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Abstract

The Italian peninsula has been subjected to several destructive earthquakes over the last 50
vears which denoted the high vulnerability of the existing building stock. In this context, the
analysis of post-earthquake damages is of paramount importance for manifold reasons, such
as the management of the emergency phase for establishing the usability of buildings and the
identification of the main sources of vulnerability for future risk mitigation plans. Since about
50 years, the post-earthquake usability of buildings is assessed through simplified forms filled
by experts and practitioners during extensive in-situ inspections. The data collected during
the post-earthquake inspections have been recently catalogued in the Observed Damage Da-
tabase (DA.D.O), which is a freely available platform for the scientific community. Starting
from the data available in the DA.D.O platform, the damage reported by Italian school build-
ings have been analyzed in order to elaborate a proper school buildings database. The results
of this statistical investigation are used for identifying the main sources of vulnerability char-
acterizing the Italian school buildings and assuming a key role for the empirical calibration
of reliable procedures of large-scale seismic risk assessment, mapping and reduction.
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1 INTRODUCTION

The post-earthquake inspections made after major earthquakes in the Mediterranean area
highlighted the high vulnerability of building portfolios, especially with regard to existing
structures built before the introduction of seismic provisions in national and international
building codes. In Italy, the damages observed after the major seismic events occurred over
the last 50 years raised the awareness of public institutions, researchers and practitioners
about the vulnerability of existing buildings and the need for a large-scale seismic risk as-
sessment to promote seismic risk mitigation programs [1-6]. Within this framework, the sci-
entific community has developed several empirical and analytical procedures to define
vulnerability curves for different building typologies, e.g. reinforced concrete (RC) buildings
[7-11], masonry buildings [12-13], precast buildings [14], based on post-earthquake damage
observations. Specific studies dealing with the seismic vulnerability assessment of relevant
building typologies, such as schools [15-17], hospitals [18] and ecclesiastic heritage [19-22]
are also available. Among the most common approaches adopted to assess and mitigate seis-
mic risk, it is worthwhile mentioning also mechanical-based approaches [23-25], rapid visual
screening (RVS) methodologies [26-27] and hybrid methods.

Empirical methods consist in the statistical processing of data about damages observed af-
ter past earthquakes. The data analysis allows to estimate the probability of occurrence of a
certain damage state for increasing seismic intensities. The final output is represented by fra-
gility curves, which can be considered vulnerability curves if a certain quantification of the
expected losses is taken into account in the adopted intensity measure (IM). Over the years,
several empirical-based vulnerability functions have been developed by referring to different
building typologies. Qualitative and quantitative measures have been adopted to define the IM
used in the vulnerability curves. In particular, the most widely adopted quantitative measure is
the peak ground acceleration (PGA), while for the qualitative measures, some macro-seismic
scales are defined, such as the Modified Mercalli Intensity (MMI), Medvedev—Sponheuer—
Karnik (MSK) and Mercalli—-Cancani—Sieberg (MCS). Qualitative and quantitative measures
are often freely available online for different seismic events [28-29].

The damage probability matrix (DPM) proposed by Braga et al. [30] was one of the first
empirical methods to be developed. It consists in the definition of the discrete probability that
a certain damage - measured according to a macro-seismic scale - occurs in the total sample
of investigated buildings. Braga et al. adopted the MSK scale to apply the DPM method to RC
buildings damaged by the Irpinia earthquake (1980). Rossetto and Elnashai [31] proposed
empirical fragility curves for RC buildings using a database of about 350.000 units. Di
Pasquale et al. [32] developed a loss model based on the damage observed during past earth-
quakes in Italy. Lagomarsino and Giovinazzi [33] proposed, for several building typologies in
the Mediterranean area, a methodology for relating macro-seismic and mechanical models for
vulnerability assessment, basing on post-earthquake observations. Recent works [6-22] have
refined the empirical methodologies and the related vulnerability and fragility curves by using
large samples of buildings damaged by recent earthquakes. A useful tool for analyzing the
damage occurred after Italian earthquakes has been recently developed by the Italian Depart-
ment of Civil Protection: the Observed Damage Database (DA.D.O) web-gis platform, which
collects the results of post-earthquake inspections made after the major Italian earthquakes.

