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1. Introduction

The academic discussion concerning seismic risk during last decade has shown a growing awareness of the
need to reduce disaster risk in urban areas by adopting a wider perspective, not only focusedi@rathe
scale ofsingle building but also on the tétorial scale In fact,the built environment of theurban city
centres are complex systems that cannot be reduced to individual elements, but they include the
interaction between buildings open spacesand the functionalinfrastructures When dealing with
earthquakes, it is currently impossible to predictdetailwhen they will occur and how intense the shock
will be; however, the risk and the impact on the built environment can be mitigated by reducing
vulnerability and exposure in the sitBefining the vulnerability conditions of buildings before a seismic
event is the key factor to enhance seismic risk reduction stratdgiesder to improve the resilience of
building heritage in historicadentresand to create safer urban settlemenin case of themost recent
disruptive earthquake in many regions of Europe exposed to significant seismic h&madisproportion
between the potential destructiveness of earthquakesterms ofmagnitude and the devastating impacts
occurred has boosted renewed iterest on safety issued hese effectsan be ascribed to several factors
including the high exposure of the population, the obsolescence of many buildings, the high seismic
vulnerability of the historical centreand their great concentration afulturalheritage and monuments.

So that, he BErisk evaluation requires an integrated approach for vulnerability assessment that takes into
account urban aspects and specific structural building conditidgfrem an urban point of view,
vulnerability is affectedy the morphologicalayout of historical centresdue to thennarrow and winding
streets and the lack of open spacetich do not guaranteeoublic safety conditions On the other hand,

the building vulnerability is increased lilge wealth of un-reinforced masonry buildings and by their
constructional peculiarities due to the historical transformatigrocesgs, such as unmanaged
stratifications and lack of maintenanc€his kind of situatiorare widespread in theeveral historical city
centres of thewhole Italy and, after the dramatic impacts of the most recent earthquakegch as the 2016
Central Italy earthquakeye have witnessedn increased public awareness of seismic hazthrds has
highlighted the requirement of preventive measures to preserve the architectural heritage and to boost the
resilience ofegionsprone to earthquake.

Moving from these suggestions, thmain purposeof the current deliverable within the BE S2ECURE
research pojectisto providea definition of a seismic risk matrix considering all elements of the building
stock which can affect open spaae historical centrewith the aim of envisagingamage scenari@and
assessing the BE seismic risk of the case studies presenteslpretvious D1.1.2.

The flowdiagram(Figurel) summarizes the structure and methodology followelge tcurrent deliverable is
focused on the review of thmaintopics(hazard, exposure and vulnerabiliggscribingthe seismic riskn
order to find reliable assessment methodologfes each of them, with the aim of providing effective risk
management models; the final paragraph is, in fact, focusetherdevelopment of a seismic matrix that
encompasses all the parameters discussed.
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Figurel: Flow diagranmof main issues debated about seismic risk within the current deliverable

2. The ismic risk aalysis
The concept of seismiésk was introduced during the international convention in 19r§anizedby the
Office of United Nations Disaster Reli@ordinator(UNDRO 1980 he equation belw shows the most
commonway used to explain the concept of the seismic riskhasresult of the combination of three
elements: hazard, exposure and vulnerability.

R=HXEXxV

The results provided by a seismic risk analgsisompass a greamumber of topics, nonethelessits
common useis aimed atevaluatingthe expected losses of an element at risk from a given hazard over a
future period (Bendimerad 2001; Cobuand Spence 2003This means that theeismic risk analysis is the
estimation and the hypothetical, quantitative description of the consequences of seismic events upon a
geographical area (a city, a region, a state or a nation) in a certain periothef The effects to be
predicted arevarious, fromthe physical damage to buildings and other facilitiesthe potential economic
losses due to the direatost of damage and to indirect economic impacts (loss of the productive capacity
and business inteuption), or the loss of function in lifelines and critical facilities (sashhospital, fire
stations, communication system, transportation networks, watsupply, etc.) and also social,
organizational and institutional impact.

The threeparameters are affected by uncertainties of aleatory nature, related to the spatial variability of
the parameters involved in the assessment and epistemic, related to the limited capacity of the models
used to capture all aspects of the seismic behaviobufdings and of describing them in simple terms
suitable for this type of analysis. Therefore, it should always be kept in mind that the computation of a risk
level is highly probabilistic, and that to accurately represent the risk the expected valugs stiways be
accompanied by a measure of the associated dispersion.

In order to represent a useful tool for the purposéthe current research workhe seismicrisk analysis
will be thought and structured in such a way thainsiderthe three elementscomposing the seismic ris&

the context of historic city centresespecially referring to open space, which are tieevant topic
presented in the previous D.1.1.1 and D1.T.Be development of this D1.2.1 is represented by the topics
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outlined in red(Figure2) but the main relevance will be given at the seismic vulnerability of historic

masonry buildings and their assessment methodologies available in literaturethgitaim of find the most
suitable procedure that may lead to the estimation of the physical damages, which will be discussed in the
D1.2.2.
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Figure2: Flow diagram with the steps for the assessment of earthquakéMiaio et al. 2018)

3. Hazard
The Seismic Hazard H is defireithe probability of occurrence of an earthquake of a certain severity,
within a specific period of time, at a given geographarala(Coburn and Spence 2003) seismic hazard
analysis isasimed at describing the severity of ground motion and the measurement of earthquakes by
appropriate parameters and it is basically related to the definition of damage scenario. The choice of the
parameter to be employed for the ground motion characterization depends on the purpose of the risk
analysis performed and must be coherent with thelnerability assessment method adopted for the
seismic building behaviour assessment.

The ground motion severity description may be specified in terms of its source characteristics, by
magnitude, or in terms of its site characteristics, expresseihteysity, or by engineering parameters, such
aspeak ground acceleration (PGA) and spectral response.

1 The magnitude of an earthquake is an objective, quantitative measurement of its total size, the energy
released at its source as estimated from instruri@mbservations. It is widely described by the Richter
Local Magnitude ML scale (Richi€35).

1 The intensity of an earthquake is a measure of the severity of the ground shaking on the basis of
observed effects in a limited are@Grinthal 1998) The most natural parameter for the hazard
description is the Macroseismic Intensity that is a qualitative description of the effects of the
earthquake at a particular location, as evidenced by observed damage on the naturaludnd b
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environment and by the human and animal reactions at that location and it has been evolving through

the course of this centuryKramer 1996) Different Macroseismic Intensity Scale definitions are
employed dlover the world, which will be described in detail in D.1.2.2.

1 PGA and response spectra are physigathanical parameters that describe the amplitude, the
frequency and the duration of strong ground motion; the response spectra may encompass all of these
characteristics while PGA only one.

However, the peak horizontal acceleration (PHA) known as peak ground acceleration (PGA) is the most
commonly used measure tfie amplitude of a particular ground motioand t represents the maximum

value ofthe acceleation of the ground itself reached at any instant during the ground mot@oburn and
Spence 2003)Instead, the response spectrum describes the imar response of a singliegreeof-
freedom (SDOF) system to a particular input motion as a function of the natural frequency (or natural
period) and damping ratio of the SD@Giovinazzi 2005)The response may be expressed in terms of
acceleration, velocity, displacement and their maximum values are referred to respectively as spectral
acceleration (g, spectral velocity ($and spectral displacementgfS

3.1 The territorial seismic classificain
Therefore, in recent years, several national codes have been equipped with hazard assessment models in
order to provide a seismiclassificationof the territory. Hazard assessment may be deterministic or
probabilisti the first oneis based on the stly of observeddamage ofthe pasteventsat a given site, to
determine the frequency oéventsof the same intensitythe second onegenerallypreferred, expresses
the probability of an event with certain characterist{@s terms of PGA)ccurring in agivenreturn period
It entails mapping the whole national territory by thelentification of genetic seismic zoneand the
guantification of their level of seismic activity

Up to 2003the Italian government has concentrated its action on the territas&ismic classificatioim tree
seismic categorieseach of which zone characterized bya value of the seismic action useful for the
mandatory antiseismicplanning,expressed in terms of maximum acceleration in rokanks tofurther
scientific development angtudies carried outuring INGMDPC projectMeletti and Montaldo 2007)in
2006 was adopted an update dig code that introducestervals of acceleration (ag), with a probability of
exceeding the threshold equal to 10% in 50 yg&@tsV limit state)to be assigned to the 4 seismic areas
(Tablel).

