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A B S T R A C T

Extensive damage to school buildings has been observed during past earthquakes in Italy and there is a need to
better understand their potential vulnerability. As part of a national project to assess seismic risk in Italian
schools, a database was compiled in terms of characteristics such as school location and construction typology.
This paper examines a number of these buildings considered to be a representative sample of the Italian school
building population. To quantify their seismic vulnerability, the induced damage with respect to increased
shaking intensity need to be quantified. This characterisation of the building vulnerability, in combination with
the seismic hazard, allows more informed, risk-based decisions to be made using performance metrics such as
expected annual loss (EAL). This article outlines a case study application quantifying the EAL and collapse safety
for three school buildings representative of the Italian school building stock. Detailed numerical models were
developed using information collected during in-situ inspections in order to accurately represent the dynamic
response of the school structures. To estimate economic losses, a structural and non-structural element inventory
was compiled using in-situ survey information. This case study application is conducted in a systematic fashion
to clearly illustrate the various details required to implement more advanced seismic assessment studies. Finally,
a comparison is made with the seismic classification guidelines recently introduced in Italy to provide further
insight into how these can be used to identify existing buildings vulnerable to excessive damage and potential
collapse during earthquakes.

1. Introduction

The seismic vulnerability of existing school buildings in Italy has
received much attention following the 2002 Molise earthquake in
Southern Italy, which resulted in the collapse of the Iovene primary
school in San Giuliano killing 27 students and one teacher. To address
this issue, the European Centre for Training and Research in Earthquake
Engineering (EUCENTRE) initiated a research project entitled ‘Progetto
Scuole’, with the main objective of seismically assessing a number of
school buildings throughout Italy that can be considered representative
of the existing school building stock. Survey information [1] showed
that the majority of reinforced concrete (RC) frame school buildings
were constructed prior to the 1970s with little to no consideration of
modern seismic design principles. These RC buildings were typically
designed for gravity loads only and involved using allowable stress and
other such design provisions specified in Regio Decreto 2229/1939 [2]
along with other common construction conventions prior to the in-
troduction of seismic design provisions [3]. A common feature of these
gravity load-only designs identified in O’Reilly et al. [4] is the complete

lack of capacity design considerations in the beam and column mem-
bers of RC frames. The columns were sized principally for axial loading
and the beam members were designed by considering the hogging and
sagging moments of a continuously loaded multi-support beam. This
approach was quite common during the construction boom that fol-
lowed World War II across southern Europe and gave rise to many RC
structures vulnerable to undesirable seismic response, as highlighted
during past earthquakes [5–8]. Unreinforced masonry buildings (URM)
were also seen to represent a significant portion of the building stock in
Italy, with many being historical and/or old masonry buildings known
to be seismically vulnerable [9]. For example, field observations from
the Emilia Romagna earthquake in 2012 [10] underlined this through
numerous partial collapses observed in historical masonry buildings.
Furthermore, the presence of large thin unsupported clear lengths of
masonry can result in the wall ejection mechanism, a type of behaviour
observed in scholastic structures in L’Aquila [11], for example. The
response of URM buildings not vulnerable to this kind of local failure
mode is generally governed by in-plane behaviour of the walls, causing
piers and spandrel damage. Spandrel shear and flexural failure has been
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commonly observed in the past [10] and is mainly related to the quality
of the supporting lintels [12]. In addition, another common damage
mechanism is pier member damage [10], accompanied by shear diag-
onal cracking similar to that observed in spandrels. In some cases, the
lack of maintenance contributed to increase the seismic vulnerability of
existing masonry buildings, such as the degradation of timber, which
can reduce the efficiency of the floor system to provide rigid diaphragm
action when transferring inertial forces to the lateral load resisting
system. Precast Concrete (PC) structures have also been used ex-
tensively in Italy, most commonly for industrial buildings. The seismic
vulnerability of this structural typology has been observed in numerous
past earthquakes, in particular the 2012 Emilia earthquakes, which
resulted in a significant number of casualties and economic losses. From
post-earthquake reconnaissance, Magliulo et al. [13] reported that the
observed damage in PC buildings was mainly related to either loss of
support of horizontal elements or the collapse of cladding panels, with
both cases being the result of poor connection detailing. The poor
seismic detailing that is typical in these buildings is likely to be a result
of the first specific precast regulations only being published in 1987 in
Italy.

A significant portion of the total losses in recent earthquakes
worldwide has been attributed to damage to non-structural elements,
which occurs at low levels of ground shaking and can significantly af-
fect the post-earthquake functionality of buildings. Typical damage is
related to ceiling systems, piping systems, infill walls and building
contents. An example of extensive damage to non-structural elements
was reported by Miranda et al. [14] following the 2010 Maule Earth-
quake in Chile; the Santiago International Airport was closed for several
days due to significant damage to piping and ceiling systems, while four
hospitals completely lost their functionality and over ten lost 75% of
their functionality due to damage to fire sprinklers. Braga et al. [15]
reported extensive in-plane and out-of-plane damage to masonry infills
in RC buildings during the 2009 L’Aquila Earthquake in Italy. Likewise
following the 2012 Emilia Earthquake, where storage rack systems in
industrial facilities were the most affected components [16]. Calvi et al.
[17] conducted an exhaustive review of typical non-structural damage
observed in school buildings after major seismic events around the
world and highlighted that ceiling systems, partitions, lighting systems
and bookshelves are generally the most vulnerable elements. The main
reasons identified were the lack of proper anchorage of the various
elements and, in many cases, the absence of clear seismic design
methodologies and prescriptions to implement.

In terms of assessing the performance of buildings and their struc-
tural and non-structural elements, one of the most comprehensive PBEE
methodologies was initially conceived by Cornell and Krawinkler [18]
and then adopted by the Pacific Earthquake Engineering Research
Center (PEER). This PEER-PBEE framework includes a number of
stages, illustrated in Fig. 1.1, with hazard, structural, damage and loss
analysis being conducted to provide information for a final consequence
analysis of performance measures referred to as decision variables (DV),
such as the expected losses and also collapse safety. The practical im-
plementation of each individual step of this framework has also been

described in detail by Gunay and Mosalam [19].
If one considers the expected monetary losses due to the repairs

required at each intensity measure (IM) level, the expected annual loss
(EAL) of a building for a given site location can be computed by in-
tegrating the expected direct economic losses expressed as a function of
IM over the site hazard curve obtained from PSHA, as indicated in Eq.
(2):

∫=EAL E[L |IM] dλ
dIM

dIMT (2)

where E[LT|IM] represents the total expected direct economic losses for
a given definition of IM and site D, as described above.

In 2017, the Italian Ministry of Infrastructure and Transport issued
Decreto Ministeriale 58/2017 [20] outlining a framework with which
to classify the seismic risk of buildings. The building’s seismic perfor-
mance is described in terms of EAL and structural collapse capacity,
which are employed to give an overall rating on a letter-based scale
from A+ to G, similar to the appliances energy consumption scale used
in Europe [21]. This framework is integrated with the existing Italian
code [22] to provide practitioners with a more simplified method and
metric to assess the overall seismic performance of buildings via ret-
rofitting.

This paper examines the seismic loss assessment of buildings by
characterising and comparing the vulnerability of existing school
buildings in Italy using the PEER-PBEE detailed framework outlined in
the FEMA P58 document [23]. This is implemented in a systematic
fashion, whereby a representative sample of three buildings from the
entire existing school building stock was identified and examined in
detail, involving the collection of data regarding both the structural
configuration and the non-structural element inventory. Detailed nu-
merical models were constructed for each school building to char-
acterise the seismic response to increasing seismic intensity, which was
then used in conjunction with the inventoried list of damageable
components identified during in-situ inspections of each school
building to conduct a detailed loss estimation study for each of them.
This was performed for three different building construction typologies,
namely RC frames with masonry infill, URM buildings and PC frames,
typically found throughout Italy. The results of this study allow for the
vulnerability of each school building typology to be characterised and
compared. Furthermore, it is hoped that the detailed case study appli-
cation presented herein will encourage more practitioners to use
available comprehensive methods to assess seismic vulnerability of
existing buildings. Lastly, comparison of the detailed analysis con-
ducted here with the recent Italian guidelines to classify seismic risk is
discussed in order to illustrate some differences and potential future
improvements to the guidelines.

2. Case study school buildings

A number of school buildings comprising different structural
typologies were selected for this study. Available information on over
49,000 Italian schools [1] was examined to determine the prevalent
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Fig. 1.1. Illustration of the four stages of the PEER-PBEE framework [18].
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characteristics of the existing building stock so a representative sample
could be established and further examined. This information showed
that the majority of scholastic buildings have three or fewer storeys and
commonly consisted of RC frames with masonry infills or URM; where
the older the building is, the more likely it was constructed with URM.
More recent PC buildings represent a smaller portion of the existing
school building stock. Furthermore, approximately 67% of the existing
school buildings in Italy have been constructed before 1975, which
precedes the introduction of modern seismic design provisions in the
country. Considering the above points regarding age and construction
typology, Table 2.1 lists the three school buildings chosen for this study.
The construction typology, number of storeys and construction periods
of these three case study buildings were found to correspond well with
the overall characteristics of the existing scholastic building stock as a
whole. It is noted also that for each of these three buildings, no modern
seismic design provisions were implemented in their design.

