1946 and 1961 and 1-2 storeys
(L); construction age between 1946 and 1961 with more than 2
storeys (MH); construction age later than 1981 and 1-2 storeys (L);
construction age later than 1981 with more than 2 storeys (MH).
Finally, for the model presented in the present paper (M1), the fol-
lowing cases construction ages are considered: <1919, 1919-1945,
1946-1960, 1981-1990, in combination with either 2 or 3 storeys.

Considering D > D, and construction age < 1945, the curves
proposed in this study appear to be close to their counterparts,
in particular to those proposed by Rosti et al. [33], even if they
are associated to slightly lower fragility. This might be due to
the different features of the building in the area struck by the
Emilia earthquake, which are mostly made using clay bricks
and lime mortar, while the areas affected by the L’Aquila and
Irpinia earthquake feature a relevant number of stone masonry
buildings. Furthermore, the difference with the curves proposed
by Ioannou et al. [29], which are based on the same event
considered in the present paper, may be explained considering
that the present study used building-by-building damage data and
specific shakemaps. With reference to the same construction age
interval the differences among the models increase for higher
damage levels. For instance, for D > D5 the model M3 predicts
significantly higher fragilities compared to the other models,
while M1 is more similar to M2. As already mentioned, this may
be explained considering that M1 and M2 are referred to the same
event. Concerning buildings with construction age >1945, the
differences between the models M1, M2 and M3 are higher, for
instance for a PGA of 300 cm/s? the probability of exceedance for
D, ranges from 0.2 to 0.3 for M1 for construction age 1981-1990
and 2-3 storeys, and from 0.5 (L) to 0.65 (MH) for the model M3
for construction age 1946-1961. For the model M1, the maximum
probability of exceedance is around 0.45 for the construction age
1946-1960 and 3 storeys. Also for D > D; and D > Ds, the model
M1 predicts lower fragilities.

7 | Conclusions

The paper presented fragility models for URM buildings, derived
from a postearthquake damage database of residential masonry
buildings affected by the Emilia seismic events in 2012. The
damage on buildings was classified on a five-level scale, according
to EMS-98. Observational fragility curves were constructed using
OMRMs, to maintain ordering among damage levels, considering
the effect of construction age the number of storeys. Furthermore,
different ground motion IMs were considered and compared in
terms of capacity of describing the damage distribution by using
statistical parameters as deviance and AIC. It was found that the
IM Iy, 01-05 [49], which is based on the average spectral pseudo-
acceleration in the interval of periods of vibration 0.1-0.5 s, had
the lowest values of deviance and AIC, therefore, the better
capacity of explaining the damage distribution in the dataset. The
proposed fragility models were compared with similar models
available in the literature highlighting their main differences.
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TABLE 13 | Statistical parameters (u and o) of the lognormal cumulative distributions for PGA.
D, D, D, D, D,

Ca Ns ullog(®] ol[-] wullog®)] ol[-]1 mullog®] ol-]1 wulog®] ol-]1 wllog@)] ol-]
<1919 1 —0.6233 0.3131 —0.4588 0.3131 —0.3668 0.3131 —0.2770 0.3131 —0.0115 0.3131
2 —0.7599 0.4115 —0.5436 0.4115 —0.4227 0.4115 —0.3047 0.4115 0.0443 0.4115

3 —0.8648  0.4334 —0.6370 0.4334 —-0.5096  0.4334 —0.3853 0.4334 -0.0177 0.4334

4 —0.8625  0.3540 —0.6764 0.3540 —0.5725 0.3540 —0.4709 0.3540 —0.1707 0.3540

>5 —0.7959 0.2510 —0.6640 0.2510 —0.5903 0.2510 —0.5183 0.2510 —0.3054 0.2510

1919-1945 1 —0.5993 0.3322 —0.4247 0.3322 -0.3271 0.3322 —0.2319 0.3322 0.0499 0.3322
2 —0.6183 0.4042 —-0.4059  0.4042 —0.2872 0.4042 —0.1713 0.4042 0.1715 0.4042