Seismic zon Acceleration with probability of exceeding equal to 10% in 50 years (ag)
1 PGA>0,25 [It the most dangerous area, where major earthquakes may occur.
2 0,15 <PGAX n|Municipalities in this area may ta#fected by quite strong earthquakes,
3 0,05 <PGAX n|Municipalities in this area may be subject to modest shocks.
4 PGAK N3 gfi:?:;nliajgizr;%esr.ous. Municipalities of this area have a low proba

Tablel: Division of the seismic areas according to the acceleration of peak on rigid ge@Rad#1 3519/06)
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3.2 The seismic microzonation (SM)

Local site conditions and irregular surface topography can substantially influence the amplitede, t
frequency content and the duration of a strong ground motion and consequently can influence on the
severity of the damage caused by the earthquakfareover, after an earthquake, the observation of
damages on buildings often highligtsgbstantial differences in different builtp areaseven lying at great
distance from the epicentethe possible causes are linked definitely to tngality of buildings, but often,
also the local seismicity determined due to the different earthquakeppgation, or the instability of the
soil. While the seismic anation provides basic hazard information for seismic classificati@tailed
considerationf geologicakharacteristics of resistance and soil stabiite part of the studies ofeismic
Microzonation (SM). Its carried out at municipal scale in orderdbaracterize: (i) stable areas, (ii) stable
areas susceptible to local amplification, related to the lithostratigraphic and morphological characteristics
of the area and (iii) areas subjdact phenomena of instability and permanent deformation activated by the
earthquake, such as landslides, surface fractures and soil liquefaction.

The Seismic Microzonatid®M)study has different level of detaihich depends on the level of knowledge
to achieve andts usefulnesgor the purpose so agelating tothe costs

1 Level 1 is a preliminary level, as it consists of a collection and interpretation -eitéing data, such
as available geotechnical parameters of nearface formations by geologicenap, with the aim of
subdividing the territory into qualitatively homogeneous microzones;

1 Level 2 introduces the quantitative element associated with homogeneous zones and defines a true MS
map, using investigations on the subsoil obtainedybgtechnichsurvey instruments;

1 Level 3 provides idepth information on particular themes or areas aiming at solving uncertainties
about particular ground conditions or wherein is evidence of recent instability. Since the 2016
earthquake a lot of municipalities hawlaborated also the Il level microzonation.

Microzoning mapsre used by local authority and by urban planners to assist in earthquake protection in a
variety of waysofferinguseful information for both ordinary and emergency planniAg suggested lthe

Italian department of civil protection (DCP) the main applications of the SM studies may be: (i) orienting the
choice of areas for new settlements, (ii) define the eligible operations in a given area, (iv) establish
guidelines and methods of intervenh in urbanized areas, (v) define priorities for emergency planning, e.g.
choosing the location of strategic buildings or areas for temporary housing solutions.

The improvement of the knowledge produced by MS studies can concretely contribute togethner wit
vulnerability and exposure studige mitigate and reduce theseismic riskWith this regard the seismic
microzonationinformation can be appliedor the purpose of thecurrent research to determingoossible
earthquake effect®f the soil of areaselected as case studies.

3.3 Seismic classification map, database and further development of hazard models for the Italian
territory
The map provide the distribution of the seismic zones from 1 to 4 within the entire Italian territory divided
into municipalites or provinces (Appendik0.l). It is developed at the regional scale through the SM
studies conducted by municipalities and then all the information are updatedatibnal scale and
collected into the seismic classification map shared online by DCP.
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Another tool providing useful information to adopt for SM studies, he tDatabase of Individual

Seismogenic Sourc€PISS 2018Xhat is a repository of geologic, tectonic, and active fault datathe
entire Italian territory. Overall, itcontains 127 Individual Seismogenic Sources, 188 Composite Seismogenic
Sources, 35 DebateBleismogenic Sources, and three subduction zones. All seismogenic sources and areas
are based on geological/geophysical dateracterized by a full set of geometric (strike, dip, lengtigth
and depth), kinematic (rake), and seismologipatameters (sigle event displacement, magnitude, slip
rate, recurrence intervallthat describe sources thredimensionally. This database contains all the
information modelledin agreement with the previous seismogenic zones (824ps £S4 byMeletti et al.
2000)and ZS9 byMeletti et al. 2008) used for the Italian seismic hazard mapsis version of the DISS is
updated die to the availability of new data and studies that highlighted the possibility of a better definition
of the potentially SZéSantulin et al. 2017)So thatthe database contributes to the new national seismic
hazard nodel for Italy in the framework of MPS16 Project.
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Figure3: The DISS database available onlinatgt://diss.rm.ingv.it/dissmap/dissmap.phtmi

In fact, n 2015 the Seismic Hazard Centre (Centro Pericolosita Sisi@R8) of the National Institute of
Geophysics and Volcanology (INGV) was commissioned to coordinate the national scientific community
with the aim of elaborating a new reference seismic hazard m¢ideletti et al. 2019) The purpose of the
MPS16project camefrom the need of updating the hazard mafisigure30) performed by the MPS04
model (Meletti and Montaldo 2007)which will bebriefly discissed in87.1. These maps will béndeed
replaced bythe new probabilistic seismic hazard model of ItalpamedMPS19 that will be probably
releasedby the end of 20200ne of the tasks of MPSIRanzano et al. 202@8 focused on the prediction
models for strong motion parametersiamed Ground Motion Models (GMMs), and for macissec
intensity to be usedor the selection of models in the framework of PS{PAobabilistic Seismic Hazard
Assessment).
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4. Exposure

The exposure is typically defined in literature as the situation of people, infrastructure, housing, production
capacities ad other tangible anthropic elements located in hazardne areas (UNISDR 2009)
Furthermore, nany authors provide a deription of exposure connecting to the potential losses of the
elements at risk (people, property, systems) under natural disaster, referring to theoetc impacts of
commercial and technological assets under earthquéReburn and Spence 2003Jhe first definition
describes exposure iterms of quantity, which considers the location and distribution of the elements at
risk, and the second one in terms of quality, considering the functional or strategic value and the
relationship between physical elements and territorial system.

Moreover,Cremonini (1998) has distinguished two different definitions: the physical exposure of elements
whose conditions can be damaged or destroyed causing economic loss, and, the systemic exposure, when
the loss of the element exposed affects the performanceéhefwhole urban centre by the interaction of
GKS 02 YLRySy i hiher autagr&§)Dokceey al. ®9%eric@mpass in the definition the people,
property, cultural values, activétsthat may be adversely affected during an earthquake in relation to the
performance of a built systemAccording toFera(1991) the exposure determines the distribution and
value of the assets (population, economic and public activities) constituting the building stock that could be
affected by seismic events. Following the same approatdnco (Venco 2016; De Lotto et al. 2019)
consides two different dimensions of exposure, the physical (amioaf goods or persons exposed) and

the functional (strategic, economic, historigalltural role), and then, three macicategories of elements
potentially exposed, the population (resident and city users), the physical elements (residential, cultural,
strategic buildings, mobility assets) and the economic activities (productive and industrial).

So that, an exposure analysis should highlight ntienber and the quality of the elements exposed that
have to be characteriselly different indicatorsdue to the type and the aim of thénvestigation The
heterogeneity of the required data imposes the definition of a systematic method that involves indicators
and parametershat may synthetically summarize all the exposure cdodi of a specific territory

The exposure estimates in quantitative terms the possible economics and social effects of a natural disaster
by combining different parameters, as population density with the presence or cultural heritage or strategic
assetsn a hazard prone aredoreover, in urban areas the exponential growth of population and its
density makes cities more exposed to the impact of natural disaster. Inufgaanned urbanization, urban
sprawling, sudden demographic changes have consideraniiributed to modifying the type and spatial
distribution of exposure, and hence, the expected r{gkibrecht et al. 2013)So that, the exposure
assessment has a key rule for implementing risk reduction stratediesughtheir successful applications
require in deep knowledge of the area under investigation and detailed analysis of its urban assets and
exposed elementsResearchers generally model exposure as a minor input foasskssment, so thdtas

led to an underrepresentation and a lack of umstanding of the relevant contribution of exposure to
reducing seismic risklherefore, detailed discussions of the exposure modelling process are very limited
and almost absent in the literatur@ivera et al. 2020)

4.1 Human exposurgrone to earthquake
Recently, he seismic risk assessment apprbas have changed by the integration of contributions to
psychologicalscience about human vulnerability aspects in order to consider not only technical and
engineering issues in urban environmental risk management but alsal stspectgPelling 2003; UNDRR
2015)
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Within the risk assessment modeldjet potential human and physical exposure hayenerally been

estimated per each hazard separately and then aggregated at country level. Tha lexp@sure is based

on the estimated number of people exposeddaiven hazard. It results frorverlappingof the hazard

zones and the total population living in the spatial unit. Similarly, the physical exposure is based on the
estimated total builtup surface exposed ta given hazard. It results from the combination of the hazard
zones and the total buitip surface in the spatial urgind itthus indicates the expected number of buiip
surfaces exposed in the hazard zone.

The concept of human expogicould seem too vague because it encompasses several areas of natural
disaster risk; so that, it is worth clarifying that in the following parts we will deal with human exposure only
referring to seismic risk, with the purpose of identifying assessmesthadologies aiming at recognizing
both permanent(i.e. residentland temporary(i.e. city users, workers, studentsjesenceof people prone

to hazard.