3. Assessment of Italian school buildings

For each of the school buildings outlined in Section 2, a complete
loss estimation study was carried out using the PEER-PBEE metho-
dology described in Section 1. While the assessment procedure de-
scribed herein was largely based on that prescribed in the FEMA P58
guidelines [23], this case study application aimed to provide a more
practice-orientated application of the methodology. As such, a break-
down of the method into a more systematic approach that practitioners
can then implement in future studies was carried out and is illustrated
in Fig. 3.1. The more conceptual layout of the procedure is used, of-
fering a useful and succinct description of the methodology whereas
specific prescriptive guidance will be followed in subsequent subsec-
tions. By focusing on the assessment of existing Italian school buildings,
this paper offers a clear and concise implementation of the metho-
dology that can be used by practitioners wishing to make informed

decisions during their assessments.

3.1. Building survey

For each school building outlined previously, an inventory of da-
mageable structural and non-structural elements was compiled based
on the information gathered during in-situ surveys. Before surveying
the buildings, available information such as design documentation,
certificate of the materials or non-destructive testing was collected.
During the surveys, architectural drawings were used in order to verify
the geometry of the buildings as well as the structural layout. The po-
sitions and dimensions of the structural elements were verified, com-
piling a form in which all the observations were annotated. The possible
degradation or cracking of the structural elements was checked in the
RC and URM buildings, while in the PC building particular attention
was paid to the beam-column connections, as well as to the connection
of the cladding panels to the structural elements. Furthermore, each
school building was equipped with a structural monitoring system
aimed to identify the modal properties of the structures through am-
bient vibration acquisition in addition to forced vibrations from nearby
earthquakes. A forced vibration recording was triggered in the case of
the RC building considered here during the 2016 Central Italy earth-
quake; interested reader is referred to O’Reilly et al. [24] for further
details on this event.

Specific procedures were developed to inventory all non-structural
elements. A preliminary analysis allowed the identification elements
typically present in school buildings and for each of them, a specific
form was developed in order to quantify the elements and define all the
information required in loss estimation. The forms were divided into six
sections. In the first general section, a description of the non-structural
element was provided along with two representative photos; one pro-
viding an overview of the element while the other showing information
about the anchorage of the non-structural element to the supporting
structure. In the second section, the location and quantity of the non-
structural elements are defined. The locations were defined looking at
the floors and the rooms where the non-structural elements are located.
Different units are used to quantify the non-structural elements; m2 are
used for ceiling systems while the bookshelves are quantified by
number of units, for example. The third section is aimed to define a
safety index for the specific non-structural element analysed in the
form. To define a safety index, a questionnaire mainly related to the
anchorage with the supporting structures is included. This section is
useful to define a preliminary evaluation of the seismic risk for the non-

Table 2.1
General information for case study school buildings.

Typology Label No. of
storeys

Construction period

Reinforced concrete frame with
masonry infill

RC 3 1960s

Unreinforced masonry URM 2 1900s
Precast RC frame PC 2 1980s
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Fig. 3.1. Overview of assessment methodology employed for school buildings with reference to the PEER-PBEE methodology.
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structural elements. In the literature, some rapid visual screening
methodologies based on questionnaires are available and used to create
a priority list that helps identify the more critical buildings and where
more detailed analytical investigations should be applied, both from a
structural and non-structural point of view [25,26]. In the fourth sec-
tion of the questionnaire, some typical retrofit strategies for the non-
structural elements proposed by published codes and some guidelines
[27,28] are identified. The seismic details indicated in this section are
compared with the non-structural details available in the buildings in
order to define the safety index associated with each non-structural
element typology. Finally, the last two sections are used to provide all
the information required for the loss assessment. This part of the form
was not completed during the survey but is required for the loss esti-
mation analysis. In particular, the data related to the fragility and
consequence functions must be specified. More details about the fra-
gility and consequence functions used in this study are provided in
Section 3.5.

3.2. Numerical modelling

Using the structural layout and material property information
identified during the building surveys, a non-linear numerical model of
each school building was developed to identify both modal properties
required for the ground motion record selection and seismic response
characterisation outlined later. This response characterisation will then
serve as the input to the loss estimation study in the following steps so
that the direct economic losses can be estimated for each building.

In the case of the RC school building with masonry infill (see
Table 2.1), the model was developed in OpenSees [29] following the
recommendations of O’Reilly and Sullivan [30] for older RC frame
structures in Italy. Fig. 3.2 illustrates the main elements of the nu-
merical model for the RC school building. The beam and column ele-
ments were modelled using the force-based beam-column element with
a Modified Radau plastic hinge integration scheme [31] to give a
lumped plasticity element. The flexural behaviour accounted for the
post-peak strength and stiffness degradation of the members, in addi-
tion to the increased pinching in the hysteretic behaviour to allow for
the eventual flexural failure of the members, as illustrated in Fig. 3.2.
The shear response of the column members was modelled by introdu-
cing an uncoupled zero-length element at the member ends. These

elements were modelled using the model proposed by Zimos et al. [32]
to account for the potential shear failure in these members as a result of
excessive shear force transfer from the masonry infills or staircases. The
potential loss of vertical load-carrying capacity of the column or beam-
column joint members through excessive shear damage was not ex-
plicitly modelled due to limitations in the element formulation that do
not allow for axial, shear and flexure interaction. Some more advanced
elements are being developed (e.g. [33]) but can be computationally
expensive and restrict the explicit definition of specific aspects of non-
ductile RC column behaviour (e.g. plastic rotation capacity and post-
peak degradation) handled here through the definition of lumped
plasticity elements. The presence of smooth bars was noted the in-situ
testing report provided during the visit to the school and, therefore, the
hysteretic behaviour of the elements was defined using the re-
commendations of O’Reilly and Sullivan [30] that accounts for this
effect. Information required to model the beam and column members
was taken from the available survey reports, where details regarding
material properties and reinforcement content was provided for a
number of members. For members that had no available information, a
reasonable value was estimated through simulated design calculations.
The approach adopted to model the behaviour and capture the effects of
beam-column joint on the overall frame response is also illustrated in
Fig. 3.2, where each joint region was modelled using a zero-length
hinge element to capture the non-linear behaviour and rigid offsets to
represent the physical dimensions of the joint. The floor slab system
was assumed to be rigid following the examination of the actual floor
system in place, which is a laterizio system [34]. This floor system was
quite common in Italy for RC buildings built in the 1960s. Based on
engineering judgement, such a floor system was not deemed flexible
enough to have a great impact on the structural analysis results and was
therefore assumed rigid for simplicity. The stairs system was modelled
using a series of elastic frame elements to account for the potential
shear failure of the surrounding columns, in addition to accurately
modelling all sources of lateral stiffness so as to adequately capture the
torsional modal behaviour of the school, as outlined in O’Reilly et al.
[35]. The exterior masonry infill wall was identified as double leaf
hollow clay brick masonry and was modelled using an equivalent di-
agonal strut approach [36] with the “medium” strength material
properties provided in Hak et al. [37].

The URM school building (see Table 2.1) was modelled using
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TreMuri [38], which allows for the evaluation of both local and global
seismic response of URM buildings. The structural model was devel-
oped using the equivalent frame approach. Fig. 3.3(a) summarises the
steps required to define the idealised equivalent frame model and
Fig. 3.3(b) shows an isometric view of the school building model de-
veloped. Using this approach, a generic masonry wall with opening is
idealised by identifying two main structural components: the piers and
the spandrels. The piers are the main vertically resisting elements while
the spandrels couple the response of two adjacent piers. This metho-
dology was developed from the observation of typical damage during
past earthquakes [38]. The identification of the geometrical properties
of piers and spandrels is automatically performed by the software ac-
cording to conventional criteria. The non-linear macro-element model
implemented in TreMuri allows the two main failure modes governing
the response of masonry walls to be reproduced with a limited number
of degrees of freedom. In terms of flexural behaviour, rocking and
crushing mechanisms are considered, whereas diagonal cracking and
shear sliding are taken into account for shear failure. In order to define
the ultimate shear and bending strength, simplified criteria are im-
plemented in the software. The elastic behaviour is defined considering
the mechanical and geometrical properties of the masonry and a stiff-
ness reduction factor is introduced to account for cracked conditions.
The maximum capacity in compression is limited to 0.85·l·t·fu, where l is
the length of the cross-section, t the thickness of the wall and fu the
masonry compressive strength. For the shear failure mechanisms, the
Coulomb criteria is taken into account. The failure of the panel is based
on a limiting storey drift value defined from the governing failure mode
and according to code prescriptions [22,39]. If the maximum storey
drift in a pier is achieved, the element becomes a strut, which means no

residual shear and bending capacity is assumed while the axial load is
still carried.

Finally in the case of the PC school building, the numerical model
was developed using Ruaumoko3D [40]. The structural system com-
prises precast columns that support precast beams in the longitudinal
direction only, as illustrated in Fig. 3.4(a). For the precast columns, a
lumped plasticity modelling approach was adopted, using Giberson
one-component plastic hinge members [41]. Plastic hinges were able to
form at both ends of the columns in both storeys, with the plastic hinge
length being calculated using the empirical expression given by Paulay
and Priestley [42]. Given the limited strength of the beam-column joint
and lack of moment transfer between the column and beam, plastic
hinge formation was deemed not possible in the beams and they were
hence modelled as linear elastic frame elements. The hysteretic beha-
viour of the plastic hinges in the columns was modelled using the Ta-
keda hysteresis rule [43] with the unloading and reloading parameters,
α and β, set to 0.5 and 0.0, respectively [40]. This results in a ‘thin’
moment–curvature hysteresis suitable for representing the behaviour of
reinforced concrete columns [44]. Beam-column joints represented the
most complex element of the PC. The in-situ surveys of the school
building, outlined in Section 3.1, showed the beams were seated atop
the column corbels without any additional restraint. No dowel-type
connections or neoprene pads were observed in the joint, only mortar
packs. To capture the expected behaviour, the joint was modelled as
shown in Fig. 3.4(b). The depth of the beam was modelled using rigid
frame elements, which at the underside of the beam connect to a fric-
tion element that allows for sliding between the beam and column
corbel. Gap elements were then provided at both the top and bottom of
the beam to model the contact between the end of the beam and the

(a) Equivalent in-plane frame idealisation of the URM walls using TreMuri for masonry structures (adapted from 
Lagomarsino et al. [38]). 