3 —0.6819 0.4126 —0.4650 0.4126 —0.3439 0.4126 —0.2255 0.4126 0.1244 0.4126

4 —0.7600  0.3498 —0.5761 0.3498 —0.4734 0.3498 —0.3731 0.3498 —0.0764 0.3498

>5 —0.8175 0.2645 —0.6784 0.2645 —0.6007  0.2645 —0.5248 0.2645 —0.3004  0.2645

1946-1960 1 —0.5200 0.3751 —0.3228 0.3751 —0.2126 0.3751 —0.1051 0.3751 0.2131 0.3751
2 —0.4318 0.4104 —0.2161 0.4104 —0.0956 0.4104 0.0221 0.4104 0.3701 0.4104

3 —-0.4769  0.4045 —0.2643 0.4045 —0.1455 0.4045 —0.0295 0.4045 0.3136 0.4045

4 —0.6373 0.3608 —0.4476 0.3608 —0.3417 0.3608 —0.2382 0.3608 0.0678 0.3608

>5 —0.8438  0.2998 —0.6862 0.2998 —0.5981 0.2998 —0.5121 0.2998 —0.2579 0.2998

1961-1970 1 —0.4356 0.4126 —0.2187 0.4126 —0.0975 0.4126 0.0209 0.4126 0.3709 0.4126
2 —0.3314 0.4261 -0.1074 0.4261 0.0178 0.4261 0.1400 0.4261 0.5014 0.4261

3 —0.3870 0.4140 —0.1694 0.4140 —0.0478 0.4140 0.0710 0.4140 0.4221 0.4140

4 —0.5807  0.3803 —0.3808 0.3803 —0.2691 0.3803 —0.1600 0.3803 0.1626 0.3803

>5 —0.8545 0.3346 —0.6787 0.3346 —0.5804 0.3346 —0.4844  0.3346 —0.2006  0.3346

1971-1980 1 —-0.3330  0.4544 —0.0941 0.4544 0.0394 0.4544 0.1697 0.4544 0.5551 0.4544
2 —0.2501 0.4484 —-0.0144 0.4484 0.1173 0.4484 0.2459 0.4484 0.6262 0.4484

3 -0.3271 0.4319 —0.1001 0.4319 0.0268 0.4319 0.1506 0.4319 0.5169 0.4319

4 —0.5421 0.4071 —0.3281 0.4071 —0.2085 0.4071 —0.0917 0.4071 0.2536 0.4071

>5 —0.8595 0.3770 —0.6614 0.3770 —0.5506 0.3770 —0.4425 0.3770 —0.1228 0.3770
1981-1990 1 —-0.2042  0.5040 0.0608 0.5040 0.2088 0.5040 0.3534 0.5040 0.7809 0.5040
2 —0.1759 0.4779 0.0754 0.4779 0.2157 0.4779 0.3528 0.4779 0.7582 0.4779

3 —0.2837 0.4580 —0.0430  0.4580 0.0916 0.4580 0.2229 0.4580 0.6114 0.4580

4 —0.5138 0.4431 —0.2809 0.4431 —0.1507 0.4431 —0.0237 0.4431 0.3521 0.4431

>5 —0.8595 0.4323 —0.6323 0.4323 —0.5053 0.4323 —0.3813 0.4323 —0.0147 0.4323

1991-2000 1 —0.0256 0.5701 0.2741 0.5701 0.4416 0.5701 0.6051 0.5701 1.0886 0.5701
2 —0.0975 0.5197 0.1757 0.5197 0.3283 0.5197 0.4774 0.5197 0.9182 0.5197

3 —-0.2504  0.4970 0.0109 0.4970 0.1569 0.4970 0.2994 0.4970 0.7210 0.4970

4 —0.4922  0.4956 —0.2317 0.4956 —0.0861 0.4956 0.0560 0.4956 0.4763 0.4956

>5 —0.8530 0.5151 —0.5822 0.5151 —0.4309 0.5151 —0.2832 0.5151 0.1537 0.5151

2000-2005 1 0.1161 0.6212 0.4426 0.6212 0.6251 0.6212 0.8033 0.6212 1.3302 0.6212
2 —0.0465  0.5529 0.2442 0.5529 0.4066 0.5529 0.5652 0.5529 1.0342 0.5529