4.2 Human &posure assessment approaches
Forall these reasonsassessingxposure relies oseveral stepsiming at ensuring a uniform interpretation
of data:the definition of the investigation scale and context due to the specific results required by the risk
analysis, the identification and classification of the element at risk under investigation by creating the
corresponding taxonomy, the definition of sywtic parameters and indicators. Among these steps, the
choice of the information for computing indicators and the data source are fundamental to achieve
complete and effective exposure scenaridaunified and flexible description of exposure is still simg in
literature, although several structural taxonomies have bdeweloped in order to classify and characterize
buildings, there is a lack of relevant data describing the parameters of use, occupancy and dynamics
factors. Throughout this insightwe provide a brief state of art of main parameters and indicators used
housing stock inventories and alsme will focus on human exposure, which is an essential component
when considering behavioural model in risk and emergency management.

Different waysare developed to address exposure in the seismic risk assessment depending on the type of
data required for achieving the results and the detail level of the collected data which may substantially
varies between global or local analysis. The wider approeleés on the collection of data that describes
specific features of the element at risk in terms of numerical indicators or qualitative classification. For
instance, the elaboration of crowding index quickly identifies the occupancy of building ootgrfitut it
requires detailed information to be computed and it is not suitable to large scale evaluation.

Therefore, some approaches have adopted aggregation datareaatoscopic indicator to represent the
exposuremore quickly Authors(Chen et al. 199Mave proposed an exposure analysis by employing as a
macroscopic indicator the Grod3omestic Product (GDP) to represent social wealth and tonate
earthquake loss. The fundamental assumption of this holistic technique is that the number of anthropic
facilities is directly proportional to social wealth, and it could be a useful tool giving quick risk information
(due to the limited inventory da required) in earthquake loss estimation at national or global scale.

Exposure is indeed commonly treated as being constant in time, but this approach neglects the dynamics
associated with rapid urban transformation and urbanization, misrepresentingedlerisk condition of a
territory. From this point of view, recently some authofRivera et al. 2020pave developed a novel
approach according to the temporal dimension of the seismic risk assessmédatt theyproposed an
interdisciplinary study to understand the spatiotemporal dynamics of seismic exposure in Santiago de Chile
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by quantifying the urbaization changes over the tim&he results demonstrate the role of seismic risk

awareness adrivers for urban development policgo that, nowadays exposure model provide useful tools
in DDR strategies.

Exposure techniques have been developed to desdtileedistribution of multiple types of exposure at
various geographic scales, from global to lpdalis it is possible outline three main aspects that heavily
influence the modelling process and its results:

f Global scale modelsK @S FR2 a i 2 LI LslhddRhe Griestigations are carried out by
government or large institution®y adoptingcensus data, global databases, and remote sensing at
national level or above

f Local scalanodelsg 2 NJ FNRB Y -dzKI§ ustngcsdwiddoRr¥ingmethods,in situ suveysand
aerial photos or, GIS data and economic reportsaategional and provincial level

f Dynamic exposure modslare O2 YLI2 aSR o0& F RIGlFrolasS FoftS G2 4N
space and timdn order to consider the time dependency of exposed assets as a component that
greatly affects the risk assessmemtubrecht (2013) emphasize the importance of capturing the
dynamics by which exposure evolves over time because it would be useful, not only, for regions that
are experiencing rapid social and economic cha(@EDRR 2014but alsofor urban areawherein
human eposure is strictly dependent on daytime users and mobility flow. With this regard, it is
therefore appropriate to distinguish the loftigrm (years) variation considering large scale exposure
assessment, between the shedrm (daily and weekly) variatiorst the local scaleeferring to the
temporal change in the occupancy of buildings due to patterns of social mobility (service users,
students, workers).This latter temporal variation can strongly affect the quantification of human
exposure in cases of dden-onset disasters, and hence these changes should be recorded in exposure
models that need to be constantly updated in order to avoid obsoleteness of information and
inefficiency in exposure assessing.

The tools and methods for defining exposure neectémsider the dynamic nature of human settlements
but recording and computing thesghanges and trends is very complex due the interdependéspatial
and temporaldimensions human settlementswhere people live, work, and moyexperience variations
that census and administrative geographical unit definitions often are unable to depict.

a. Taxonomies and indicators for describing the BE exposure
Thebuilding exposure models is important not only to help to estimate the damage to buildingesses,
odzii I fa2 KSfLI G2 dzy RSNEGI YR { K SNowawayd; dnero&sfmetacBis a Y A (
available for assessing earthquake exposure of buildings but these are especially focused on the description
of the structural typologiesf the buildings stock. In fact, these classifications have been developed and are
widely used in the world and in Europe for laigmale assessments and their main purpose is to assign
damage state to particular buildings, and henceget@luate the economianpact of earthquaked t A & S
al. 2020) These approacles return a partial framework of seismic effects and are only aimed at the
estimation of the cost of the reconstruction phas@/ith this regards, the most common structural
classification systemareadoptedby ATC13 (1987), HAZUS (1999) and-@/&rinthal 1998)Most of
these have a regional or a courdoased focus, and the only two describing the global building stock are
PAGERJaiswal and Wald 2008nd the WHE.The World Housing Encyclopedia (WHE) is an -spernce
database that includes the description of 110 housing types contributed by 180 volunteer engineers and
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architects from varios countries and regions and it is often adopted by researcher to improving novel

buildings inventories.

There are few classifications that also involve buildings characteristics that may quantify the exposure of
population or people who lives and use thaildings.It is therefore necessary a classification systémat
takesinto account the buildingoccupancy which isthe type of activity (function) within the buildin@.e.
residential, commercial, industrial)n order to consider thenumber of users related tahe buildings
surfaceand other factors thatcausecasualties.The EMSpy RSFAY SR GKAa | aLISOd
building that is determined by the number of occupants or visitimsthe use of the biding (or the
consequences of interruption of the use) loy the danger for public and environment in the case of the
building's failureThe Global Earthquake Model (GEM) has developed unambiguous building taxonomy that
summarizes several information lnding the occupancy as shownAppendix10.2

In addition, he Figure4 shows general occupancy classes both for general building stock and essential
facilities according to the classification proposed in the framework ofB&skprojectWP1 (Lungu et al.
2001)

General building stock Essential facilities
Residential Government functions and civil defence
Commercial Health and medical care
Cultural Emergency response
Multiple use Education facilities
Monuments and historical heritage
Religion
Industrial
Agricultural
Temporary buildings

Figure4: Occupancy classes for general building stock and for essential fagilitieg et al. 2001)

A relevant support to the data collection is also given by PAGER (Prompt Assessment of Global Earthquakes
for Response)the buildingspecific inventorydevelged for the casualty estimation methodology used for
GKS | o{ ® DS 2 pravidescdddudancyspmifidifféradion compiling datiiom various sources

and allows todetermine the average occupancy during day and night time of each building cldast,|

the PAGER inventory is generally categorized in terms of residential, nonresidential or outside and the
database provides information about the fraction of people in each of these three occupancy categories.
For example, into the nonresidential egfory were classified the fraction of people working in various
types of facilities (such as administrative, commercial, banks, academia), while, people residing in single or
multi-family dwellings could be grouped into the residential category, and thetibm of the population

that does not belong to either type is termed as outsiltethe absence of such specific categorization, are
used to convert the raw data into the equivalent three occupancy categories. Since most of the databases
provide only reglential building stock data and do not have occupancy defined as a function of the time of
day, it is necessary to correct the information separately to each occupancy category by using engineering
judgment. For instancegestimating fraction of occupantéving in the residential dwellings available due

to the residential building inventory databasd any countries but notthe exact fraction of the population

living outside so, the algorithm calculate thietal work force (labor force) in eaadountry and then assign

the fraction of people not residing in residential dwelling during work holine average numbebf
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occupants in a particular building type derived from the WHElatabase(EERI 2007and the ATC

procedureand it is summarized iAppendix10.3

These latter approaches demonstrate that generally seismic risk analysis proposes an exposure definition in
terms of population density obtaining bysus data although this proceeding has some limitations. In fact,
according to the said above, the population is defined onlgeamanent resident populatioof residential
buildings, not considering specifically the variatiorpebple distribution dued the use of specific facilities
or commercial buildings existing in a territorfs previously claimed, the exposuretisie-dependent
especially in metropolitan areadue to human activities and mobilitthat greatly varies thespatial
distribution and ensity of populationbetween day and nigh(Freire 201Q) Therefore, a more accurate
assessment of population exposure and risk analysis reqgoe®y beyond residenebased censuslata

and figureghe accurate quantification of users depending on buildings function and their time utilization
order to be prepared for events that can occur any time and tigntifying distinct daytime and nighttime
population distribution characteristics on locstale is the major challenge for human exposure models
compared with standard censtmsed models, buhere are still few works developed in this direction.