(b) Isometric view of URM school building modelled using TreMuri. 

Fig. 3.3. Numerical modelling of URM school building using TreMuri. (a) Equivalent in-plane frame idealisation of the URM walls using TreMuri for masonry
structures (adapted from Lagomarsino et al. [38]). (b) Isometric view of URM school building modelled using TreMuri.
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column face. Dynamic sliding was modelled at each joint and seating
failure was assumed to occur when the beam displacement relative to
the corbel exceeds the seating length. This was not explicitly modelled
but was checked during post-processing of the results. Due to the pre-
cast floor topping being thin, it was decided to model explicitly the
flexibility of the diaphragms, rather than assuming a rigid diaphragm.
During in-situ inspection, it was deemed via engineering judgement
that the connection of the cladding panels was insufficient to have any
significant impact on the lateral behaviour and was therefore not con-
sidered explicitly in the numerical model.

Other aspects regarding the modelling of the three buildings were
also needed for dynamic analysis and response characterisation, as
discussed later in Section 3.4. The first regarded the incorporation of
the second-order geometry effects of the gravity loading, or P-Δ effects,
which have been incorporated in each model by applying the tributary
loading collected from each floor slab and beam onto the corresponding
column for each of the building typologies considered. These loads were
applied as a constant load before the dynamic analysis and maintained
throughout the analysis to incorporate their effects on the response of
the structure. The elastic damping in the PC and URM structures was
defined through a 5% tangent stiffness proportional Rayleigh damping
model. For the RC building modelled using OpenSees, a modal damping
model [45] was adopted by applying a constant 5% of critical damping
to all modes of vibration. This damping model, when combined with
the adopted beam-column formulation outlined above, has the benefit
of mitigating the introduction of potential errors highlighted by Chopra
and McKenna [45]. Cracked section stiffness was assumed when mod-
elling the structural elements of each school building. For RC members,
this was modelled as a constant stiffness to the nominal yield point,
whereas the URM elastic modulus was based on code recommended
coefficients [22]. This was done to better represent the building beha-
viour into the non-linear response range and to adequately capture the
strength and stiffness degradation at more critical limit states. More
advanced modelling techniques to include the initial elastic member
stiffness followed by a reduction of stiffness upon cracking may also be
adopted, but are computationally expensive typically. O’Reilly et al.
[35], for example, investigated the impact of this initial stiffness
modelling on storey drift and floor acceleration demand for the RC
building outlined here. The response of the initially uncracked model
was shown to converge toward the initially cracked section stiffness
model at relatively low levels of intensity. As such, this discrepancy at

low levels of shaking should not impact the overall conclusions of the
work presented herein.

3.3. Characterisation of site hazard

As discussed in Section 2, the school buildings considered here were
constructed prior to the introduction of modern seismic design provi-
sions in Italy; which prescribed specific detailing rules regarding ma-
terial properties and minimum amount and arrangement of longitudinal
and transversal reinforcement in beams and columns [46]. Moreover,
the selected schools are anticipated to be representative of the Italian
school building stock, based on statistical information collected and
outlined in Borzi et al. [1]. Information on each school building is listed
in Table 2.1 and their main characteristics are sufficiently general to be
considered representative of the overall school building stock (i.e.
structural layouts and building materials were not specific to any par-
ticular region). Therefore, it was assumed reasonable to expect school
buildings of similar constructions to be built at different locations
throughout Italy. It was thus decided that each school building analysed
may exist at any given location throughout Italy and that a number of
site locations could be considered to analyse these buildings. As such,
two site locations were chosen to perform probabilistic seismic hazard
analysis (PSHA) and select hazard-consistent ground motion record
sets: the cities of Ancona and Cassino, which may be assumed to re-
present and be herein referred to as medium and high seismicity in
Italy, respectively. This not only allowed the number of case study
applications of the PEER-PBEE methodology to be doubled, but also
illustrate the relative differences between the building seismic perfor-
mances in areas of different seismicity. This type of information may be
useful for governing bodies looking to prioritise the allocation of lim-
ited economic resources in order to reduce the seismic vulnerability of
an entire territory through retrofitting of these typologies located in
areas of different seismicity. This consideration is beyond the scope of
this article, but it is noted that such information may be used to further
develop prioritisation schemes similar to that conducted by Grant et al.
[47] that can aid in inferring a level of vulnerability and establish a
decision-making framework. The difference being that the prioritisation
may be based on economic vulnerability rather than discrepancy in
peak ground acceleration used during design and that prescribed by
modern seismic hazard maps [47]; if any consideration was indeed
given to horizontal ground accelerations. Therefore, by considering

(a) Plan layout highlighting the location of beams in red (All 
dimensions in m). 

(b) Modelling of beam members seated on column 
corbels using gap and friction elements. 

Fig. 3.4. Illustration of the numerical modelling of the PC building. (a) Plan layout highlighting the location of beams in red (All dimensions in m). (b) Modelling of
beam members seated on column corbels using gap and friction elements. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

G.J. O'Reilly et al. Engineering Structures 168 (2018) 142–162

147



more case study applications via different site locations and seismicity
levels, this information may be used to refine future prioritisation
schemes by using economic losses as the decision-making metric rather
than design input acceleration deficiency.

The procedure illustrated in Fig. 3.5 was used for the selection of
ground motion records to match the conditional spectrum [48,49] at
different return periods. The selection was based on the modal value of
the contributing scenarios obtained from disaggregation of the PSHA
results. A total of 20 pairs of ground motion records (consisting of two
horizontal components) were selected at 11 return periods for both sites
with Soil Type C, as defined by Eurocode 8 [50]. The intensity measure
(IM) chosen to characterise the response of the buildings was the
spectral acceleration, Sa(T∗), at a conditioning period, T∗. Each building
possesses a principal mode of vibration in the two orthogonal directions
(Table 3.1) therefore, a suitable value of T∗ needed to be established.
FEMA P58 [23], for example, suggests adopting a T∗ equal to the ar-
ithmetic mean, or average, of these two orthogonal modal periods.
Another issue to consider was the hazard data at the two sites in-
vestigated, which was available at a discrete number of vibration per-
iods. As such, the adopted approach was to compute the average of the
period in both orthogonal directions, Taverage, and then adopt the closest
T∗ from the periods for which PSHA information was available, all of
which are listed for each school building in Table 3.1. Since hazard
consistent record selection was performed and considering the findings
of Lin et al. [51], this discrepancy in T∗ and the first mode vibration
period is deemed a reasonable approximation. The ground motions
were taken from the PEER NGA-West 2 database [52], carrying out a
hazard-consistent record selection based on the spectral compatibility
with the geometric mean spectrum using the methodology outlined in
Jayaram et al. [49], which also considers the conditional variance of
the spectral acceleration away from the conditioning period. The

selection criteria considered the spectral acceleration as the maximum
between the two as-recorded component pairs, which is consistent with
the ground motion prediction equation by Ambraseys et al. [53] em-
ployed here for the hazard calculations. The seismic hazard calculations
and the derivation of the conditional mean spectrum were performed
using the REASSESS software tool [54], using the spectral acceleration
correlation model proposed by Baker and Jayaram [55]. A maximum
scaling factor of 4.0 was imposed to avoid excessive scaling, with the
exception of the 4975 and 9975-year return periods where scale factors
up to a value of 8.0 were considered.

3.4. Characterisation of structural response

Following the modal analysis and ground motion selection, a series
of non-linear response history analyses (NRHA) were conducted using
multiple-stripe analysis (MSA) [56]. In addition, pushover analyses
were conducted to characterise the static response of the school
buildings and are shown in Fig. 3.6. The points at which each of the
limit states discussed in further detail in Section 4.3 are exceeded are
also indicated on each pushover curve. In MSA, a set of ground motion
records is selected in correspondence with the available hazard dis-
aggregation at the conditioning period to evaluate the building re-
sponse at increasing levels of intensity and return period. Fig. 3.7 il-
lustrates the response curves conditioned on no structural collapse for
each of the school buildings using the ground motion records from both
site locations. Each dot represents the median of the maximum values
of peak storey drift (PSD) or peak floor acceleration (PFA) up the height
of the building in a single direction for a given return period. This way,
the evolution in median peak storey drift and floor acceleration with
respect to intensity for the different structural typologies can be ob-
served. Some preliminary observations of the results presented in
Fig. 3.7 are that in terms of median peak storey drift demand, the RC
and PC frames are much more flexible that the URM building, with the
median peak storey drift demand profiles exceeding 2% of the storey
height for the higher return periods. Between the RC and PC frames, the
RC frame is much stiffer due to the presence of the masonry infills, also
seen through the first mode periods of the buildings in Table 3.1. This is
also reflected by the higher PFA profiles for the infilled RC frame. It is
noted for completeness that Fig. 3.7 illustrates the median peak profiles
for each of the 20 ground motion records conditioned on no collapse,
whereas the associated uncertainty due to record-to-record variability is
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period records selected with a modal contributing scenario of M=6.25, Distance=10 km and epsilon= 1.25.