3 —-0.2354  0.5290 0.0427 0.5290 0.1981 0.5290 0.3498 0.5290 0.7985 0.5290

4 —0.4830 0.5391 —0.1997 0.5391 —0.0413 0.5391 0.1133 0.5391 0.5705 0.5391

>5 —0.8439 0.5872 —0.5352 0.5872 —0.3627 0.5872 —0.1943 0.5872 0.3037 0.5872
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TABLE 13 | (Continued)
D, D, D, D, Dy
Ca Ns ullog(®] ol-1 pullog®l ol-1 wlog(®] ol[-]1 wlog®] ol-1 ullog®] ol-I]
>2005 1 0.2946 0.6847 0.6546 0.6847 0.8557 0.6847 1.0520 0.6847 1.6327 0.6847
2 0.0096 0.5945 0.3221 0.5945 0.4968 0.5945 0.6673 0.5945 1.1715 0.5945
3 —0.2247  0.5700 0.0749 0.5700 0.2423 0.5700 0.4058 0.5700 0.8892 0.5700
4 -0.4772  0.5959 —0.1640 0.5959 0.0111 0.5959 0.1820 0.5959 0.6874 0.5959
>5 —0.8285 0.6884 —0.4667 0.6884 —0.2645 0.6884 —0.0671 0.6884 0.5168 0.6884
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FIGURE 12 Comparison of fragility curves for masonry buildings constructed before and after 1945, considering the model here proposed (M1)

and the model from Ioannou et al. [29] (M2) and Rosti et al. [33] (M3).

2944 of 2946

Earthquake Engineering & Structural Dynamics, 2025

85U8017 SUOWILIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe | 8y} &8s *[9202/20/8T] Uo A%iqiTauliuo Ae|im 90a % 1ediq eSS ealy Aq 60002 8b8/200T 0T/10p/wod Ao | Arelq1jeuljuoy/sdny woiy pepeojumod ‘TT ‘5202 ‘S86960T



Acknowledgements

This study was carried out within the RETURN Extended Partnership
and received funding from the European Union Next-GenerationEU
(National Recovery and Resilience Plan—NRRP, Mission 4, Component
2, Investment 1.3-D.D. 1243 2/8/2022, PE0000005).

Open access publishing facilitated by Universita degli Studi di Bologna,
as part of the Wiley - CRUI-CARE agreement.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. R. V. Whitman, S. T. Hong, and J. W. Reed, “Damage Statistic for High-
Rise Buildings in the Vicinity of the San Fernando Earthquake,” Optimum
Seismic Protection and Building Damage Statistics. Applied Science and
Research Applications (1973): 207.

2. F. Braga, M. Dolce, and D. Liberatore, “A Statistical Study on Damaged
Buildings and an Ensuing Review of the MSK-76 Scale,” in 7th European
Conference on Earthquake Engineering, Vol. 7 (Technical Chamber of
Greece, 1982).

3. G. M. Calvi, R. Pinho, G. Magenes, J. J. Bommer, L. F. Restrepo-Vélez,
and H. Crowley, “Development of Seismic Vulnerability Assessment
Methodologies Over the Past 30 Years,” ISET Journal of Earthquake
Technology 43 (2006): 75-104.

4. A. K. Eleftheriadou and A. I. Karabinis, “Damage Probability Matrices
Derived From Earthquake Statistical Data,” in 14th World Conference on
Earthquake Engineering, Beijing, China (2008).

5. A. K. Eleftheriadou and A. I. Karabinis, “Evaluation of Damage Prob-
ability Matrices From Observational Seismic Damage Data,” Earthquake
and Structures 4, no. 3 (2013): 299-324, https://doi.org/10.12989/eas.2013.
4.3.299.

6. R. P. Kennedy, C. A. Cornell, R. D. Campbell, S. Kaplan, and H. F. Perla,
“Probabilistic Seismic Safety Study of an Existing Nuclear Power Plant,”
Nuclear Engineering and Design 59 (1980): 315-338.