Using the data available in DA.D.O. platform, the present study focuses on the assessment
of damages occurred in Italian school buildings after the main Italian seismic events over the
last 50 years. All data have been firstly extracted from DA.D.O. platform and then processed
by taking into account some typological parameters, such as construction typology, year of
construction, number of storeys, area and structural regularity. Once all data have been orga-
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nized in a specific database, they have been processed for a twofold scope: (a) providing a
statistical quantification of the damaged school buildings and their main typological features;
(b) providing vulnerability curves, according to the defined building classification.

2 DA.D.O. PLATFORM: A DATA COLLECTION OF EARTHQUAKE RELATED
DAMAGE OVER THE LAST 50 YEARS IN ITALY

The Da.D.O. web-gis platform has been conceived with the specific purpose to collect,
catalogue and compare data related to damage and structural characteristics of buildings in-
spected after earthquakes occurred in Italy over the last 50 years. Data from ten seismic
events characterized by a high seismic intensity are provided [34]: Friuli 1976; Irpinia 1980;
Abruzzi 1984; Umbria-Marche 1997; Pollino 1998; Molise 2002; Emilia 2003; L’Aquila
2009; Emilia 2012, Garfagnana 2013. A summary of the general information present in the
database is provided in Del Gaudio et al. [8], which reports that the total number of inspected
buildings amounts to 320.000, subdivided among 78% of masonry buildings, 8% of RC build-
ings and 14% for other construction typologies. Since the survey forms have been modified
over the years, the information available for each seismic event can vary. Presently, post-
earthquake inspections are carried out by using the AeDES form [36], which was firstly intro-
duced following the Umbria-Marche 1997 event. Previously, different survey forms were
adopted (former versions of the AeDES form). For each seismic event collected in the Da.D.O.
platform, Table 1 reports the key information accessible for each building. In particular, the
information available in each survey form can be summarized in five macro-sections:

1. Building registry: general information and location of the buildings (e.g. year of con-
struction, latitude and longitude, municipality, census code);

2.  Geometry: main typological and geometrical features (e.g. number of storeys, qualita-
tive estimate of area, inter-storey height);

3. Use destination: information about the use of the building from stakeholders (e.g.
building use, number of occupants, strategic destination);

4. Position in urban context: information about the position of the building (e.g. refer-
ence with the position of near buildings, soil and topography);

5. Construction typology: main structural features (e.g. construction material, presence of
retrofit devices, regularity).

The level of completeness and the quality of the data depends on the seismic events, more
detailed information being available for more recent earthquakes. Table 1 reports a general
indication about the level of detail of the recorded information distinguishing between: com-
plete (C), incomplete (I) and absent (A) information. Regarding the building registry, all sur-
vey forms contain some details, however, for the first three considered events (Friuli 1976,
Irpinia 1980 and Abruzzi 1984), the latitude and longitude are referred to the municipality in
which the buildings are located and not to the specific location of the analyzed building. Con-
cerning the geometry, the survey forms used after the first three events only report the plan
dimension, while from the Irpinia 1980 earthquake the number of storeys and inter-storey
height are also available. Only the data about the Abruzzi 1984 earthquake do not report the
inter-storey height. The forms used in the first three events did not provide details about the
use of the buildings, while for the Umbria-Marche 1997 and the Pollino 1998 earthquakes this
information is reported, allowing to classify the buildings also based on their strategic im-
portance. With regard to the position in the urban context, the form used in the Friuli 1976
earthquake reports if the building is isolated, outer-edge or in the corner of other building
complexes. Only in the case of the Irpinia 1980 and the Abruzzi 1984 earthquakes, this data is
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not reported. Lastly, with reference to the construction typology, complete information is pro-
vided for all seismic events but for the first three events only the construction material is re-
ported.