Table 3.1
First mode periods from numerical models and adopted conditioning periods.

School Longitudinal
mode period
(T1,X)

Transverse
mode period
(T1,Y)

Arithmetic
mean (Taverage)

Conditioning
period (T*)

RC 0.62 s 0.36 s 0.49 0.50 s
URM 0.42 s 0.23 s 0.32 0.20 s
PC 1.19 s 1.16 s 1.17 1.00 s
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also documented and maintained as input for the loss estimation
computations discussed later.

While the results presented in Fig. 3.7 describe the median response
conditioned on no structural collapse, the actual collapse performance
is also required to compute the total expected losses, E[LT|IM], arising
from both the collapsing and non-collapsing cases, according to Eq. (3):

= − +E[L |IM] E[L |NC,IM](1 P[C|IM]) P[C|IM]·RepCT T (3)

where P[C|IM] represents the probability of collapse for a given level of
IM, the labels C and NC denote the collapse and no collapse cases, re-
spectively, and RepC represents the replacement cost of the building.

By counting the number of ground motion records that resulted in
the prescribed collapse criterion being met at each intensity level, the
probability of collapse was computed at discrete intensity levels. The

term collapse refers herein to the complete loss of lateral and vertical
load carrying capacity at one or more storeys of the building and does
not incorporate any aspects related to post-earthquake decisions to
demolish the building due to excessive damage or residual drift as those
will be treated separately in Section 3.6. Using this information, a
continuous lognormal distribution was fitted to the data to describe the
probability of collapse with respect to intensity. This was done by es-
tablishing an appropriate median collapse intensity, θ, and logarithmic
standard deviation, βRTR, value associated with record-to-record
variability using the maximum likelihood method outlined by Baker
[57]. Guidelines such as FEMA P695 [58], for example, propose ad-
justments to the median and dispersion values of the established col-
lapse fragility function to account for the effects of spectral shape on the
collapse performance. However, as the ground motion records selected
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here were consistent with PSHA information at each intensity level, no
such adjustment was necessary as spectral shape effects were inherently
taken into account.

For the RC frame building with masonry infills, the collapse cri-
terion was defined as when the PSD exceeded 10% at any level of the
building in either direction. This does not necessarily imply that the RC
building may be expected to sustain drift demand of up to 10%. It
serves as a quantitative definition in order to confidently state that the
building model has reached its limiting intensity for a particular ground
motion (i.e. the building’s lateral drift response tends toward infinity,
referred to as flat-lining in IDA [59]) by accumulating excessive lateral
drift at one or more levels. This aspect has been discussed in detail by
O’Reilly et al. [60] who, by varying the collapse criterion definition,
demonstrated that the median and dispersion of the collapse fragility
function; developed using this quantitative partitioning of collapse and
non-collapse cases, tended to stabilise for a PSD limit exceeding ∼5%.
This was also strengthened by the proposals of Rossetto and Elnashai
[61] who, from past earthquakes and numerous experimental test
campaigns, suggested that the collapse of non-ductile RC frames with
masonry infill is anticipated from a drift of 4.36% onward, which re-
sonates with the above numerical study. Therefore, the collapse cri-
terion used here could have been set at 5% with little or no consequence
to the subsequent collapse fragility function. To have a more populated
collapse dataset, some additional intensity stripes were analysed to
estimate the collapse probability at increasing return periods. This was
done by scaling the 9975-year records up by 1.2 and 1.5 in the case of
the medium seismicity site and by 0.8 and 1.2 for the high seismicity
site in the case of the RC building. This resulted in a more populated
empirical dataset with which to fit a lognormal distribution, compared
to the collapse data obtained from the original ground motion set that
lacked collapse occurrences in some intensity regions, resulting in a
somewhat sparse dataset. As such, this scaling of ground motions for
the purposes of fitting a collapse fragility was deemed acceptable since
the dispersion was markedly reduced in both cases.

For the URM building, collapse was evaluated by examining the
failure of pier elements by shear or flexure mechanism. For the building
examined here, failure occurred in shear in all cases and therefore the
NRHA results were checked for the exceedance of a drift limit corre-
sponding to the shear failure of the piers. The Italian national code [22]
specifies this storey drift limit as being 0.4% for pier members forming
a mechanism in shear at the ultimate limit state. However, examining
the data presented in Ottonelli et al. [62] and Morandi et al. [63],
which also form the basis of the fragility functions adopted in the
subsequent section, it was deemed that this 0.4% limit may be con-
servative when referring to complete collapse. Accordingly, in line with
the objective of evaluating the actual collapse of the pier elements and
therefore of the building, a drift limit of 0.5% was adopted in this study
to define the collapse of the URM building, as it corresponds well with
the drift for the loss of capacity described in Ottonelli et al. [62]. In the

case of the PC building, three collapse modes were considered: column
shear failure, column flexure failure (i.e. excessive plastic hinge rota-
tion) and beam unseating from the column corbel. These failure modes
were not accounted for in the numerical model but rather were in-
corporated through post processing of the MSA results, where ex-
ceedance of either one resulted in that run being marked a collapse
case. Analysing the relative movement of each joint during dynamic
analysis, it was observed that the unseating of the beam members from
the column corbel was not the critical collapse mechanism in any case.
To identify vertical collapse of the structure due to column failure, the
plastic hinge rotation was checked against the capacity computed using
the model proposed by Haselton and Deierlein [64]. Although the PC
building was constructed without any modern seismic design provi-
sions, it was noted that deformed bars were used in the precast mem-
bers, hence the use of Haselton and Deierlein [64] was deemed rea-
sonable. This capacity considers the ductile flexural failure of the
member and represents the point of maximum force prior to the de-
gradation of the member strength. The shear capacity of the columns
was calculated using the model developed by Priestley et al. [65] and
was compared with the column shear demand during the post-proces-
sing of the analysis results also. The exceedance of either of these two
criteria in the columns was assumed to cause loss of vertical load car-
rying capacity, although this may be considered a somewhat con-
servative assumption.

Using the above criteria and general approach, Fig. 3.8 shows the
resulting collapse fragility data and fitted log-normal probability
functions for each case study school building at both site locations
described in Section 3.3. The median, θ, and logarithmic standard de-
viation, β, describing the fitted log-normal collapse fragility functions
are listed in Table 3.2. The fragility functions are not directly com-
parable between buildings due to their differing IMs and would need to
be integrated with the associated hazard curves in order to make a
meaningful comparison. The collapse fragilities for each school building
at the two site locations are relatively consistent between the two dif-
ferent record sets utilised. It is noted that for the PC building, although
the median collapse intensities are similar, the dispersion for the
medium seismicity site is larger than that of the high seismicity site.
This may be as a result of many different aspects of the approach
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Fig. 3.8. Collapse fragility functions for each of the case study school buildings for both sets of ground motion records.

Table 3.2
Median collapse intensities, θ, and dispersion due to record-to-record varia-
bility, βRTR, for each case study school building.

School building High seismicity Medium seismicity

θ βRTR θ βRTR

RC 1.63 g 0.37 1.50 g 0.29
URM 0.59 g 0.20 0.73 g 0.22
PC 0.66 g 0.22 0.64 g 0.30
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adopted here, such as fitting methodology, completeness of collapse
dataset, ground motion sets and adopted intensity measure, which are
deemed beyond the scope of this article.

3.5. Identification of damageable inventory and fragility and repair cost
functions

Before conducting loss estimation, a building performance model is
required for each school building. As defined in FEMA P58 [66], a
building performance model is an organised collection of data re-
garding all structural and non-structural elements that could be da-
maged during an earthquake. An inventory of all damageable structural
and non-structural elements was defined for each building using the
information collected during surveys and the available documentation
outlined in Section 3.1. The non-structural forms filled during the
surveys allowed for the accurate evaluation of all damageable non-
structural elements and for the assessment of their protective systems,
both for acceleration and drift-sensitive elements. If the information
regarding the protection of the non-structural elements was not avail-
able, these elements were intentionally considered as having no seismic
design provisions. This was done to be more representative of the ob-
served non-structural detailing in older Italian buildings. Table 3.3 re-
ports a list of all damageable structural and non-structural elements
considered in this study for each school building typology examined.
The quantities are expressed using different units based on the element
typology. For each typology, Table 3.3 reports the demand parameters,
quantities and references used to define the fragility and consequence
functions. For structural elements, the assumed demand parameters are
the PSDs for RC and PC buildings, and the element chord rotations for
the URM building. For the PC building elements, fragility and con-
sequence functions for the precast columns and panels were determined
through consultation with practitioners in Italy. For non-structural
elements, the main demand parameters are the PSDs, peak floor velo-
cities (PFVs) and PFA. Once the demand parameters are defined, the
likely damage that will be experienced by the damageable elements is
computed using the fragility functions associated with each of the se-
quential damage states. The selection of more representative fragility
functions is a complex issue and is one of the main problems related to
the accurate estimation of earthquake-induced losses. The main issue
concerns the availability of adequate fragility functions for all the ele-
ments in the building and this is often related to the non-structural
elements for which few experimental studies are available; hence, some
assumptions were required.