7. M. Ciano, M. Gioffre, and M. Grigoriu, “The Role of Intensity Mea-
sures on the Accuracy of Seismic Fragilities,” Probabilistic Engineering
Mechanics 60 (2020): 103041.

8. Z. V. Milutinovic and G. S. Trendafiloski, RISK-UE An Advanced
Approach to Earthquake Risk Scenarios With Applications to Different
European Towns WP4: Vulnerability of Current Buildings (2003).

9. K. Pitilakis, H. Crowley, and A. M. Kaynia, “SYNER-G: Typology
Definition and Fragility Functions for Physical Elements at Seismic Risk
Buildings, Lifelines, Transportation Networks and Critical Facilities,”
Geotechnical, Geological and Earthquake Engineering 27 (2014): 1-28.

10. T. Rossetto, I. Ioannou, and D. N. Grant, Existing Empirical Fragility
and Vulnerability Relationships: Compendium and Guide for Selection,
GEM Foundation, Pavia, Italy (2015), DOI: https://doi.org/10.13117/GEM.
VULN-MOD.TR2015.01.

11. G. Griinthal, European Macroseismic Scale 1998 (EMS-98) (European
Seismological Commission, Subcommission on Engineering Seismology,
Working Group Macroseismic scales, 1998).

12. A. K. Eleftheriadou and A. I. Karabinis, “Seismic Vulnerability Assess-
ment of Buildings Based on Damage Data After a Near Field Earthquake
(7 September 1999 Athens—Greece),” Earthquake and Structures 3, no. 2
(2012): 117-140, https://doi.org/10.12989/eas.2012.3.2.117.

13. A. Goretti and G. Di Pasquale, “Building Inspection and Damage Data
for the 2002 Molise, Italy, Earthquake,” Earthquake Spectra 20, no. SPEC.
1(2004): 167-190, https://doi.org/10.1193/1.1769373.

14. A. Singhal and A. S. Kiremidjian, “Bayesian Updating of Fragilities
With Application to RC Frames,” Journal of Structural Engineering 124,
no. 8 (1998): 922-929.

15. D. Lallemant, A. Kiremidjian, and H. Burton, “Statistical Procedures
for Developing Earthquake Damage Fragility Curves,” Earthquake Engi-
neering and Structural Dynamics 44, no. 9 (2015): 1373-1389, https://doi.
org/10.1002/eqe.2522.

16. T. Rossetto and A. Elnashai, “Derivation of Vulnerability Functions for
European-Type RC Structures Based on Observational Data,” Engineering
Structures 25, no. 10 (2003): 1241-1263, https://doi.org/10.1016/S0141-
0296(03)00060-9.

17. J. Petrovski, V. Stankovic, N. Nocevski, and D. Ristic, “Development of
Empirical and Theoretical Vulnerability and Seismic Risk Models,” in 8th
WCEE, California (1984).

18. F. S. Karababa and A. Pomonis, “Damage Data Analysis and Vulner-
ability Estimation Following the August 14, 2003 Lefkada Island, Greece,
Earthquake,” Bulletin of Earthquake Engineering 9, no. 4 (2011): 1015-1046,
https://doi.org/10.1007/s10518-010-9231-5.

19. D. Benedetti, G. Benzoni, and M. A. Parisi, “Seismic Vulnerability
and Risk Evaluation for Old Urban Nuclei,” Earthquake Engineering &
Structural Dynamics 16, no. 2 (1988): 183-201.

20. B. Sengezer and A. Ansal, “Probabilistic Evaluation of Observed
Earthquake Damage Data in Turkey,” Natural Hazards 40, no. 2 (2007):
305-326, https://doi.org/10.1007/511069-006-0016-8.

21. N. Yamaguchi and F. Yamazaki, “Fragility Curves for Buildings in
Japan Based on Damage Surveys After the 1995 Kobe Earthquake,” in 17th
World Conference on Earthquake Engineering, Sendai, Japan 2020 (2020).