L Building regi- Use destina- Position in Construction
Seismic event Geometry .
stry tion urban context typology

Friuli 1976 1 | A 1 I
Irpinia 1980 I C A A I
Abruzzi 1984 I I A A I
Umbria-Marche 1997 C C I C C
Pollino 1998 C C I C C
Molise 2002 C C C C C
Emilia 2003 C C C C C
L’Aquila 2009 C C C C C
Emilia 2012 C C C C C
Garfagnana 2013 C C C C C

Table 1: Summary of the key information reported in the survey forms adopted after the Italian seismic
events occurred over the last 50 years (information about damage data are herein excluded)

As for the details related to the identification of the building’s features, also the damage
classification is related to the survey form adopted for the post-earthquake inspections. The
forms used for the first three considered seismic events (Friuli 1976, Irpinia 1980 and Abruzzi
1984) do not allow to identify the damage extension [8]. The form adopted following the
Friuli 1976 earthquake only allowed to classify buildings based on their global damage state,
while more detailed information was introduced in the forms adopted during the following
earthquakes. In particular, starting from the Pollino 1998 earthquake, it was possible to collect
details about the damage state of five building components (vertical structures, horizontal
structures, stairs, roofs and infill panels or non-structural elements). Table 2 reports the dam-
age levels adopted in each survey form by grouping the different damage states in four main
sub-categories. More in detail, the survey form adopted after the Friuli 1976 earthquake pro-
vides a synthetic judgement about observed damages (from destroyed to undamaged) subdi-
vided in five damage levels (LO-L4). The survey form adopted after the Irpinia 1980
earthquake presents eight damage levels (L0O-L7), while in the case of Abruzzi 1984 earth-
quake, the damage state was classified distinguishing between five damage levels (L1-L5)
defined according to the EMS98 scale. From the Umbria-Marche 1997 earthquake, the Ae-
DES survey form was introduced and the damage levels were classified according to damage
states (D) defined according to the EMS9S scale.

It is worth mentioning that in the DA.D.O platform the details provided by the Institute of
Geophysics and Vulcanology (INGV) for the characterization of the seismic events are also
reported. This data includes: shake maps [37], date, magnitude, distance, geographic position
(epicentre and hypocentre) and macro-seismic intensities in terms of Mercalli-Cancani-
Sieberg scale (IMCS) [38].

" Heavy dama- Medium da- Light Null
Seismic event Damage levels
ges mages damages damage
Friuli 1976 5 L3-L4 L2 L1 LO
Irpinia 1980 8 L5-L6-L7 L3-L4 L1-L2 LO
Abruzzi 1984 5 L4-L5 L2-L3 L1 /
Umbria-Marche 1997 3 D4-D5 D2-D3 DO0-D1 /
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Pollino 1998 4 D4-D5 D2-D3 D1 DO
Molise 2002 4 D4-D5 D2-D3 Dl DO
Emilia 2003 4 D4-D5 D2-D3 Dl DO
L’Aquila 2009 4 D4-D5 D2-D3 Dl DO
Emilia 2012 4 D4-D5 D2-D3 DI DO
Garfagnana 2013 4 D4-D5 D2-D3 D1 DO

Table 2: Summary of the damage classification in the survey forms used after the main Italian seismic
events, considering 4 macro-sections of damage: heavy, medium, light and null.

3 SCHOOL BUILDINGS DAMAGED BY ITALIAN EARTHQUAKES:
STATISTICAL ANALYSIS ON THE SPECIFIC-CLASS PARAMETERS

Using the data available in the DA.D.O platform, all the school buildings damaged follow-
ing the selected seismic events have been classified and statistically analysed. As reported in
Table 1, the usage of the buildings was not available for seismic events occurred before 2002.
In order to identify the school buildings for all considered seismic events, the information
provided by DA.D.O platform has been compared with the Open Data about Italian schools
provided by Italian Ministry of University and Research (MIUR) [39]. For each damaged
building, DA.D.O provides the latitude and the longitude, while the MIUR database provides
the address and the municipality of all Italian school buildings. Using reverse geocoding algo-
rithm [40], latitude and longitude of all Italian school buildings have been found and matched
with latitude and longitude of the damaged buildings, by imposing a tolerance -in absolute
value- to the fourth decimal place. The summary of the identified school buildings, subdivid-
ed for construction typology, is provided in Table 3.