The adopted fragility function sources are reported in Table 3.3. For
the RC building elements, existing fragility functions [67,68] were
adopted, while for the URM building, the experimental data described
in Morandi et al. [63] was utilised. Failure of masonry components is
based on the chord rotations, whose fragility functions are dis-
tinguished between flexural and shear failure of the pier elements and
also between the type of lintels present in the spandrel elements. This
differentiation between failure mode of the pier elements and lintel
typology of the spandrel elements was also maintained for the repair
cost functions adopted from Ottonelli et al. [62]. In terms of non-
structural elements, the fragility functions proposed by Sassun et al.
[69] were adopted for the masonry infills, while those proposed in
FEMA P58 were assumed for all acceleration and velocity-sensitive non-
structural elements. For some non-structural elements, specific fragility
functions were not available thus some assumptions were made using
engineering judgement. For example, the fragility functions of the desks
and chairs were correlated to the fragility functions assumed for the
partition walls, considering that the collapse of the partition walls
would damage the adjacent desks and chairs. The repair costs included
all the construction activities necessary to return the damaged com-
ponents to their pre-earthquake condition. Repair times and casualties
were not taken into account in this study. For the structural elements of
the RC building, existing consequence functions [67,68] were utilised,

while for the URM building the consequence functions proposed by
Ottonelli et al. [62] were used to maintain consistency with the fragility
functions set previously described. For the PC building the repair costs
were estimated referring to the Italian costing manuals [70]. For many
non-structural elements, the assumed fragility and repair cost functions
were taken from the Performance Assessment Calculation Tool (PACT)
fragility library [66], which has been largely developed for use in the
US. In order to make the repair cost functions applicable to older Italian
buildings examined here, an equivalent conversion between average
construction costs in the US and Italy for the year 2013 was utilised,
where Italian costs were 1.22 higher on average. For cases where no
costing information was available, expert opinion was sought from an
Italian consulting engineering firm. Therefore, the term “Expert Opi-
nion” noted in Table 3.3 for various structural and non-structural ele-
ments refers to costing information that was developed explicitly in this
study using costing manuals to give a cost breakdown of the various
works involved in their repair.

3.6. Loss estimation

Following the characterisation of the seismic hazard and structural
response, along with the inventorying of the damageable structural and
non-structural elements, loss estimation was conducted for each
building. The structural response characterisation was presented in
Section 3.4 and illustrated in both Figs. 3.7 and 3.8 for the collapsing
and non-collapsing cases, respectively. This analysis was conducted
using the ground motion records identified earlier in Section 3.3 using a
single deterministic numerical model. As such, no consideration was
given to the fact that the numerical representation of the school
buildings via modelling is not perfect and possesses its own inherent
uncertainty. This is typically referred to as modelling uncertainty and is
a form of epistemic uncertainty that should be considered in assess-
ment. The only uncertainty considered thus far in the assessment has
been the aleatory uncertainty associated with the record-to-record
variability, βRTR. To indirectly account for the additional dispersion
introduced via modelling uncertainty, βMU, it is typical to inflate the
dispersion βRTR by a prescribed amount for the PSD, PFA demand and
also the collapse fragility function using a square root sum of the
squares (SRSS) combination which assumes that the two sources of
uncertainty are uncorrelated [71]. For the RC frame building, empirical
values proposed by O’Reilly and Sullivan [72,73] were adopted to ac-
count for the increased dispersion in the PSD and PFA demand. For the
URM and PC typologies, the modelling uncertainty values were, in the
absence of more detailed studies, adopted from the FEMA P695
guidelines [58] for the collapse fragility functions. Based on the qua-
litative description of FEMA P695, a value of 0.20 was adopted for URM
and 0.35 for PC when evaluating the modelling techniques is each case,
whereas a value of 0.15 was used for the RC building, as per O’Reilly
and Sullivan [72,73]. For the non-collapsing cases, the modelling un-
certainty associated with the demand parameters were adopted from
FEMA P58 [23] where the βMU terms is further broken down into βc and
βq, which represent the additional modelling uncertainties associated
with construction quality and overall quality of the numerical model,
respectively. For the URM typology, these were selected as 0.40 and
0.25 for βc and βq, respectively, based on the qualitative descriptions
provided by FEMA P58 and 0.25 and 0.40 for the PC building, re-
spectively. For both the URM and PC typologies, the SRSS combination
of the βc and βq values resulted in an overall βMU of 0.47.

In addition to the consequence functions and repair costs outlined in
Section 3.5, an appropriate estimate of the replacement costs (denoted
RepC in Eq. (3)) of each school building was required so that the con-
tribution to the expected losses from the collapsing cases could be in-
corporated. To estimate these replacement costs, available information
for Italian school buildings following the 2012 Emilia-Romagna earth-
quake [74] was used to find the typical cost of replacing a building per
m2 in addition to the costs of demolition and removal of debris. The
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Table 3.3
List and quantities of damageable elements in each school building. Quantities in the longitudinal direction of the school building are listed with the transverse direction listed adjacent in parentheses.

Element Demand parameter Fragility function
source

Repair costing
source

Unit Quantities

RC building URM building PC building

Ground 1st Floor 2nd Floor Ground 1st Floor Ground 1st Floor

Structural elements
Exterior Beam-Column Joints Drift [%] Cardone [67] each 20(26) 20(26) 20(26) – – – –
Interior Beam-Column Joints Drift [%] each 23(15) 23(15) 22(14) – – – –
Non-Ductile Columns Drift [%] each 44 44 44 2 2 – –

Exterior masonry infill (double leaf, hollow clay
bricks)

Drift [%] Cardone and Perrone [68] m2 454.4(2.0) 454.4(127.8) 447.3(125.8) – – – –

Staircase Drift [%] FEMA P58-3 [66] each 1 1 1 1 1 2 2
Precast Columns Chord Rotation [%] Expert Opinion each – – – – – 28 28
Precast Panels Panel Moment

[kNm]
Expert Opinion each – – – – – 6(12) 6(12)

Unreinforced Masonry Piers Chord Rotation [%] Morandi et al. [63] Ottonelli et al. [62] m2 – – – 212.4 (329.1) 225.2 (370.6) – –
Unreinforced Masonry Spandrel Chord Rotation [%] m2 – – – 77 (15.3) 87.5 (20.6) – –

Non-structural elements
Interior Gypsum Partitions Drift [%] Sassun et al. [69] Expert Opinion m2 317.8(335.3) 291.9(243.6) 268.1(2 3 1) 176(2 4 8) 191.4(269.7) 786.9(515.9) 537.9(391.6)
Interior masonry infill (single leaf, hollow clay

bricks)
Drift [%] m2 198.9(65.9) 198.9(65.9) 195.7(64.8) – – – –

Doors Drift [%] each 18(15) 13(10) 15(10) 15(5) 13(3) 35(24) 20(17)
Windows Drift [%] each 23(17) 50(9) 53(9) 23(2) 26(2) 26(17) 23(13)
Desks Drift [%] each 110 145 182 82 104 410 393
Chairs Drift [%] each 140 182 182 108 134 509 469

Ceiling System PFA [g] FEMA P58-3 [66] m2 560 588 566 365 365 1651 1490
Fancoils PFA [g] each 28 30 30 8 10 50 35
Lighting PFA [g] each 66 48 48 52 56 176 142
Piping – Water Distribution PFA [g] m 452 452 452 232 232 763 496
Piping – Heating Distribution PFA [g] m 476 476 476 140 140 1330 967
Bookcases PFV [m/s] each 16 22 14 8 12 41 43
Mobile Blackboards PFA [g] each 3 3 4 11 12 29 12
Electronic Blackboards PFA [g] each 0 3 3 0 6 0 7
Computers and Printers PFA [g] each 6 20 0 3 28 3 46
Projectors PFA [g] each 0 3 3 0 6 0 8
Switchboards PFA [g] each 1 3 3 2 7 4 12
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average replacement costs using the data obtained were estimated as
€1805.75 per m2 in addition to €95.50 per m2 for demolition and re-
moval debris; both of which are inclusive of taxes, administrative and
technical costs and the average discounts offered by construction
companies. In addition to the replacement cost of the building, a
threshold value defining the ratio of expected direct loss to the re-
placement cost for which the stakeholder would elect to demolish ra-
ther than repair the existing, heavily damaged building, must be de-
fined. FEMA P58 [23] suggests a value of 40%, although Cardone and
Perrone [75] recently noted that when examining actual reconstruction
data following the 2009 L’Aquila earthquake in Italy [76], higher cost
ratios of between 60% and 75% of the replacement cost were reported.
Using this information, a threshold value of 60% was adopted for all
analyses discussed herein. This value considers the ratio of the direct
losses to the overall replacement cost, whereas if the indirect losses and
other legislative factors were to be considered, this value could be ex-
pected to be somewhat lower [77].