One traditional way to describe thspatiotemporal patterns of human exposurs defining synthet
indicators that calculate the people distribution relating to specific building function. In order to quantify
this information, for first, it is important to establish the scale of the investigation and the detail level of the
expected results. For ersle, the use of territorial indicators is always a valid support to the municipalities
planning for evaluating strategies of urban interventions. The indicators aggregation processes rely on
dataset from municipalities reports, expert judgment or-site survey, which is further collected in GIS
tools (Geographic information systémFor instance, the correlation between the buijt surface and the
related number of users provides the crowding index that may be referred to the building occupancy and to
the usage time. As previously shown, there are few references in literature providing this type of indices
and often they are related to buildings standards and construction coliesuggested by Ven¢a016)

within the Italian regulation framework, thguideline UNI 103391995 establishes théhermal comfort
requirementsin buildingsand hence provides a list of crowding indices related to tifpcal values for
building occupancyAppendix 10.4). The regulation outlines that such indexes are to be considered as
reference to design assumption, with respect ttte indoor air quality,about typical values of human
occupancy, whereas specific information of real data not availableHowever, if no values are declared,

the default values given iAppendix10.4 shall be appliedIn fact, even though it is referred to technical
installations, it provides detailed measures of crowding index for each case of buildings function that,
otherwise do not be available in other regulation, and they will be useful also for our purpoaddition

to this standard, another useful referente crowding threshold is provided by the Italian Fire Prevention
Code (FPC) (DM 3/08/2015). In fattontainsthe best fire provision to mitigate and reduce the fire risk to

an acceptable level. Among theselist of crowding index oeriteria for the maximum crowding allowed
(Appendix10.5) is providedfor severalactivities that aresubjected to fire prevention inspectiofcach of

the standards may be adopted asference of average or maximum value of crowding, wherever specific
design data are missing

An application of this approach has been proposed by De Lotto et al. (2019) wherein the exposure model
takes into account number and type of users (children, tduélderly), urban building functions
(residential, commercial, tertiary), the related crowding index (58person for the residential, 0.25
persons/nt for the commercial and 0.1 persons?nfor the tertiary) and the timedependentdistribution.
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Then, the exposure function has been calculated as shbwrequation (1) and (2) (translated and
rewritten), and hence has been analyzed to determine the best possible combinations of urban function
and population distribution(Figure 5, Figure 6) in order to planning scenario aimed at reducing the
exposure level.

0 BO, 1)
0. By i icosms £/ 600 )
8 ACADAOGIT 6T<0i 6 "ACA ET 6006 A UAAdo

u. f. = urban function
d = population density for each urban function calculated by index crowding
persons = total population of the urban block

Ggee€ AT OOAAOEOA OAOQOET AT OOAODI T Aementskis DAT Bl A6O ACA AT A
Residential R _-Commcrcinl C -Tcninr_v T
Families | Adults Children Adults | Elderly | Families | Adults | Children  Adults Elderly Families | Adults | Children  Adults = Elderly
for each for each for each
families families families
50 100 40 120 40 0 0 0 0 0 0 0 0 0 0
Hours per day 14 9,75 16 Hours per day 2 5 2 Hours per day 1 4,5 1
Hours/year 204.400 427.505  233.600 | Hours/year 0 0 0 Hours/year 0 0 0
Figure5: Urban functions and time of use per group of pedple Lotto et al. 2019)
Cage
R |1 0 8 23,33 | 186,667
Children T]0]0 8 0,00 0,00
clo|o0| 8 | 000 | 0,00
R| 1|0 3 48,75 | 146,25
Adults T]0]0 3 0,00 0,00
c|/o/| 0| 3 | 0,00 | 0,00
R| 1|0 9 26,667 | 240,00
Elderly T[0,0 9 0,00 0,00 TOTAL
c/o0|0| 9 | 000 | 0,00 572,92
Figure6: Calculation of the ETOT in case of the 100% of residential urban fufugizco 2016)
The current work considers most of parameters required to describehtitaan exposure outlining the
RATFSNBYOS 05(655y dadSNRa 38 INRdA YR 058G6S88y

crowding index. Even though this approach requires a detailed knowledge of the urban context because it
is essentially basl on assumptions by on site survey, expert judgments, local census data or standards, it
still remains the most commonly adopted and easy to use.
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b. Further technologcal development: multHevel approaches on redime population
distribution

Nevertheless, doking at further advances in ithfield, new technologiesnay represent the driver to
improve data storage and processing capabilities allows moving towardimealepresentation of human
movement(Aubrecht et al. 2011, 2012As previously claimedhe realtime distribution of people during
the day to the different urban functions and the relative occupancy of the buildings play a key role in
determining the level exposure of an urban area; the possibility to easily obtain these information and
achieve a high level of data reliability is hence the next challenge of studies in this fielgudlity of
available input data in terms of both spatmhd thematicaccuracyinfluences thereliability of the overall
risk assessment. For examplensus dataare widelyavailable but nonetheless, iftnhomogeneous spatial
reference unitdor assessing both large and local scale. Therefore, the use ofteatelia, Big Data, social
applications georeferenced or Wiitools, may lead to a great reliability of the assessment results and
therefore the effectiveness of the DDR strategies.

For this purposemapping cellular phone user activitpay be a powerfutool to record timespecific
population distributionand location(Loibl and PefrsAnders 2012)Thus, the population number at a
certain time in a certain area can be examined and in a further step, the potentialspe@fic human
exposure to a dangerous situation or hazard evaluated. An attempt within this approach has been
developed byauthors(Lu et al. 2013; Wesolowski &t 2013)o derive mobility patterns.

Another way for analyzing population dynamics and deriving is opening up with the availability of location
specific volunteered geographic information (VGI) drawing upon the increasing number of persons who are

eqdzA LILISR A G K WWt 2 OF { A 2 yeenabl&dynioBilel He@®@ (Gdogchildi &0& Gleh@ohly 2 T

2010) The willingness to share the personal location with others is generally increasing rapidly and is
facilitated by rising new technologies tools used within the social networks

The Global Human Settlement Layer (GHSLegtagupported by European Commissidoint Research
Center produces new global spatial information on buid surface and population that have been
combined with geospatial datasets with the aim of assessing the human and physical exposure potentially
affected by i) environmental contamination and degradation, natural disasters and conflicts, ii) impact of
human activities on ecosystems, and iii) access to resources. The methodology relies on the design and
implementation of new spatial data technologiabowing to process and extract analytics and knowledge
from large amount of heterogeneous data includigigbal, finescale satellite image data streams, census
data, and crowd sources or volunteering geographic information sources. The spatial rdasatdahich

forms the builtup surface density map, has been overlaid with residential population data estimated for
target years 1975, 1990, 2000 and 2015 and then were disaggregated from census or administrative
information to grid cells.

CEGIS researers have tested the application of volunteered geographic information (VGI), which is
geospatial content generated by ngumofessionals using mapping systems available on the Internet, with
the aim of enhancing the geospatial databases of government aggenthey hence analyzed the accuracy

of data produced by volunteers on structures (schools, hospitals, etc.) to incorporate into the official
databases that compris€he National MapResults have shown that some participatory mapping projects
can producedata that are as accurate as those produced by these agencies, because contributors have
unique local knowledgeAnother application forhazards science projects at the USGS (United States
Geological Survey) is to investigate the opportunities and chakngith integrating official and
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crowdsourced geospatial data around hazards, not only for scientific research but also for operational

purposes in emergency management and risk reduction. In fact, after a crisis event, different communities
will use onlire mapping and social media such (Twitter, Facebook) to communicate information about the
event, such as hurricanes and earthquakes. Crowdsourcing the analysis of aerial images has the potential to
improve models of environmental changes and disaster domain

Another toolrecently developeds the LandScarlobal dataset (Oak Ridge National Laborataayhigh
resolution spatiotemporal global population distribution datase{1-km raster) that maycontain both
nighttime residential and daytime population digtution information incorporating movement of workers
and students.The algorithmprocessegjecspatial data(including land cover, roads, slope, urban areas,
village locationy high resolutionimagery analysis technologies and a muériable dasymetric modeling
approach to disaggregate census coaiiing at mappingpopulation distribution.Within each country,

the population distribution model is weighted feach map celasthe possible oaarrence of population
RdzZNAYy 3 | RIF& o0& LINE DA Rheyifhe doefficidnthas Seerh dodi@ticthe cénduS F T A O,
counts in order to consider also socioeconomic and cultural understanding of arfaarealibraing the
distribution model.Finally, the total population obtained is an average day/night population count and it is
allocated to each cell proportionally to the calculated population coefficient.

Theapplication of these redime data coulddefinitely provideuseful informationfor accurately estimating
population exposurgeven thought has some limitation andverall accuracy remains an issue of debate
Indeed, it requires huge computational efforts to overlay all input data between official census data and
population density an@specially continuous updating.