22. M. Polese, G. M. Verderame, C. Mariniello, 1. Iervolino, and G.
Manfredi, “Vulnerability Analysis for Gravity Load Designed RC Build-
ings in Naples—Italy,” Journal of Earthquake Engineering 12, no. suppl. 2
(2008): 234-245, https://doi.org/10.1080/13632460802014147.

23.N. Ahmad, H. Crowley, R. Pinho, and Q. Ali, “Derivation of
Displacement-Based Fragility Functions for Masonry Buildings,” in 14th
European Conference on Earthquake Engineering, Ohrid, Macedonia
(2010).

24. G. Salamida and N. Buratti, “Fragility Models for Existing Masonry
Infilled RC Frames in the Emilia Area,” in COMPDYN Proceedings, Vol.
2021 (National Technical University of Athens, 2021), https://doi.org/10.
7712/120121.8699.18863.

25. M. Rota, A. Penna, and C. L. Strobbia, “Processing Italian Damage
Data to Derive Typological Fragility Curves,” Soil Dynamics and Earth-
quake Engineering 28, no. 10-11 (2008): 933-947, https://doi.org/10.1016/j.
s0ildyn.2007.10.010.

26. G. Zuccaro and F. Cacace, “Seismic Vulnerability Assessment Based
on Typological Characteristics. The First Level Procedure “SAVE”,” Soil
Dynamics and Earthquake Engineering 69 (2015): 262-269, https://doi.org/
10.1016/j.s0ildyn.2014.11.003.

27. C. Del Gaudio, G. De Martino, M. Di Ludovico, et al., “Empirical
Fragility Curves for Masonry Buildings After the 2009 L’Aquila, Italy,
Earthquake,” Bulletin of Earthquake Engineering 17, no. 11 (2019): 6301-
6330, https://doi.org/10.1007/510518-019-00683-4.

28. M. Polese, M. Di Ludovico, M. Gaetani d’Aragona, A. Prota, and
G. Manfredi, “Regional Vulnerability and Risk Assessment Accounting
for Local Building Typologies,” International Journal of Disaster Risk
Reduction 43 (2020): 101400, https://doi.org/10.1016/j.ijdrr.2019.101400.

29. I. Toannou, S. Bertelli, E. Verrucci, V. Arcidiacono, and T. Rossetto,
“Empirical Fragility Assessment of Residential Buildings Using Data
From the Emilia 2012 Sequence of Earthquakes,” Bulletin of Earthquake
Engineering 19, no. 4 (2021): 1765-1795, https://doi.org/10.1007/s10518- 021-
01047-7.

30. R. Ferlito, M. Guarascio, and M. Zucconi, “Assessment of a Vulnerabil-
ity Model Against Post-Earthquake Damage Data: The Case Study of the

2945 of 2946

85U8017 SUOWILIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe | 8y} &8s *[9202/20/8T] Uo A%iqiTauliuo Ae|im 90a % 1ediq eSS ealy Aq 60002 8b8/200T 0T/10p/wod Ao | Arelq1jeuljuoy/sdny woiy pepeojumod ‘TT ‘5202 ‘S86960T


https://doi.org/10.12989/eas.2013.4.3.299
https://doi.org/10.13117/GEM.VULN-MOD.TR2015.01
https://doi.org/10.12989/eas.2012.3.2.117
https://doi.org/10.1193/1.1769373
https://doi.org/10.1002/eqe.2522
https://doi.org/10.1016/S0141-0296(03)00060-9
https://doi.org/10.1007/s10518-010-9231-5
https://doi.org/10.1007/s11069-006-0016-8
https://doi.org/10.1080/13632460802014147
https://doi.org/10.7712/120121.8699.18863
https://doi.org/10.1016/j.soildyn.2007.10.010
https://doi.org/10.1016/j.soildyn.2014.11.003
https://doi.org/10.1007/s10518-019-00683-4
https://doi.org/10.1016/j.ijdrr.2019.101400
https://doi.org/10.1007/s10518-021-01047-7

Historic City Centre of L’Aquila in Italy,” WIT Transactions on the Built
Environment 132 (2013): 393-404, https://doi.org/10.2495/ERES130321.