Residual drifts were also incorporated for the RC and PC building
typologies by adopting a residual drift fragility function with a median
value of 1.5% maximum residual storey drift with a dispersion of 0.30,
as per Ramirez and Miranda [78]. This was used to identify situations
where the permanent lateral drifts that remain following an earthquake
were likely to result in the building being demolished. Therefore, in
addition to the structural collapse of one or more level of the building
and the accumulation of excessive expected monetary losses, the pre-
sence of excessive permanent lateral deformations is also used a cri-
terion with which to decide if the building ought to be replaced. Re-
sidual drifts were not considered for the URM building, as to the
authors’ knowledge, no information similar to that outlined in Ramirez
and Miranda [78] currently exists for URM structures. As mentioned in
Section 3.4, the incorporation of a loss threshold and consideration of
residual drifts means that in addition to a complete structural collapse
at one or more storeys, other decisions taken by the building owner or
local authority post-earthquake that may result in the loss and demo-
lition of the building are treated separately. This is to avoid adopting
collapse fragility function definitions that intend to anticipate demoli-
tion due to excessive damage without the structure having actually
collapsed. This merging of the two motivations to demolish and replace
a building may potentially result in overly conservative predictions of
structural collapse and subsequently casualties as excessively damaged
buildings will also result in loss of life by this definition. Villar-Vega and
Silva [79] noted that such a conservatism in collapse fragility functions
led to the number of casualties being heavily overestimated when
compared to actual statistics following past earthquake events in Latin
America, for example. Furthermore, Kim et al. [80] recently reported
from the lessons learned following the 2011 and 2012 New Zealand

earthquakes that the factors influencing demolition are numerous and
remains an area that require further developments. Using the in-
formation outlined here and in the previous sections, the loss estimation
was implemented for each of the school buildings following the as-
sembly-based procedure. The PACT software [66] provided with the
FEMA P58 guidelines was utilised here to conduct the loss estimation,
which follows the basic procedure illustrated in Fig. 3.1. A total of 200
realisations were used per intensity level and the non-directional con-
version factor was assumed to be 1.2. These realisations are needed to
randomly sample from the input demand distributions to create a new
set of demand data that accounts for modelling uncertainty through an
amplified dispersion. The non-directional conversion factor is also
needed when evaluating the demand on elements sensitive to damage
in all directions since, to account for the fact that the actual maximum
may not actually be in either principal direction.

4. Assessment results

4.1. Loss estimation

By following the procedure outlined in the previous section with the
necessary information collected for the various stages of the PEER-PBEE
assessment framework, loss estimation was conducted using PACT and
the results for each typology at both site locations are presented and
discussed in this section. For each of the 11 return periods considered,
the expected loss from damage resulting from damage to both the
structural and non-structural elements, in addition to losses due to
collapsing cases and demolition due to excessive residual drift were
computed. The total losses are reported in Table 4.1 and the ratio to the
replacement cost of the building is plotted in Fig. 4.1(b) against return
period for relative comparison. The expected losses reach the replace-
ment cost at different return period intensities and is particularly no-
table in the case of the URM building typology for the 475-year return
period event in the high seismicity zone. For the RC school typology,
the losses accumulate more gradually than those of the URM counter-
part to result in a complete loss of the building at the 2475-year return
period for both site locations. Lastly, the PC school building typology
accumulates losses gradually with respect to return period but exhibits
rather different vulnerability curves for the two site locations compared
to the other typologies.

The EAL was computed for each case study building; by integrating
the vulnerability curve with the site hazard curves for both locations as
per Eq. (2), and are reported in Table 4.1 and Fig. 4.1(a). The impact of
the difference in seismicity of the two site locations is immediately
evident, as the EAL values for the medium seismicity site are notably
lower than those of the high seismicity site. Between the different

Table 4.1
Expected losses at each intensity for each of the school building typologies at both site locations considered. Intensities as which the expected loss equals the
replacement cost are highlighted in bold.

Site location High seismicity Medium seismicity

Building typology RC URM PC RC URM PC

Total replacement cost € 3,929,937 € 2,075,892 € 4,212,616 € 3,929,937 € 2,075,892 € 4,212,616
EAL [€] € 13,839 €9902 €12,716 € 11,152 €6839 €5646
EAL ratio [%] 0.35% 0.48% 0.30% 0.28% 0.33% 0.13%
Intensity 1–30 years € 42,134 € 16,822 € 47,899 € 33,001 € 3952 € 28,514
Intensity 2–50 years € 90,822 € 18,361 € 80,088 € 62,673 € 9990 € 44,665
Intensity 3–70 years € 146,049 € 34,447 € 104,108 € 102,801 € 11,100 € 63,561
Intensity 4–100 years € 242,511 € 57,597 € 153,595 € 207,535 € 27,115 € 79,693
Intensity 5–140 years € 437,500 € 177,468 € 227,841 € 314,882 € 58,280 € 93,905
Intensity 6–200 years € 613,887 € 317,312 € 355,128 € 546,813 € 148,274 € 140,183
Intensity 7–475 years € 1,155,626 € 2,075,892 € 948,195 € 859,532 € 703,615 € 379,907
Intensity 8–975 years € 2,261,119 € 2,075,892 € 1,915,721 € 1,302,232 € 2,075,892 € 719,933
Intensity 9–2475 years € 3,929,937 € 2,075,892 € 4,212,616 € 3,929,937 € 2,075,892 € 1,288,506
Intensity 10–4975 years € 3,929,937 € 2,075,892 € 4,212,616 € 3,929,937 € 2,075,892 € 2,151,471
Intensity 11–9975 years € 3,929,937 € 2,075,892 € 4,212,616 € 3,929,937 € 2,075,892 € 4,212,616
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typologies, however, it is noted from Fig. 4.1(a) that the URM building
typology appears to be the most vulnerable followed by the RC and PC
buildings. Comparison can be made with some of the recent work
carried out in Italy as part of one of the ReLUIS (www.reluis.it) research
lines characterising the seismic performance of existing Italian building
typologies. Among these typologies are pre-1970 RC frames, URM
buildings and PC frames. Cardone and Perrone [75], for example, ex-
amined the performance of an existing RC frame building with masonry
infill located in L’Aquila and reported EAL values between 0.75% and
1.07% depending on the assumptions made regarding the replacement
cost of the building. It is noted that L’Aquila is a much higher seismicity
site than either of those examined here and as such, the findings of
Cardone and Perrone [75] are in line with the EAL results computed
here. Similarly, Sousa and Monteiro [81] have analysed pre-1970 RC
frames with masonry infills, in different Italian locations characterised
by low to high seismicity, obtaining EAL ranging from 0.2% to 0.5%
hence, again, in agreement with the results presented here. Ottonelli
et al. [62] examined two case study URM buildings located in L’Aquila
and reported EAL values between 0.55% and 0.68%, which again align
reasonably well with the findings here considering the relative differ-
ences in seismicity. Lastly, Cornali et al. [82] examined existing PC
frame buildings in Italy and reported EAL ratio between 0.51% and
0.71%, which again are in line with the results obtained here.

The breakdown in relative contribution to the EAL ratio arising from
damage to the structural and non-structural elements listed in
Table 3.3, in addition to losses from structural collapse or demolition
due to excessive residual drift, are shown in Fig. 4.1(a). For each ty-
pology, the damage to non-structural elements is a major contributor to
the EAL; accounting for around 70% and 90% of the loss in the RC and
PC buildings, respectively. This is also observed for the URM building,
although for the high seismicity case, there is a significant contribution
from the structural collapse cases reflecting its increased vulnerability
in this regard. These results are in line with the data collected by Ta-
ghavi and Miranda [83] regarding the relative contributions of non-
structural elements and building contents to economic losses. Although
school buildings were not explicitly considered by Taghavi and Mir-
anda, the general trend is consistent. Examining these relative con-
tributions further, Fig. 4.2 shows the relative contributions to the vul-
nerability curves shown in Fig. 4.1(b) as a function of return period.
Again, the non-structural element damage tends to be the main con-
tributor, especially at lower return periods. Although other sources of

loss tend to grow with increasing return period (e.g. the structural
damage and collapses in the PC building from 475 years onward), their
overall contributions to the annualised losses shown in Fig. 4.1(a) re-
main relatively low. This is due to the lower weighting of these higher
return periods when integrating over the seismic hazard curve. How-
ever, it is clear from Fig. 4.2 how losses from non-structural element
damage tend to dominate at lower, more frequent return periods
whereas the contributions from structural damage and collapse tend to
grow with increasing return period.

4.2. Collapse assessment

While the previous section examined the EAL incurred from the
costs associated with both repairing and rebuilding the schools during
collapsing and non-collapsing cases, respectively, this section examines
the collapse safety of each school building typology in further detail.
For a school building, the nominal life was taken as 50 years, as per
Table 2.2.I of the 2008 Italian National Code [22]. The usage class for a
school was deemed Class III, meaning that the reference time-period
was amplified by a factor of 1.5 to give a reference time-period of
75 years. Assuming a Poisson distribution, the collapse prevention limit
state outlined in NTC 2008 was defined as the 5% probability of ex-
ceedance in the reference time-period and corresponds to a return
period of 1463 years.