4.3 Further developments of human exposure assessmehBEon open space
After the latter state of art, it is necessary to choose the line for the exposure assessment of the current
research. As previously outlined, are diffat point of view in this field and the first step for defining
exposure model is the choice of the elements that must be studied and the relative parameters which
affect the overall aim of the analysi§he exposure concept more suitable with the mainrgmse of the
current research takes in account the definition not in term&wian exposure consideririge interaction
with the BE and the OSn fact, urban areas are characterized by high interference level between the
surrounding buildings and the potentially high population densities, including tourists who can be
unfamiliar with the environment. So that, it is very important to provide arext number of people
distinguishing between inhabitants and other users related to buildings function in order to verify the level
of crowding. On the other hands, also the time and the frequency of the buildings usage by paoeple
been definedconsideing thedistribution variationsduring daytime and duringhe year. Human exposure
is strictly related to social domains, such as the vulnerability of age groups or disabled population, so that
also these parameters have to be addressed as eventuallyeifing the people preparedness for
earthquake scenarios.

Summarizing these latter parameters into synthetic indicators is the purpose of the open space exposure
assessment suggestgdr the case studiednvolved in the seismic risk evaluatiai the BE SRCURE
project The exposure distribution is calculated as shown by the equa{®rand (4). This function takes

into account several parameters, which are detailed explained below, and the computing procedure is
summarized inhe Table2.

Exposure= Bse+ BEos=B 'Q; -g¢ E0s (3)
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f BFU: RildingsFunctional Use (&), corresponding to the functionand useproposed in the form used
for checking the case studies in D1.1.2.

Qo BY%od® B TYé o Q By
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(4)

1 CI: Crowding indefpersons/nf) enables to quantify thenumber of occupants or visitogger building

functions.It is based on the UNI 1033@\ppendix10.4) and the FPCAppendix10.5 standard; these
values are used as reference in absence of certain edal d

9 U: Users, divided into Adult (A), such as people of §8 years, Children (C) under 18 and Elderly (E)

I NB O2yaAiRSNBR
coefficients €(1.6) and €(1.8) have ben added in the calculation. The number of adults, children and
elderly corresponds to the percentage of the related age group within the population of the whole

over65/ KA f RNBY

YR St RSNI @

LISNB 2 Y &

urban context. This information is usually available by local census data or municipaditisrep

6 a JY
6 o JY
0 ¢ JY

0 6 g where G=1.6

Ce 'Oy where G=1.8

5

1 Occupancy consists of the occupancy time of buildings during the dayq®&apm), night (8 png 8

am) and holidays. This parameter represents the temporal dimensioexposure and allows to
quantify the number of people per building class; thereforefedént emphasis has been given on night
and holiday class through corrective ratio(C.5)and G, (1.2).

BUILDING CROWDING USERS TIMEOCCUPANCY
FUNCTIONAL USE INDEX
A|C|E Daily time | Night time Holidays
2
(m?) (persons/m) (m?/ CI) (h/12) | (W12*C, | (h/8760)G
Residential 0.04¢0.05
Commercial 0.1¢0.20
Strategic
buildings 0.12
Sights
(grcheologlcal 03c1.2
sites, museum,
monuments)
Theatre, cinema 15

Table2: Exposure classification of BE
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The final value obtained will bmrmalized from 0 to 10@nd thendivided into classes that form the matrix

developed for assessing seismic risk as explained.i §

5. Vulnerability of buildings
The term vulnerabilitthas beendebaed by authors related to a wide range of approaches, sometimes
contrasing definitions risk to beverlapandleadto misunderstandings of topics that must be dealt with in
the assessmentnethods.So that this section reviews some existing definiticngilable in the literature
with a focus on buildings vulnerability under earthquak#erent approach with the aim of clarifying our
position aboutthat it will follows until defining of the suitable vulnerability assessment methodology.

Thevulnerabilitywas introduced as a response to the hazard perceptioR &fa | a S N&s akdytherii KS ™
was used to express the extetd which people suffer frontalamities depends orit( & G KS t A1 St A
being exposed t& I T I NRi#@é Gy ANI O LI OAde (2 A0 KZE4@donbic G KSY.
O A N dzY &(Milleya@dSBoddreau 20QThe first onemay be overlapped with risk definition because it

refers to the state to be at risk and to bdfected by damage, the second omescribes the intrinsic
behaviour to withstand disasterSubsequently some authors have identified the vulnerability Hse

degree of loss to a given element at risk resulting from a given hgBakle et al. 2001)r the proportion

of buildings experiencing sonyarticular level of damagéCoburn and Spence 2003nother group of
definitions emphasises rather the potential of loss due to an adverse respgoragents(Charlotte and J.

2006) It is worth clarifying the separation between risk afidnate riské 2 NJ & LJdzZNB  @hdwthy S NI 0
emphasises the characteristics of talementsat risk. Some authorgChambers 1989; Bohle 20Qdtppose

I aa20Al & RSTAY A itde igrnad dimerisikrSrefersdriegnSeNebsnekahdhiniseeurity, &

the capacityto anticipate, cope with, resist, and recover from the impacts of a haZbhé. external
dimension involves exposure to risks and shockishough the lattes argue the conceptwhich is
nowadayss A RSALINBEIF R yR gSf{f JAPFODPEBABKAUKS aSNW2 ¢ Qi
between nternal and external dimensions.

For our purposewe will translate these latter concepts to the built environment in order to fimel most
appropriate vulnerability definitionfor the most suitablesulnerability assessment.

First of all, he seismic vulnerabilitis the intrinsic predisposition ad buildingto suffer damage from a
seismic event of a given intensiffhis concepts applied in the EMS8 scale, even though this word was

not explicitly used, building type was used as a simple analogue for vulnerability an easy way of
approaching the problem of vulnerabilitfhis means that each building class has an intrinsic predisposition
to be vulnerable under earthquake due to the its stmction characteristics and the own structural
behaviour.

According to this approacloglioni(2000)distinguishsthe vulnet 0 At AG& Ay O6AO0 GalLISOAAT
construction characteristics, such as the masonry quality and workmanshithéite (1990)0 f t & a NBX 3
RQI NIi Sgpkalt & A AOK I &1i OG SNAASR 08 | NOKAGSOUGdzNI £ LISOdz |
buildings ggregates, tower) that determine the mechanical behaviour under seismic evEmgsextrinsic
vulnerability, otherwise, deals witthe buildings facing streets to consider for the assessment and design of
LJIS2 L) SQa &l FSde& RdzNR yhig ursah adiirgiment The latté Yl NeBdBgUERn A Y
detail in the D131.

Move from these suggestionshe vulnerabilityassessmenwithin the definition of seismic risk, assumes
great importance, not only because of the obvious physical consequences in the eventual occurrence of a
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seismic event but also because it is considered by many authors as the most eager element to be mitigated.

The wlnerability assessment depends on the latter parameters and the outsdiiffer betweenthe used
input data and the specific purpose of the analyBsch method leads to defirtee seismic response of the
building stock in numerical ternut, as it is keady outlined, also the assessment methods have been
confused and overlapped with seismic risk analysis due to the definition of the vulnerability congept.
this regard, in the review presented below it will be clariftbése misunderstanding, fonstance, the
damage probability matrixDPM method) represesta vulnerability definition in terms of loss and
expected damagehusthis shouldnot be envisageavithin the suitable methodologies.

Moreover, the vulnerabilityassessmenvaries according tothe intent and the subject of the evaluation
depending orboth the wealthand the quality of theavailable dataln fact,the vulnerability method make
reference to a single building, a building typology and building or urban system, tiuusiecessaryo
specifythe microscala or macrecala of the requiring analysis in order to obtain the best reliability of the
results.This means thatperforming a study for different scale of analysis (local or territorial scale) it is not
possible tooperate with the same vulnerability method

The final purpose of tle currentdiscussion is to highlights what is the impact of an earthquake on the BE,
evaluating the physical damage of buildings facing aespaice by assessing their vulnerability and
cakulating the amount of debris could occlude the public space, road or open sp¥éitle this aim, aorief
review of relevant internationalulnerability methodsis presentedin the following paragraphshowing

how the seismicinput are employed Then, the approacheswill be compared, their effectiveness in
assessing historic city centresll be highlightedand the main relevance pointed oirt order to identify

the approach that best predicts the seismic vulnerability and specific needs foogevgh novel method

5.1 SoA of vulnerability assessment methodologies
The presenparagraphis aimed at discussing some of the concapiflined in the previouspartsthrough
the discussion othe sveral methodologiesdeveloped in the past 30 years for assing he seismic
vulnerability of buildingsThey follow distinct approaches based on different data sourgegerms of
qualitative or quantitative input of the procedure todefine the vulnerability distributionThe choice of the
most suitable procedure is highly dependent on the resources available for the data collection, the
computational expertise available, and ultimately the scale and aim of the sfodynstance, thedrge
scale studies to define damage scenareguire different apprachregardingstudiesaimed at identifying
specific buildings in need of strengthenimfdoreover, the different nature of the approach influences the
type of protocol used and output obtained, from the expedite evaluation of buildings to more complex
numerlical modeling of single building.