o Nurpber of school build- Other typolo-
Seismic event ings extracted by RC [%] Masonry [%] ST
DA.D.O. gies [%0]
Friuli 1976 / / / /
Irpinia 1980 / / / /
Abruzzi 1984 3 0.0 100.0 0
Umbria-Marche 1997 153 15.0 79.5 5.5
Pollino 1998 25 12.0 64.0 24.0
Molise 2002 248 48.8 35.1 16.1
Emilia 2003 17 0.0 88.2 11.8
L’Aquila 2009 616 54.7 27.8 17.5
Emilia 2012 577 349 44.7 20.4
Garfagnana 2013 / / / /

Table 3: Number of school buildings damaged by Italian seismic events over the last 50 years, accounting
for the construction typology.

For Friuli 1976 earthquake, for the fixed tolerance, the matching procedure has not provid-
ed any useful results. The Irpinia 1980 earthquake, although several data are available, has
been discarded because for this event the coordinates available are referred to the municipality
and not to the specific location of the building. For Abruzzi 1984, Umbria-Marche 1997 and
Pollino 1998 earthquakes, several units have been identified, as reported in Table 3. Although
the adopted identification procedure can be affected by uncertainty, some random checks have
been performed, observing a good level of accuracy. The distribution of the selected school
buildings along the entire territory can be displayed using the extracted data. Figures 1 and 2
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report the identified school buildings for Pollino 1998 and Emilia 2013 earthquakes and, addi-
tionally, the Imcs for each municipality.

(S o < s
Pollino 1998 earthquake .. (?2'3 ol ] X 2N
Y epicenter 5 . ek 3 e
55 20 R ¥y
| Municipalities - g\ TR N 7
. Cle &\ -
©  school buiklings [[ ~ (e

[ 65 [

Figure 1: Distribution of school buildings damaged by Umbria-Marche 1997 earthquakes, with indication of Imcs
for each municipality.

Based on the defined school building database, several observations can be made on damaged
masonry and RC school buildings, with the aim to evaluate the entire school building portfo-
lio damaged by recent Italian earthquakes. Firstly, the year of construction for masonry and
RC school buildings has been analyzed (Figure 3) NC indicates the school for which this in-
formation was not available. As expected, about 75% of masonry units were built before 1961
and about 90% before 1980. A different situation is observed for RC school buildings, where
about 60% of the units were built before 1980. In 1980, the first seismic building code was
released in Italy. This aspect suggests that the greater part of masonry and RC school build-
ings was not designed according to seismic details, which highlight a high seismic vulnerabil-
ity of the building portfolio.
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Emilia 2012 earthquake .
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Figure 2: Distribution of school buildings damaged by Emilia 2013 earthquakes, with indication of Imcs for each
municipality.
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Figure 3: Percentage of masonry and RC school buildings, subdivided for year of construction parameter.

Figure 4 reports the number of storeys by distinguishing between masonry and RC
buildings. Approximately 75% of the masonry and RC school buildings have three or fewer
storeys. This observation implies that most of the damaged Italian school buildings can be
classified as low-rise buildings (this evidence is also reported in several scientific works, e.g.
[25, 27]). No particular evidence can be extracted from the inter-storey height parameter:
about 85% of the RC school buildings presents values that range from 2.50 m and 3.50 m,
while the remaining 15% presents higher values. The inter-storey height is more discretized
for masonry buildings; higher inter-storey heights are observed in the schools built before
1920 (> 5.00 m), while inter-storey heights ranging from 3.50 m to 5.00 m have been ob-
served for more recent buildings.