3L. F. da Porto, M. Dona, A. Rosti, et al., “Comparative Analysis of
the Fragility Curves for Italian Residential Masonry and RC Buildings,”
Bulletin of Earthquake Engineering 19, no. 8 (2021): 3209-3252, https://doi.
0rg/10.1007/s10518-021-01120-1.

32. G. Brando, G. Cianchino, D. Rapone, E. Spacone, and S. Biondi, “A
CARTIS-Based Method for the Rapid Seismic Vulnerability Assessment
of Minor Italian Historical Centres,” International Journal of Disaster Risk
Reduction 63 (2021): 102478, https://doi.org/10.1016/j.ijdrr.2021.102478.

33. A.Rosti, M. Rota, and A. Penna, “Empirical Fragility Curves for Italian
URM Buildings,” Bulletin of Earthquake Engineering 19, no. 8 (2021): 3057-
3076, https://doi.org/10.1007/510518-020-00845-9.

34. G. Zuccaro, F. L. Perelli, D. De Gregorio, and F. Cacace, “Empirical
Vulnerability Curves for Italian Mansory Buildings: Evolution of Vulner-
ability Model From the DPM to Curves as a Function of Accelertion,”
Bulletin of Earthquake Engineering 19, no. 8 (2021): 3077-3097, https://doi.
0rg/10.1007/510518-020-00954-5.

35. A. Masi, S. Lagomarsino, M. Dolce, V. Manfredi, and D. Ottonelli,
“Towards the Updated Italian Seismic Risk Assessment: Exposure and
Vulnerability Modelling,” Bulletin of Earthquake Engineering 19, no. 8
(2021): 3253-3286, https://doi.org/10.1007/s10518-021-01065-5.

36. C. Baggio, A. Bernardini, R. Colozza, and L. Corazza, Manuale per
la compilazione della scheda di 1° livello di rilevamento danno, pronto
intervento e agibilita per edifici ordinari nell’emergenza post-sismica
(AeDES) (2009).

37. N. Buratti, E. Simoni, and C. Mazzotti, “Post-Earthquake Estimates
of Different Ground Motion Intensity Measures for the 2012 Emilia
Earthquake,” Earthquake Engineering and Structural Dynamics 52, no. 1
(2023): 183-203, https://doi.org/10.1002/eqe.3756.

38. A. Rovida, M. Locati, R. Camassi, B. Lolli, and P. Gasperini, “The Ital-
ian Earthquake Catalogue CPTI15,” Bulletin of Earthquake Engineering 18,
no. 7 (2020): 2953-2984, https://doi.org/10.1007/s10518-020-00818-y.

39. F. Meroni, V. Petrini, and G. Zonno, Distribuzione nazionale della
vulnerabilita media comunale. La Vulnerabilita Degli Edifici: Valutazione
a Scala Nazionale Della Vulnerabilita Sismica Degli Edifici Ordinari
CNR-Gruppo Nazionale per La Difesa Dai Terremoti (2000).

40. M. Colombi, B. Borzi, H. Crowley, M. Onida, F. Meroni, and R. Pinho,
“Deriving Vulnerability Curves Using Italian Earthquake Damage Data,”
Bulletin of Earthquake Engineering 6, no. 3 (2008): 485-504, https://doi.
0rg/10.1007/s10518-008-9073-6.

41. N Buratti, “A Comparison of the Performances of Various Ground-
Motion Intensity Measures,” in 15th World Conference on Earthquake
Engineering, Lisbon, Portugal (2012).

42. J.W. Baker and C. A. Cornell, “Correlation of Response Spectral Values
for Multicomponent Ground Motions,” Bulletin of the Seismological
Society of America 96, no. 1 (2006): 215-227, https://doi.org/10.1785/
0120050060.

43.D. M. Boore, J. Watson-Lamprey, and N. A. Abrahamson,
“Orientation-Independent Measures of Ground Motion,” Bulletin of
the Seismological Society of America 96, no. 4 A (2006): 1502-1511,
https://doi.org/10.1785/0120050209.