It is worth reminded that the vulnerability definition which is the most suitable for our purpose is that
encompasses the physical attributes of the building sttiwbugh the reconnaissance of all the critical
constructian features, which will bdefined in detail in 8.2

The following paragraphs report an overview of thainclassification of vulnerability assessment methods
reported in the literaturg(Calvi et al. 200&)lassifiedn two approachesempiricalandanalytical

a. Empirial methods
The empirical methods rely on the wealth of observed damage data available from past earthquake and the
correlation of the performane of buildings to the seismic intensity of the occurred evehtse aim of this
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procedure is to extract statistical functions that relate the probability of damage suffered by a building
type, at a given site, to the expected shaking intensity.

The major imitation is the dependence on the ground motion of the observed seismic event on the specific
architectural context. In fact, a large set of data and multiple observations of different type of building
damageare necessary to produce functions valid atritorial scale for describg the performance of the
common building typologies to the several possible seismic intenddésending on the availability ahe
collectingdamage datathese methodologiesre grouped into essentially three categories in terms of their
level of detailthe scale of evaluation and use of dateor instance, approaches which use a considerable
amount of qualitative data are ideal for the development of seismic vulnerabil#gsssnent for large scale
analysis. On the other hand, mechanical models of the building scale, require a higher quality of
information, as geometrical and constructive details regarding building stédtkough this is an
observational method and hence gbod reliability, in practice several uncertainties about the way in
which the data are acquired and treated limit its applicability at the scale of individual buildings or specific
typology of buildings.

The aim of empirical methods is to derive, fromlecting data, a correlation between building typologies
and damage level given a seismic intensity and there are two main category of output can be obtained: (
damage probability matrix (DPM), describes a discrete relationship between the probabitignaige
occurrence and increasing ground motion severitiy; (ulnerability function, as a continuous numerical
function, expressing the probability of exceeding a given damage state, given a function of the earthquake
intensity.

TheDPMhas been the firstulnerability assessment proposed Whitman et al.(1973)as a probabilistic
approach to predict the damage state, based on observed damage data after san Fernando earthquake
1971, express #h probability of obtaining a damage level, due to a ground motiora @ivenmacro
intensity. Notwithstanding its widely uses, the DPM may not be applicaBl@ssessment method which
reflects our vulnerability concept, because, as widsdplained in 85, it describes the vulnerability in term

of loss and damage estimation.

The second approach is theulnerability index method (VIM) |y GAYyRANBOGE VYSiK
relationship between the seismic intensity and the building response #&bkst through thevulnerability
indexIv. The vulnerability index is obtained bysammation of weighted parameters, each associated with

a constructional omechanicatharacteristic of the building typology, which affetiie seismic behavior of
building and its vulnerabilityThe method requires a large amount of damage data collected frossiten
survey form which collect information of structural characteristics then used for defining the parameters
that influence the vulnerability (e.g. plan and edion configuration, type of foundation, state of
conservatim, et This method overcome the limitations of DMP approach, in fact, the definition of
vulnerability relies only on the buildings feature, while observed damage data are used to calibrate the
vulnerability functions for buildings of the same typology, and thus it may be applied in regions having
experienced the same level of seismic intercity or PGA, with similar buildings typology.

The first application was developed Bgnedetti and Petrinf1984)and then revised Y the GNDT(1993)

ODNHzLILR bl T A2yFtS LISNI fF 5AFSal RFA ¢SNNBY2GAO0 F2
constructional features that define the vulnerabildylarge scale.
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The | is evaluated using the following equation and relies on 11 paramétegsire7) which are combined
with a qualification coefficients;Kaccording with the quality calition from A (optimal) to D (unfavorable)
assigned byexpert opiniors. The vulnerability index ranges from 0 to 382.5, but is generally normalized
from 0 to 100, where @epresents the least vulnerable buildings and 100 the most vulnerable

Parameter Class (K;) Weight  Vulnerability

A B C D W) index
P1: Type of resisting system 0 5 20 45 1
P2: Quality of the resisting system 0 5 25 45 025
P3: Conventional strength 0 5 25 45 15 i i —
P4: Location and soil conditions 0 5 25 45 0.75 A - L
P5: Horizontal diaphragms 0 5 15 45 var
P6: Trregularity in plan 0 5 25 45 05 0<I <3825
Pi: Trregularity in elevation 0 5 25 45 var ¥
P8: Maximum distance between walls 0 5 25 45 0325
P9: Roofing system 0 15 25 45 var 0<1I;<650
P10: Non-structural elements 0 25 45 0325
P11: Fragilities and conservation state 0 25 45 1

Figure7: Parameter qualification values f@enedetti and Petrinj1984)

The most suliantial difference between DPM and VIM is that the first one uses discrete vulnerability
classes expressed in term of expected damage, the second, provides a continuous vulnerability function
where thevulnerability level are readily quantifiable and alkthe comparison between different seismic
zones.

Further improvements of the VIM method have been developed by various authors for application at
different level of details and scale, with the aim of providawgrelation betweenthe vulnerability index

and the damage ratio to the seismic demand (macroseismic intensity, B@&tral demand Some of
them scientific contributions are discussed in tfeZThe VIM hadeen further replicated within the RISK

UE Project as one of the vulnerability assessment procedures for the Eewvepearcities chosen as case
studies (Barcelona, BitolBucharest,Catania,Nice, Sfia, and Thessaloniki).

One obstacle to théerivation of @ntinuous vulnerability functionis thatthe macroseismic intensity is not

a continuous variableas vulnerability and damageéhis problem was overcome I8pence et al1992)by
introducing the Parameterless Scale of Intensity (P®l)derive fragility curvesfor different building
typologiesbased onthe observed damage using the MSK damage sddlas, thedamagescale and
fragility curves ardndependent of macro seismic intensity scale, because for each type of building it
possible to define the level of the scale corresponding to the median of the fragility curve for level of
damage D3 (structural damage)

Themost common output obtained by empirical methodse damage probabilitynatrices, vulnerability
indexmethods, continuous vulnerability curves or screemmethods each of them hato be calibratel by
extensive posseismic data collection and it may lead to uncertainty of the resklistherdevelopmentof
empirical vulnerability functionsvolution has certainly been facilitated by the increases in computational
powers in fact it isproposed alernative normal or lognormal distributions using spectral acceleration or
spectral displacement of the elastic period of vibration, rather than macroseismic intensity or PGA to
characterize the ground motionRecent applications based on this approach hdeen developed by
(Sabetta et al. 1998; Rota et al. 2006)
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b. Anaytical methods

The analytical methods represent attempt to overcome theuncertainties associated with empirical
approach aiming at obtaining moreliable vulnerability models by combining statistical and mechanical
procedure.Indeed, theyapproach seismic vulnerability issue in structural engineering terms proving a
direct relationship among constructional features and mechanical behavior to seistitn.

The improvement of the characterizationof seismic hazar in term of spectral ordinateqspectral
acceleration, spectral displacement) has not only enabled the development of aforementioned
improvement of empirical methods, but also of analytical ones, by representing a single structural units or a
given typology of building as a structural mod€&€herefore, these methodsare more appropriate for
evaluatingcases whereconstruction details are recorded and welhderstood,and their results may be
reliable onlyfor classes of structures which are reasonably well defined in structural térhes aim of

these methods is computing the behavior of such model and damage scenario to expected shaking
intensities in essentially two ways: (i) by capacity curve describing building response in terms of
performance point which are derived by the intersection of tgeound motion demand (spectral
acceleration) and the capacity (spectral displaceme(ii) by fragility curves which describe the level of
structuraldamage as damage index or damage thresholds expressed in terms of displacement ohigrift.
approachcould beparticularly suitablefor assessing vulnerabiligf a single building or &w buildings of
similar typologieslt isalso usefuko produce scenarios for future event and fevaluatingthe improved
performance due to strengtheningterventionsand retrofit. The reliability of the results is affected by the
availability of specific databout construction detailghat fully characterizéhe computed model and thus

the structural behavioof buildings.