While the prescriptions of NTC 2008 were adopted to identify the
acceptable collapse performance in Italy, the compliance criteria out-
lined in FEMA P695 [58] were adopted to quantitatively assess the
collapse performance of the schools using more advanced techniques.
The compliance criteria outlined in FEMA P695 were checked by ver-
ifying that the probability of collapse at the MCE event is< 10%. The
MCE event is typically defined as the 2475-year return period event in
the US when using the FEMA P695 guidelines, but as NTC 2008 spe-
cifies 1463 years for the collapse prevention limit state in school
buildings, this return period is adopted here. Fig. 4.3 illustrates this
approach where the collapse fragility functions developed in Section
3.4 are used to determine the probability of collapse at the MCE in-
tensity, IMMCE, and assess whether this value was above or below the
limit of 10%. The dispersion of the collapse fragility includes the re-
cord-to-record variability and modelling uncertainty only and did not
incorporate the additional terms for test data quality and design re-
quirements outlined in FEMA P695. This was because the test data
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Fig. 4.1. Expected annual loss ratio and seismic vulnerability curves for each of the school building typologies at both site locations considered. Note: (a) shows the
breakdown between the different contributors and the bars on the left and right for each typology correspond to the high and medium seismicity site values,
respectively, whereas (b) plots the high and medium sites as solid and dashed lines, respectively.
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amplification term was anticipated to be incorporated in the modelling
uncertainty term outlined here and the design requirements were not
deemed applicable in this case. To determine the corresponding in-
tensity associated with the MCE event, the site hazard curves illustrated
in Fig. 3.5 were utilised and the intensity associated with the inter-
mediate 1463-year return period was established. Fig. 4.3 shows the
resulting probabilities of collapse for each building typology at each of
the site. While the procedure to assess collapse performance illustrated
in Fig. 4.3 is somewhat specific to the FEMA P695 guidelines, another
more robust measure of collapse performance is to integrate the

collapse fragility over the entire hazard curve to obtain the mean an-
nual frequency (MAF) of collapse. This is illustrated in Fig. 4.4 for each
school building. Comparing the general trend between the two sites and
the different school buildings in Fig. 4.3 and Fig. 4.4, it can be seen that
the relative trends are similar. Regarding acceptable levels for the MAF
of collapse of existing structures, Dolšek et al. [84] summarise some
typical values from studies around the world and note that this limit
typically lies in the range of 10−5 to 10−4, which have been identified
by the horizontal lines in Fig. 4.4 to evaluate the performance define in
terms of MAF of collapse.
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From observing the results, it is clear that the performance of the
URM buildings is grossly unacceptable for both site locations. For in-
stance, at the MCE event in Fig. 4.3, the URM school building is very
likely to collapse for the two site locations considered in addition to the
MAF of collapse shown in Fig. 4.4 far exceeding the acceptable levels of
10−5 or 10−4. Furthermore, the RC and PC buildings fail the collapse
criteria in Fig. 4.3 for the high seismicity location but pass in the case of
the medium seismicity site. Fig. 4.4 shows the same relative trend for
RC and PC buildings, with both of them exceeding the 10−4 limit at the
high seismicity location, whereas the RC building just slightly exceeds
this limit for the medium seismicity location. In terms of the collapse
performance of the different school building typologies, the results
shown above illustrate that in most cases the collapse performance is
unacceptable and should be rectified through appropriate structural
retrofitting since prevention of collapse safety is typically one of the
fundamental requirements of seismic design. Such retrofitting should
also be conducted in tandem with the EAL results presented in Section
4.1. Recent work by O’Reilly and Sullivan [85] has shown that struc-
turally retrofitting a structure through strengthening and stiffening can
be very effective in terms of improving the collapse performance but
can be detrimental to EAL, i.e. retrofitting can actually result in a
worsening of the EAL if appropriate care is not taken. This arises due to
the fact that the benefits gained in limiting drift demand and reducing
drift-sensitive losses through increased strength and stiffness, are
counteracted by increased floor acceleration demands and increased
losses in acceleration-sensitive non-structural elements, which can re-
sult in a net increase in EAL.

4.3. Comparison with Italian seismic risk classification guidelines

A document of particular relevance to the case study school build-
ings considered herein is the recent Italian seismic risk classification
guidelines detailed in Decreto Ministeriale (D.M.) 58/2017 [20]. These
guidelines aim to incorporate some of the more recent advancements in
the field of seismic risk assessment into a procedure that is both
straightforward to implement and integrates well with existing codes in
Italy. The guidelines focus on two specific aspects regarding buildings;
life safety and expected annual loss, and provide a classification system
with which practitioners can assess the current status of buildings and
demonstrate improvements in seismic performance via different retro-
fitting measures. The procedure is illustrated in Fig. 4.5 and shows how
only a pushover analysis is required to identify the different limit states

described in Italian national code [22] for each building typology.
These four limit states are outlined qualitatively in NTC 2008 as fol-
lows:

• Stato Limite di Operatività – ‘Operational’ (SLO): following the
earthquake the building’s structural and non-structural elements
maintain their function and do not suffer any damage or significant
interruption of their usage.

• Stato Limite di Danno – ‘Damage Control’ (SLD): following the
earthquake the buildings structural and non-structural elements
suffer damage that does not put the occupants at risk and do not
significantly compromise the overall capacity and stiffness of the
structure to maintain the vertical and horizontal actions.

• Stato Limite di salvaguardia della Vita – ‘Life Safety’ (SLV): following
the earthquake the building suffers damage and failure to the non-
structural elements and damage to the structural elements that re-
sults in a significant loss of lateral stiffness, but still maintains
gravity load carrying capacity and a margin of safety against col-
lapse.

• Stato Limite di prevenzione del Collasso – ‘Collapse Prevention’ (SLC):
following the earthquake the structure suffers heavy damage to both
structural and non-structural elements; the structure maintains
gravity load carrying capacity and has a slender margin of safety
against collapse.

By identifying these four limit states for a case study building and
converting it to an equivalent single degree-of-freedom (SDOF) system,
as shown in Fig. 4.5(b) and (c), the intensity required to develop each of
these is identified in Fig. 4.5(d). This intensity is defined in terms of the
peak ground acceleration (PGA) of the code-defined acceleration
spectrum. With this intensity, the mean annual frequency of exceedance
(MAFE) is determined from a hazard model fitted to the available
seismic hazard information since this information is typically available
in discrete values of return period, as shown in Fig. 4.5(e). Once the
MAFE for each of the limit states are established, these are then in-
tegrated with prescribed values of expected loss ratio for each limit
state outlined in D.M. 58/2017 to compute the EAL as the area under
the loss curve illustrated in Fig. 4.5(f). This approach is quite simple as
it requires the analyst to conduct just a pushover analysis and elim-
inates the need for many of the steps involved in the PEER-PBEE loss
estimation methodology discussed in Section 3. It is also analaogous to
the more simplified assessment approaches recently outlined in the
literature, such as Welch et al. [86] for example, with some more
simplifying assumptions being made to better integrate it with existing
code-based analysis methods that practicing engineers would be more
familiar with. The end result of the guidelines is that an EAL is com-
puted and classified within a latter-based system similar to that initially
proposed by Calvi et al. [87]. In addition to the EAL-based score that
classifies the seismic performance in terms of economic loss, another
score is attributed based on the structural safety of the building. This is
determined based on the ratio of the PGA required to develop the SLV
limit state (PGASLV in Fig. 4.5(d)) to the PGA demand that structures are
designed for at the same limit state. For example, a regular structure
with a design life of 50 years would have a design return period of
475 years (10% probability of exceedance in 50 years), whereas school
buildings would be designed for a return period of 712 years (10%
probability of exceedance in 75 years). Using the demand to capacity
ratio computed as function of the PGA at the SLV limit state, termed IS-
V, another letter-based rank is attributed to the building and the overall
ranking is determined as the more critical of the EAL-based and life
safety-based ranks, which are listed in Table 4.2.

Following the simplified procedure outlined in D.M. 58/2017 and
utilising the relevant analysis methods from NTC 2008, this simplified
method was also applied to the three case study school buildings at both
site locations to establish their seismic performance within these clas-
sification guidelines. Their performances were also compared with
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those computed following the rigorous approach outlined in Section 3.
Each of the building models detailed in Section 3.2 was analysed using
static pushover analyses, their limit states identified and their equiva-
lent SDOF systems determined using the N2 method [88] prescribed in
Appendix B of Eurocode 8: Part 1 [50], which is illustrated in
Fig. 4.5(a)–(c). This was performed for the two principal directions of
each school building and the PGA to exceed each limit state in either
direction of the school building was determined, with the lesser of the
two PGAs being adopted for final evaluation. While the guidelines an-
ticipate the use of smoothed code spectra such as those illustrated in
Fig. 4.5(d), the hazard model outlined in Section 3.3 was used here in
order to maintain hazard consistency with the results of previous sec-
tions. The MAFE for each limit state were then determined, the EAL
computed as per Fig. 4.5(f) and the final values are reported in
Table 4.3. In addition, the life safety index (IS-V) was also computed as
the ratio of the PGASLV determined in Fig. 4.5(d) and the PGA corre-
sponding to a design return period of 712 years for school buildings.
The scoring for both of these criteria was determined and the resulting
overall seismic classification of the buildings is listed in Table 4.3.

By comparing the values presented in Table 4.3 first, it is clear that
the life safety index is the governing criteria that determines the overall

seismic classification in all but one case, with the URM buildings being
observed to be particularly vulnerable when examining the IS-V indices.
This is somewhat consistent with the previous findings presented in
Sections 4.2, where the collapse performance was seen to be critical for
the URM buildings. The guidelines note that for a new structure de-
signed using NTC 2008, the IS-V score ought to be greater than or equal
to unity. This again highlights the vulnerability of the existing school
building stock in Italy, especially considering how the two site locations
considered here do not represent locations of the highest seismicity in
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Fig. 4.5. Illustration of various steps within the Italian seismic risk classification scheme described in D.M. 58/2017 [20].

Table 4.2
Seismic performance classification ranking system as a function of both EAL and IS-V prescribed in D.M. 58/2017 [20].

Table 4.3
EAL and IS-V values computed using D.M. 58/2017 guidelines.