44. B. A. Bradley, “Site-Specific and Spatially-Distributed Ground-Motion
Intensity Estimation in the 2010-2011 Canterbury Earthquakes,” Soil
Dynamics and Earthquake Engineering 61-62 (2014): 83-91, https://doi.
0rg/10.1016/j.s0ildyn.2014.01.025.

45. C. Bruce Worden, E. M. Thompson, J. W. Baker, B. A. Bradley, N. Luco,
and D. J. Wald, “Spatial and Spectral Interpolation of Ground-Motion
Intensity Measure Observations,” Bulletin of the Seismological Society of
America 108, no. 2 (2018): 866-875, https://doi.org/10.1785/0120170201.

46. https://earthquake.usgs.gov/data/shakemap/.

47. K. Goda and H. P. Hong, “Spatial Correlation of Peak Ground Motions

and Response Spectra,” Bulletin of the Seismological Society of America 98,
no. 1 (2008): 354-365, https://doi.org/10.1785/0120070078.

48.N. Jayaram and J. W. Baker, “Correlation Model for Spatially
Distributed Ground-Motion Intensities,” Earthquake Engineering and
Structural Dynamics 38, no. 15 (2009): 1687-1708, https://doi.org/10.1002/
eqe.922.

49. E. Bojorquez and I. Iervolino, “Spectral Shape Proxies and Nonlinear
Structural Response,” Soil Dynamics and Earthquake Engineering 31, no.
7 (2011): 996-1008, https://doi.org/10.1016/j.s0ildyn.2011.03.006.

50. G. G. Deierlein, S. S. F. Mehanny, P. P. Cordova, S. S. F. Mehanny,
and C. A. Cornell, “Development of a Two-Parameter Seismic Intensity
Measure and Probabilistic Assessment Procedure,” Journal of Engineering
and Applied Sciences (2001).

51. K. Matsumura, “On the Intensity Measure of Strong Motions Related
to Structural Failures,” in 10th World Conference on Earthquake Engineer-
ing, Madrid, Spain (1992).

52. G. W. Housner, “Spectrum Intensities of Strong Motion Earthquakes,”
in Proceedings of the Symposium on Earthquake and Blast Effects on
Structures, Oakland, California (1952).

53. N. Buratti, F. Minghini, E. Ongaretto, M. Savoia, and N. Tullini,
“Empirical Seismic Fragility for the Precast RC Industrial Buildings Dam-
aged by the 2012 Emilia (Italy) Earthquakes,” Earthquake Engineering and
Structural Dynamics 46, no. 14 (2017): 2317-2335, https://doi.org/10.1002/
eqe.2906.

54. 1. Toannou, R. E. Chandler, and T. Rossetto, “Empirical Fragility
Curves: The Effect of Uncertainty in Ground Motion Intensity,” Soil
Dynamics and Earthquake Engineering 129 (2020): 105908, https://doi.org/
10.1016/j.s0ildyn.2019.105908.

55. K. A. Porter, K. Farokhnia, I. H. Cho, et al., “Global Vulnerability
Estimation Methods for the Global Earthquake Model,” 15th World
Conference on Earthquake Engineering, Lisboa, Portugal (2012).

56. 1. Toannou, B. Bessason, I. Kosmidis, J. O. Bjarnason, and T. Rossetto,
“Empirical Seismic Vulnerability Assessment of Icelandic Buildings
Affected by the 2000 Sequence of Earthquakes,” Bulletin of Earthquake
Engineering 16, no. 12 (2018): 5875-5903, https://doi.org/10.1007/s10518-
018-0413-x.

57.1. Charvet, J. Macabuag, and T. Rossetto, “Estimating Tsunami-
Induced Building Damage Through Fragility Functions: Critical Review
and Research Needs,” Frontiers in Built Environment 3 (2017): 36, https://
doi.org/10.3389/fbuil.2017.00036.

58. T. Rossetto, I. Ioannou, D. N. Grant, and T. Magsood, Guidelines for
the Empirical Vulnerability Assessment. GEM Technical Report, 140 pp.,
GEM Foundation, Pavia, Italy (2014).