In the past decade, a significant numbempobcedure[from HAZUSVIH (FEMA 1999)o SELEN@®olina et

al. 2010) (Erberik 200§)have been proposed and although their output can be expressed by the same
fragility/capacity curves, they differ in modelingumerical omplexityof input dataand inground motion
measures chosenTherefore, the curves cannot besasily comparedto different areas with diverse
construction characteristicéowever,analytical vulnerability curves have frequently been used to support
the empirical DPMs and vulnerability curves based on the observational damage data, leading to hybrid
methods, as discussed in more detail in tiext paragraph

Among analytical methods, urther proposals use collapse multipliersalculated from mechanical
assumptions which identify the occurrence of differepossible failure mechanisms for the given typology
and structural characteristics. They are knowrcadapsemechanism method and have been particularly
applied to masonry building8ernardini et al(1990)was the first who proposed this approach through
VULNUS method for thaulnerability assessmenf ainreinforcedmasonry buildings (URM) using the fuzzy
set theory and the definition of collapse multipliefsr in-plane and oubf-plane behaviour.Another
procedure developed bg Q! & I f (L997Fidithe FAMIVE methodFéilure Mechanism ldentification and
Vulnerability Evaluation based on a suite of 12 possible failure mechanism validated imi situ
observation and laboratory experimental validatiomeTcollapse multiplies are calculatedhrough an
equivalent static procedur@ order to find he most probable collapse mechanism for botkplane and
out-of-plane failures for each facadeall of the buildingunder consideration

According toMaio et al.(2018)these mathematical models developed by analytical approach tend to be
useless by nomcademic audienceslue to thar complexity, thenumber of variables involved, their
degrees of uncertainty and the ways in which they are combined.
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C. Other classificatios

As proposed byicente et al(2014)in additionof the common classification previously described, a brief
review of other significant vulnerabiligpproaches is presented belowhe main methodologies discesh
are then summarizedh Appendix10.6.

Thehybrid methodstry to overcome the main limitations of the previouslgscribed methods, making use
of different sources of information combinetgether. vulnerability curves are usually derived frothe
combinations of observed damage statistics with either expert opinion anaiatytically derived curves
from experimental test andstructural models.For instance, the Macroseismic methodse based on
empirical data and expert judgment or combieepirical data and analytical results fact, theyderive
the vulnerability and damage correlation by combining the typological classes defined by the nsmiosei
scale EM®8 and the vulnerability indefxom empirical method.

Theheuristic approachrelies on expert judgment and on the possibility that a given number of experts will
express similar judgment when asked about the performance of a given builgiotptly subjected to a

given shaking scenario. This relies on personal observation and experience and it is very useful when no
other form of assessment can be carried out, howettes reliability of the outcome can be very low.

The macroseismic approaclis widely adopted at international levéFerreira et al. 2014; Chieffo et al.
2019)for largescale seismic assessment of historical centers buildirgws to determinghe expected
damage of constructiondn according to the EMS8 scalgGrinthal 1998)starting from their vulnerability
index.

Themechanicalmethods predict the seismic response of the building by using an appropnigtehanical

model of the whole building or of an individual structural element. A method belonging to this group is the
fAYAG aidl S YS{K2 Rinenatiz@pproacki thatl idestify Iyghe |@edt vatbdrothé

multiplier loadthe weakest mechanisrand, consequently, the most probable to occlihis method was

firstly proposed byGiuffré (1993) then developed byBernardini et al(1990) and5 Q! & f I | Yy R { L.
(2003)andadopted by the Italian seismic code (N.T.C. 2008; O.P.C.M. 3234Q2#0C.M. 3431/2005

Theconventional techniquesare essentially heustic methods, they use a vulnerability index to correlate
with the level of damage obtaining the capacity of the structure, spectral displacement aneiatgrdrift
limit. They differ to qualify the physical features of structures empirically or byngeidesign standards.
ATCG13 and the HAZUS methods belong to this class.

5.2 Assessingwnerability of historic masonry buildinggnd building aggregates
Masonry buildings represent the highest proportion of the building stock worldwide and in regions affected
by severe seismicity and they represent the largest proportion of casualties in earthquakes and the huge
cost of the post disaster recovery prograritey are widespread in Mediterranean and European historical
city centres, and notwithstanding several studies developed on masonry buildings, is still difficult to
estimate their performancender earthquakein absence of reference to seismic standaaidg code

The European Union has supported numerous research programs in this particular field, as the
ONSITEFORMASONRUY¥06) PROHITECK2009) NIKER2010) or the PERPETUATEO014) aimed at
developing a methodology for the assessment of seismic fiskiltural heritage assetwith the final goal
of developing European Guideling®ne of them, theNIKERproject (New integrated knowledgédased
approaches to the protectiorof cultural heritage from earthquakimduced risk coordinated by the
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University of Padovétaly), gives an exhaustivainderstanding of thénistoric masonry structures that it will
properly referin the current pat. Also theEMS98 scale, within the definition of the buildings typology,
clarifies whatis the relevant construction factors that must be considered for defining the correct seismic
responsewhich affect the overall vulnerability odi structure. These factorswhichare generally applicable
to all types of structures, botengineered and noengineered are: the gality and workmanshipg( NXzt S 2 F
I NJINB 3 2 € ), thR SdteNali @eservation the regularity, the ductility, the position, strengthening
interventions the earthquake resistant design (ERBje buildingimportance Some of thesare alrealy
discussed in the previous paragraphs

Extensive damage surveysrried out onthe centresaffected byrecent earthquakeshave demonstrated

that still remaina lack of knowledge about the real structural behavior of historic masonry buildings, and is
well knownthe requirement ofa deepunderstanding of the constructiofThis learning process encompass
the adiagnosis of the all of constructionfeaturesin order to understand the role oflbfeatures and details,

the characteristics of the materials and its eventual evolution in firbg usingboth experimental
investigation orsite and in the laboratoryand structural analysis based on appropriate mathematical
models(Binda et al. 2007)

Theprocessusually starts with the reconstruction of the historic evolution of a buildingf an aggregate
by a historicalocumentary researchnd collection (texts which describe the architecture of the building,
old graphic documentsld photographsdrawings,old aerial photographs dhe area in which the building
could appeaX UAthough the time of construction may not be accurately determined, temporal and spatial
information of the growth of the urban centre can provide a first overview about typologibsitefing and
local construction features by the comparison between past and present cadastral (Vizpste et al.
2014) Thebuilding in itscurrent layoutis the result of a continuatansformationsand the identifiation
and the analysis oits evolution along the time is a very important stepdrder to check the vulnerable
elementsthat can cause structural fault@and influence its seismic performanc€his research is also
essential to findthe resisting originaktructural system and/ulnerabilities such asack of connection
between portions of the building or dhe adjacent SU within an aggregate buildimgorder to identify
possible discontinuities in the walls, floors and rodfsfact, he occurrence of a peculiar out of plane
mechanisnmdepends on the level and type of connection of the facade to the side,ilalls and roof

In fact, the absence dffective connections between intersecting walls and between walls and horizontal
structures may cause kinematic mechanisms related to the loss of equilibrium of structural portions rather
than to states of stress exceeding the materials ultimate capéGityffré and @rocci 1999)

Based on the observation of real seismic failure modes of historical and traditional buildltejg, Biuffre

(1990) proposed an approach for the study of the seismic vulnerability of masonry buildings based on their
decomposition into rigid block&ith the aim of definetwo collapse mechanisms (first damage mode and
second damage mode) that are analyzed by applying kinematic limit an&gsistdingto Giufré (1993)
definitoni KS G CANRG 5FYlFI3S a2RS¢ Aa Fftgleéa NHZAy2dza 0 S
LI ySt 2NJ 2F | aA3IyAFAOFyi LI NI A 2ylangd)Ean bdicheckeédohly S (i F
gKSY G(GKS aGaFANEOG r hmanksSté meraficS coghextionsthi® @uiwoach is particularly
interesting as a tool for seismic analysis of buildings which do not conform to box behavior due to the lack

of connection between fagade and party wall and between floors.
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Moreover, the construction type, quality and state of preservation of masonry play a fundamental role in

determining the capacity of a construction to sustain seismic actions. This problem has to be studied until

others mechanical issue because a masonimckv can resist and transfer the vertical and seismic forces

without breaking up should have geometric and physical characteristics that permit a monolithic behaviour

(Borri and De Maria 2009However, doule-leaf or multileaf masonry, which is widely used in historic
structures, could demonstrate the nemonolithic behaviour, and in this case, masonry becomes a
governing parameter for the behaviour of historic buildings. Masonry with disconnected leaeinely
vulnerable, especially against horizontal seismic actions that inducefqalane mechanismGiuffre (1990)
carried out the first experimental and analytical studies about the mechanical behaviour of the stonework
masonry typologies based on the recognisofgd NHzf S KR 3 2 fNJi chR&bterdlicS after visual

inspection, survey and typological classification that was reported in abacus for all the case studies

analyzed. He identified some characteristic, like the connection elements called hehdéisan influence
the loadbearing wall mechanical behaviour.

Of course, otherdmportant information to be collectedre: the typology and morphology of the load
bearing masonry walls to verify the regularity of the distribution of windows and daoisthe eventual
presence ofa-seismic device andstrengthening or repair interventions carried out after previous
earthquakes or to repair existing damages, in order to check their effectiveness.

The importance of horizontal elemenis terms ofstrength of the floorsand horizontal stiffening often
plays a key role in deciding the vulnerability of a structuskthoughit may be difficult or impossible to
determine from the outside of a building is very important to be able to examitieis parameterin order
to assess the vulnerability correctly

For all the reasors discussedhistoric masonry buildingsequire a distinct care and specific approach in
considering the huge presence of architectural peculiarifiexble3). Moreover, within the purpose of the
current research work of assessing the vulnerability of the BE in open,spaseecessary to adopt a
reliable methodology according with the main problemf rasonry structures in order to achieve a
measure ofphysical damage caused by buildings affecting the surrounding spaedatteraim will widely
discuss in the following D1.2.2.