2597



Sergio Ruggieri, Chiara Tosto, Daniele Perrone, Giuseppina Uva, Maria Antonietta Aiello

Number of storeys Number of storeys

[N
o
o

~
(&)}
T

75+

50 -

N
[$)]
T

25+

Percentage of masonry school buildings
3
Percentage of RC school buildings

o

& & & & O
®§ﬁ §§ é@ Sﬁ §§ S «° & T
X X X X ) )
N 2 2 }2 2 2 S NS
oy W W N 2 of?

& & ®
xQ O
> 3
5 W >

Figure 4: Percentage of masonry and RC school buildings, subdivided for number of storeys parameter.

Less homogenous is the distribution of the area parameter. As shown in Figure 5, about 40%
of masonry school buildings and 25% of RC school buildings have an area ranging from 50
m? to 300 m?, while about 50% of masonry and RC school buildings presents an area com-
prised from 300 m?to 1200 m?. The high percentage of buildings characterized by large plan
dimensions might suggests that this parameter can influence the seismic behavior.

As for the area parameter, also the structural regularity is an important parameter for defining
the seismic vulnerability. This information is not available for all the units. In particular, the
data available for school buildings damaged by Abruzzi 1984 and Umbria-Marche 1997
earthquakes do not report information on regularity and then they have been classified as NC.
Looking at the percentage of regular and irregular school buildings, Figure 5 reports a sum-
mary for all the units. It is evident that about 50% of masonry and RC buildings presents
structural irregularities. This aspect needs to be taken into account, considering that the struc-
tural irregularity assumes a key role in the seismic response of buildings.
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Figure 5: Percentage of masonry and RC school buildings, subdivided for area parameter.
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Figure 6: Percentage of masonry and RC school buildings, subdivided for structural regularity parameter.

4 EMPIRICAL ESTIMATION OF THE SEISMIC BEHAVIOUR OF ITALIAN
SCHOOL BUILDINGS: DAMAGE DISTRIBUTION AND VULNERABILITY
CURVES

The data collected in the DA.D.O. platform reports the results of the inspections made by
practitioners and researchers rushed to the scene in the days after the earthquakes. As for rap-
id visual screening procedures, the definition of the damage state is based on the surveyors’
experience, although some guidelines describing the different damage states are available. As
previously discussed, it is worth mentioning that the survey forms adopted over the years can
differ both in terms of investigated structural elements and damage classification. The survey
form adopted in the Abruzzi 1984 earthquake contains judgments only about vertical and hor-
izontal structures, while the one employed in the Umbria-Marche 1997 earthquake also con-
siders damage to stairs. A complete information is provided for the Irpinia 1980 earthquake
and for earthquakes after the Pollino 1998 and the Molise 2002 earthquake (AeDES form), in
which damage data about vertical and horizontal structures, stairs, roofs and non-structural
elements (such as infill panels for RC buildings) are present.

Basing on the developed school buildings database, it is possible to provide a critical dis-
cussion on the damages reported by school buildings after the selected earthquakes, by means
of DPMs. Since the damages in AeDES form are classified according to the EMS98 scale, it
1s necessary to convert the damage levels reported for those earthquakes in which the AeDES
form was not adopted (see Table 2) into the EMS98 measure scale. The methodology pro-
posed by Del Gaudio et al. [8] has been adopted for the conversion into the EMS98 measure
scale. Then, DPMs can be elaborated, as shown in Figures 7 and 8, accounting for horizontal
structures, stairs, roofs and non-structural elements and by separating the RC and masonry
school building samples.
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Figure 7: DPM for masonry and RC school buildings, accounting for damages on horizontal structures and stairs.

The results of the statistical analysis show that about 85-90% of the RC buildings have a
damage level DO and 10% have a damage level D1, with regard to horizontal structures, stairs
and roofs. Despite the sample was not sorted for year of construction, few damages were de-
tected. Different evidence is shown for non-structural elements (e.g. masonry infill panels and
partitions), which show about 40% of units having damage level D1 and about 20% having
damage levels ranging from D2 to D5. For non-structural elements, similar percentages are
reported for masonry school buildings, for which non-structural elements present damage lev-
els greater than DO for about 55% of the units. Again for masonry buildings, DPMs show sev-
eral damages on horizontal structures (about 45% of buildings have a damage level greater
than DO0), whereas few units present damages to stairs and roofs.