59. M. Nguyen and D. Lallemant, “Order Matters: The Benefits of Ordinal
Fragility Curves for Damage and Loss Estimation,” Risk Analysis 42, no. 5
(2022): 1136-1148, https://doi.org/10.1111/risa.13815.

60. A. Agresti, Analysis of Ordinal Categorical Data, Vol. 656 (John Wiley
& Sons, 2010).

61. C. V. Ananth and D. G. Kleinbaum, “Regression Models for Ordi-
nal Responses: A Review of Methods and Applications,” International
Journal of Epidemiology 26 (1997): 1323-1333.

62. M. Zucconi, R. Ferlito, and L. Sorrentino, “Typological Damage
Fragility Curves for Unreinforced Masonry Buildings Affected by the 2009
L’Aquila, Italy Earthquake,” The Open Civil Engineering Journal 15, no. 1
(2021): 117-134, https://doi.org/10.2174/1874149502115010117.

63. D. Bindi, F. Pacor, L. Luzi, et al., “Ground Motion Prediction Equations
Derived From the Italian Strong Motion Database,” Bulletin of Earthquake
Engineering 9, no. 6 (2011): 1899-1920, https://doi.org/10.1007/s10518-011-
9313-z.

64. M. Dolce, E. Speranza, F. Giordano, et al., “Observed Damage
Database of Past Italian Earthquakes: The Da. DO WebGIS,” Bollettino Di
Geaofisica Teorica Ed Applicata 60, no. 2 (2019): 141-164.

2946 of 2946

Earthquake Engineering & Structural Dynamics, 2025

85U8017 SUOWILIOD BAEa.D 8|qedl(dde aup Aq peusenob a e sajolle YO ‘@S JO S8 10y Areiqi8uljuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 | IMAeIq 1 jaul|UO//:SdNY) SUORIPUOD pUe swe | 8y} &8s *[9202/20/8T] Uo A%iqiTauliuo Ae|im 90a % 1ediq eSS ealy Aq 60002 8b8/200T 0T/10p/wod Ao | Arelq1jeuljuoy/sdny woiy pepeojumod ‘TT ‘5202 ‘S86960T


https://doi.org/10.2495/ERES130321
https://doi.org/10.1007/s10518-021-01120-1
https://doi.org/10.1016/j.ijdrr.2021.102478
https://doi.org/10.1007/s10518-020-00845-9
https://doi.org/10.1007/s10518-020-00954-5
https://doi.org/10.1007/s10518-021-01065-5
https://doi.org/10.1002/eqe.3756
https://doi.org/10.1007/s10518-020-00818-y
https://doi.org/10.1007/s10518-008-9073-6
https://doi.org/10.1785/0120050060
https://doi.org/10.1785/0120050209
https://doi.org/10.1016/j.soildyn.2014.01.025
https://doi.org/10.1785/0120170201
https://earthquake.usgs.gov/data/shakemap/
https://doi.org/10.1785/0120070078
https://doi.org/10.1002/eqe.922
https://doi.org/10.1016/j.soildyn.2011.03.006
https://doi.org/10.1002/eqe.2906
https://doi.org/10.1016/j.soildyn.2019.105908
https://doi.org/10.1007/s10518-018-0413-x
https://doi.org/10.3389/fbuil.2017.00036
https://doi.org/10.1111/risa.13815
https://doi.org/10.2174/1874149502115010117
https://doi.org/10.1007/s10518-011-9313-z

	Observational Seismic Fragility Models for Unreinforced Masonry Buildings Based on Building-by-Building Damage Data From the 2012 Emilia Earthquakes
	1 | Introduction
	2 | Damage and Buildings Database
	2.1 | Area Investigated
	2.2 | Building Inventory
	2.3 | Damage Scale

	3 | Ground Motion Intensity
	4 | Fragility Point-Estimates
	5 | Parametric Fragility Curves for Masonry Buildings
	5.1 | Definition of the Fragility Model
	5.2 | Results of the Regression Analysis

	6 | Discussion of the Results
	7 | Conclusions
	Acknowledgements
	Data Availability Statement

	References