Site location High seismicity Medium seismicity

Building typology RC URM PC RC URM PC

EAL 0.84% 1.01% 0.60% 0.60% 0.68% 0.48%
EAL Classification A B A A A A+
IS-V 0.60 0.50 0.90 0.79 0.67 1.20
IS-V Classification C C A B B A+
Overall Classification C C A B B A+
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the Italian peninsula.
Comparing the EAL values reported in Table 4.3 with those com-

puted using the rigorous approach in Section 4.1, some discrepancy can
be seen in the results plotted in Fig. 4.6. The overall magnitude of the
EAL values computed using the simplified method is much higher than
those computed in Section 3. While the overall magnitude of the EAL
computed using the two methods differs, the overall trend and relative
differences between the different typologies and site locations remain
the same. This suggests that, while the results obtained using the sim-
plified methodology may not align closely with the values obtained
from detailed analyses, the relative quantities remain similar and may
still be used as a method with which to demonstrate a relative im-
provement in seismic performance. Nevertheless, even if conservative
with respect to detailed analysis, the simplified seismic classification
guidelines introduce more advanced means of quantifying seismic
performance and offer a metric with which the overall seismic resi-
lience of communities can be increased in addition to providing a
motivation for stakeholders to upgrade the seismic performance of their
buildings, as initially deliberated by Calvi et al. [87].

While the above comparison of the simplified assessment procedure
indicates that the life safety performance of the school buildings at the
different locations is not adequate; which aligns well with the detailed
collapse performance results discussed in Section 4.2, the comparison of
the absolute values of EAL between the detailed and simplified as-
sessment methodologies differed significantly. These differences in-
variably arise from the simplifications required to integrate the proce-
dure outlined in D.M. 58/2017 with existing codes of practice and make
it more accessible to practising engineers. One of the main simplifica-
tions of the method to compute EAL in D.M. 58/2017 is the expected
loss ratios for each limit state being fixed percentages of the replace-
ment cost, regardless of building typology or occupancy. This aspect is
further investigated here by comparing the expected loss ratio at each
limit state for the case study buildings examined in Section 4.1 with the
fixed expected loss ratios outlined in the guidelines. To do this, the
exceedance of each limit state with respect to increasing intensity was
identified and fragility functions were fitted in the same manner as for
collapse outlined previously in Section 3.4. Using each of these limit
state fragility functions and the vulnerability curves presented in
Fig. 4.1(b), the expected loss ratio at each limit state from the detailed
analysis was obtained by integrating these two, as illustrated in Fig. 4.7.
This was necessary since the exceedance of a limit state is not a de-
terministic issue, but rather a probabilistic one that requires the ex-
ceedance distribution to be integrated with the expected loss ratio
curve. Following this approach, the expected loss ratio at each limit
state was computed for each school building and site location and is
illustrated in Fig. 4.8. Also plotted are the fixed expected loss ratios
specified in the guidelines and illustrated in Fig. 4.5(f). It is

immediately apparent from Fig. 4.8 that the expected loss ratios at each
limit state computed using the detailed analysis are lower than the fixed
values specified in the D.M. 58/2017 guidelines. This discrepancy ex-
plains the difference in magnitude between the EAL values observed in
Fig. 4.6; especially at the SLO and SLD limit states which are weighted
much more heavily during the EAL integration. Furthermore, it was
noted during the calculation of EAL using the simplified guidelines that
the assumption that the initiation of damage begins at a fixed return
period of 10 years (i.e. the MAFE of the point marked 0% in Fig. 4.5(f))
was very critical. Small changes in this threshold’s return period defi-
nition significantly impacted the estimated EAL; for example, in-
creasing this return period for the RC building at the high seismicity
from 10 to 20 years reduced the EAL from 0.60% to 0.42%. Similarly,
comparing the loss ratios at the different limit states outlined by Di
Pasquale and Goretti [89] for URM buildings, for example, with those
outlined in the recent guidelines, a notable discrepancy is also found.
The values outlined in Di Pasquale and Goretti [89] tend to be lower
than those prescribed in the guidelines for each limit state which fur-
ther helps to explain the discrepancy reported in Fig. 4.6.

Lastly, another issue that may be further developed is regarding the
building occupancy, where no distinction is made in the simplified
guidelines between the different types of building occupancy for the
building loss ratio at each limit state. Taghavi and Miranda [83]
highlighted the importance of building occupancy type on the dis-
tribution of economic loss between the different elements of a building.
More recently, Ramirez and Miranda [78] also proposed storey de-
mand-to-loss functions for buildings and differentiating between
building occupancy type. The occupancy type considered were school
buildings so the general function provided in the guidelines may need
to be refined for different building typologies.

5. Summary and conclusions

This paper has presented and discussed the seismic assessment of
three existing school buildings located throughout Italy. These case
study buildings, deemed representative of the Italian school building
stock, were selected and chosen for further investigation within the
scope of a national project to assess the seismic risk of Italian schools.
These consisted of different structural typologies, namely reinforced
concrete (RC) frames with masonry infill, unreinforced masonry (URM)
and precast concrete (PC) frames. The PEER-PBEE seismic loss assess-
ment framework was implemented in a systematic fashion to illustrate
clearly its different steps. This involved first conducting in-situ surveys
to help develop detailed numerical models capable of reproducing the
structural behaviour over the full range of response up to structural
collapse; in addition to documenting the non-structural elements and
building contents needed for loss estimation. Using the modal analysis
information provided by each numerical model, along with the seismic
hazard disaggregation for two site locations in Italy of different seis-
micity level, ground motion records were selected for each building at a
number of return periods, maintaining consistency with the seismic
hazard characteristic of each site. The ground motion records for the
two site locations were then used to analyse the response of the dif-
ferent building typologies and characterise their performance. Using
the information collected through in-situ surveys and the building
characterisation via numerical analyses, the different building typolo-
gies were assessed for both site locations in order to illustrate the
overall performance of the school buildings for different levels of seis-
micity and to highlight the difference in performance between each
construction typology found throughout Italy. This was discussed
within the setting of existing Italian construction, where relevant in-
formation available from past earthquakes in Italy and communication
with practitioners was incorporated into the assessment in order to
make it as representative as possible. The expected annual loss (EAL)
and collapse safety of the schools were then evaluated following the
current state of the art PEER-PBEE methodology and the assessment
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guidelines recently proposed in Italy.
Based on the result of this study using three different building

typologies and two different site locations, the following observations
can be made:

• In general, this study has highlighted the seismic vulnerability of
existing school buildings in Italy, both in terms of their vulnerability
to losses through excessive structural and non-structural damage
and in terms of their collapse capacity. This was observed for both
site locations and each construction typology examined to highlight
how measures ought to be taken to ensure the seismic safety of
school buildings in Italy to avoid repeats of situations such as that of
Molise in 2002.

• The EAL values computed following the rigorous PEER PBEE loss
estimation methodology were below 1% for all typologies at the site
locations considered. When compared to recent quantification stu-
dies on existing Italian buildings, these appear to be in line with
typical values.

• In terms of construction typology, it was shown how the URM school
building is the most vulnerable out of the three considered when
assessing the expected losses with respect to increasing seismic in-
tensity. This was reflected in the comparison of the EAL values for
school buildings, where the URM building reported notably higher
values compared to the other typologies. The RC and PC school
buildings were also shown to be somewhat vulnerable when asses-
sing the EAL values computed.

• Considering the relative contributions of structural and non-struc-
tural losses, structural collapse and residual drifts, it was shown how
the damage to non-structural elements tends to dominate the ex-
pected annual loss, constituting between 70% and 90% of the total
depending on the structural typology. This was further demon-
strated to be a result of the large contribution of non-structural
elements to the expected loss at more frequent return periods,
whereas the contributions from structural damage and collapse
grows with increasing intensity but at higher return periods.

• In terms of collapse capacity, the notably high collapse risk of the
existing school building typologies was highlighted first using the
FEMA P695 guidelines. This was evaluated in terms of the

probability of collapse at the maximum credible event, which
showed how the URM school building considered is at high risk of
structural collapse for both site locations examined. This was also
the case for the RC and PC buildings, where the collapse safety
criteria were not satisfied for one of the site locations. Furthermore,
computing the mean annual frequency of collapse via hazard curve
integration shows that when compared to a typical range of accep-
table limits from the literature, a similar trend was observed.

Comparing the findings of the extensive assessment approach out-
lined in Section 3 of this paper with the recent seismic performance
classification guidelines, Decreto Ministeriale 58/2017, introduced in
Italy in 2017 highlighted a number of issues. Firstly, in terms of as-
sessing the life safety of existing buildings using simplified methods of
analysis, the recent guidelines were consistent with the findings of the
extensive analysis in that they highlighted the same buildings as being
vulnerable to collapse. In terms of EAL, the recent guidelines earmarked
the same structures as being vulnerable relative to each other. How-
ever, in terms of overall magnitude of the EAL computed compared to
that calculated using the extensive assessment approach, a significant
overestimation of the EAL was observed. Further examination of the
expected loss ratio at each limit state from the detailed analysis with the
values adopted by the guidelines highlighted the conservative nature of
the guidelines, which was identified as the main source of discrepancy
in the results. Furthermore, it was noted how more refined vulnerability
functions for different building typologies and occupancy types may be
needed for future improvement of the guidelines. Using any of the
methodologies, refined or simplified, these loss assessment results will
be fundamental in defining retrofitting schemes to improve the overall
performance of the different school building typologies at different lo-
cations characterised by different seismicity levels. Specifically, cost-
benefit analysis frameworks are envisaged to identify the optimum
solutions in the Italian context as well as to allocate available resources.
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