2600



Sergio Ruggieri, Chiara Tosto, Daniele Perrone, Giuseppina Uva, Maria Antonietta Aiello

DK](%) - roof

P[D=

Dk](%) - non-structural elements

P[D=

DPM - RC school buildings

100DPM - Masonry school buildings

100
90 ¢ 90
80+ 80
70+ "6 70+
e
60 - . 60"
50 S 500
X
40" § 40
g
307 o 30¢
20+ 20+
10+ 10+
0| | E— L OI | —
DO D1 D2 D3 D4 D5 DO D1 D2 D3 D4 D5
100DPM - Masonry school buildings 100 DPM - RC school buildings
2
90| é 90
80 - o 80"
(0]
70+ E 70 -
2
60’ [&) 60,
2
50 | P 50+
S
40 + c 40~
30 X 30"
20 = 20
1l
10 - Q 10
o
0 0 |
DO D1 D2 D3 D4 D5 DO D1 D2 D3 D4 D5

Figure 8: DPM for masonry and RC school buildings, accounting for damages on roofs and non-structural ele-

ments.

With regard to vertical structural elements, data can be processed by means of vulnerability
curves. In particular, the entire set of school buildings has been subdivided into three samples:
(a) Masonry school buildings, (b) RC school buildings designed before 1980 (pre 1980), (c)
RC school buildings designed after 1980 (post 1980), by assuming 1980 as the threshold year
that separate the buildings with and without seismic details. To this scope, for each unit of the
three samples (Nunits), damage data are reported in Figure 9, in which the abscissa reports the
Imcs identified for each municipality and the ordinate reports the mean damage (up), evaluat-
ed as the weighted average of the buildings having a certain damage “DS” equal to an as-
signed value of damage “ds”. This formulation, as proposed in [8], is reported in the
following:

Lis=0 Nunits(DS=ds)+ds

1
#D'j s X Nunite
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Figure 9: Vulnerability curves of RC and masonry school buildings damaged by Italian earthquakes.

Three points have been obtained for each value of Imcs and all points have been fitted
by lognormal cumulative functions and by optimizing the problem, assuming the minimum of
the sum of squared errors between the set of points and the proposed curve. The result shows
that RC buildings designed after 1980 present lower damages also for the highest values of
the IM assumed, while the trend increases for RC buildings designed before 1980. Masonry
buildings present substantial damages for high values of Imcs, also arriving at values of pp
equal to 0.4. Overall, the obtained vulnerability curves present a safer scenario for RC build-
ings than masonry ones. The observed low values of up, also for higher values of IM, requires
to better investigate the vulnerability of this typology of buildings, also considering other
damage sources. As a matter of fact, it seems that the RC school buildings did not suffer dam-
ages.

S CONCLUSIONS AND FUTURE DEVELOPMENTS

This study has analyzed the effects of earthquakes occurred over the last 50 years on the
Italian school building portfolio. The data collected in the DA.D.O. platform have been used
to perform this investigation. A database including information about masonry and RC school
buildings surveyed after Italian earthquakes has been created. A critical discussion of the key
features of Italian school buildings, accounting for construction typology, year of construction,
number of storeys, area and structural regularity is provided. In addition, a post-processing of
the damages suffered after the selected seismic events has been carried out, by providing
damage probability matrices for damages on horizontal structures, stairs, roofs and non-
structural elements and vulnerability curves accounting for damages on vertical structural el-
ements.

The results of the statistical investigations have provided a basic idea about the seismic
performance of Italian school buildings. The database will be used for future investigations
aimed at defining a taxonomy of Italian school building and identifying the main vulnerability
sources, basing on the damages suffered during past seismic events. The elaboration of the
information collected in the database can assume a key role for future empirical procedures,
aimed at investigating the seismic risk at regional scale for school buildings and at providing
strategies of seismic risk mapping and reduction.
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