STRUCTURAL CHARACTERISTICS OF MASONRY BUILDINGS

WEELGESS Mechanical behaviour
- lack of connections walls,
_age floors, roof
HISTORIC EVOLUTION - transformation in - interaction between SU in) _ box behaviour

building aggregates

elevation and in plan .
- out of plane mechanism

- typological classification

MASONRY QUALITY | (M-oflea) - macro element
éRule of aré - material and elements - masonry collapse - monolithic behaviour

(header& Y 2 NI | NN

- state of preservation

- slenderness -in planemechanism - macro element
LOADBEARING WALLS) -distribution of windows P - monolithic behaviour

and doors

Pag.26]| 78



BE S’ECURe
(make) Built Environment Safer in Slow and Emergency Conditions through behavioUral assessed/designed Resilient solutions

Grant number: 2017LR75XK

STRENGTHENING - anti-seismic device - out of plane mechanism | - box behaviour
INTERVENTIONS - retrofitting interventions P
HORIZONTAL - type of floor - out of planemechanism - box behaviour
STRUCTURES - strengthandstiffening P

Table3: Summary of main structural characteristics of masonry buildings influencing behaviour under seismic event

Notwithstanding the classification of the seismic vulnerability presented 85.1, Maio et al. (2018)
proposed a novel complete classificatitimat highlighsthree essential aspec{figured):

T

detail level of the elements analyzed, and hence the detail of the input data, which depend also on the
purpose of the assessment. In fact a laggale assesments require simple and mainly qualitative data
provided by census data or municipiads archives or by oisite inspections; despite mechanical
approaches rely on a higher quality of information of the building stock; finally, numerical models
depend o complete information of single buildings and their geometrical and material features due to
the high computational effort.

type of output criterig depends on the number of steps required by the assessment procedure and is
distinguished in: direct if usenly onestep to estimate damage, such as typological and mechanical
approach; indirect techniques require twatep, for instance scoring methods firstly find a vulnerability
index and then obtain the damage associated; hybrid technique combine the twpfonexample
macroseismic method byagomarsino and Giovinat2D06)

data and tools quality criteriorefer to the quality of the input data and follows the same classification
introduced abovein fact, the uncertainty level of the results strongly depends on the reliability of the
data input.

Most of the empirical approach gis@nly qualitative resultghat have to be interpreted byngineering
and compared tahe value of thesame masonry structuresndeed it is also useful teombinedifferent
approach for comparing the results and obtaining reliable vulnerability assess@eanthe other side,
when the complexity of the structure is given by its evolution along the cesgstarting from a simple
volume to a more and more complex voluntbe analyticalmodelling has to take into account all the
vulnerabilities accumulated during the subsequent transformatiang should considesignificanteffect of
the construction techigue on its structural performanc@inda et al. 2003)

In the following section all of theain procedures are briefly described taking irgocount their limits and
advantages and aldbe attention of the constructiorfieaturesdiscussed in this paragraph.
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Seismic vulnerability assessment methodologie

for masonry buildings

v v
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: Data and tools|
Detail level Type of output 3
yp P quality
\ \
- N\ e e
First level Direct =ETEEL
. - Expert judgement/
K approaches K Typological (DPM) and K obsgrvatjiongdata
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) Second level N Indirect N Analytical
q Mechanical or numerical
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approaches Macroseismic method
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Figure8: Flow diagram of criteria for the classification of existing methodologession to(Maio et al. 2018)

a. Overviewof main methodologies
The following paragraph investigate the most significant methods of the seismic vulnerability of historic
masonry buildings, with the aim of identifyingS (i K 2 R 2 dJag @il Spgb@tunities to enhance the
knowledge level on this particular field of the research.

Giovinazzi and LagomarsingGiovinazzi 2005; Lagomarsino and Giovinazzi 20@&k proposed a
correlation between the two empirical approacles and tackled the problems related to the
GAyYy O2 YL Si Sy SiaByéass@riing ai defitio bflidamage state and DPM as functiom of |
according to the EM88 macroseismic scale. The damage probability matrix has been produced for six
different classes of decreasing vulnerability (from A to F) and contains a quelitscription of the
typology of buildings belonging to each damage grade for different levels of inteimsitlgis way, they
overcome the problem about vulnerability definition by DPM, because they have investigated the
vulnerability in terms of constrdion features. This method can be applibdth for the analysis of single
building or set of buildingln order to complete thevulnerability index J which contains only structural
information from the typology classification of buildings of E®8$three specific indices have been added
assuggestd bythe equation(5):

W 0 N 33w (5)
ThenV; is aregional vulnerability factqgris introduced to take into account thigpifying of some building
typologies at a regional level: a major or minarinerability could be indeed recognized due to some
traditional constructivetechniques for building classified as belonging to same building typology or

vulnerability class in different regionis.is basedn the expert judgment or on the available twstal data
(about observed past damage data)

Pag.28| 78



BE S’ECURe
(make) Built Environment Safer in Slow and Emergency Conditions through behavioUral assessed/designed Resilient solutions

Grant number: 2017LR75XK
The behaviour modifier factgnVin is evaluated as the sum of the scoreskéf the recognized behaviour

modifiers (Figure9). As observed by EM® macroseismic scale, the seismic behaviour of a buildiieg
not only depends on the behaviour of its structural system but it is affected by many other factors such as
the quality of the construction:

Masonry Reinforced Concrete
Behavior ERD Level Without  Moderate  High
modifier Vo Vo Vo Vo
State of Good -0.04 Good - - -
preservation | Bad +0.04 Bad +0.04 +0.02 0
Low (1=2) -0.08 Low (1+3) -0.02 -0.02 002
I;::::’“ of | Medium (3+5) 0 Medium(4-7) 0 0 0
High (26) 4008  |High (28) 4004 +0.04  +0.04
. Wall thickness
zy"s‘::;"“l Wall distance  -0.04++0.04
‘Wall connections
Plan Geometry 004 | Geomety +004 4002 0
Irregularity | Mass distribution i} Mass +0.02  +0.01 0
Vertical Geometry Geometry
Irregularity Mass distribution +0.04 Mass +0.04 +0.02 0
Superimpose
d floors 004
Roof Weight, thrust +0.04
and connections
Retrofitting 0.08-+0.08
Intervention
Aseismic Barbican, Foil 0.04
Devices arches, Buttresses B
Aggregate | Middle 004 | Insufficient
Building: Corner +0.04 aseismic +0.04 0 0
position Header +0.06 joints
Aggregate Staggered floors +0.04
Building: Buildings with )
elevation different height -0.04-+0.04
Beams -0.04 0 0
Foundation | Drierent level 1004 | Comected 0 o 0
foundations
Isolated +0.04 0 0
Short-column +0.02 +0.01 0
Bow windows  +0.04 +0.02 0

Figure9: Parameters of the behaviour madifier fact(@iovinazzi 2005)

The modifying scoresn\ are attributed on the basis of expert judgment. They have been partially
calibrated by the comparison with previous vulnerability evaluatiodon thedamage observation.

The filter fundl A 2 yis fyneation of the parameteandit is defined depending on theuantity and quality
of the available datan order to represent aracceptable approximation of the final vulnerability index
value

Two further behaviour modifier factors have to lm®mputed in the vulnerability indexequation 6)
evaluation in order to consider specific features of historical urban context: the historical centre behaviour
modifier factorpVic and the aggregate behavior modifipVa. The first onenVic is clogly linked with the

local constructive traditions and moreover with the subsequent modifications suffered by the historical
center. For instance, are computed (superimposed floor, annexed building, merging) and the positive
presence of aseismic devices oterthrust arches, tig¢ods, obstructing elements, counterthrust bows).
Because of the absolute originality of eadhtbrical centre, the identification and the weight attribution of

the parameters M.xmust be done at the local scalgth the collabordion. The second ong %takes into
account the interaction between adjacent buildingsnsidering the irregularity in plan and in elevation
(different heightof adjacent buildings or staggered floprs

V=V, +AV +AV_ +AV, . +AV, (6)
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Vicenteet al. (2014)used the same GNDT Level Il approach for the development of a scoring ntleshod

calculatesthe vulnerability index as the weighted sum of 14 parametéigure 10). These parameters
represent a building feature influencing buildirgsponseto earthquake and are related to four classes of
increasing vulnerability. The improvement to tBenedetti and Petrinj1984)method was the introduction

of new parameters that take into account the interaction between buildings as provided by P5, P7 and P10,
describing the height of the building, the interaction between contiguous SU and the regularity of the
opening which Hect the load pathThe parameter PBncompass the type and the quality of masonry and

the quality of connections between walls; through the P4 it is evaluated the potential risk -of-plane
collapse, and also P11 e P12 by taking in accthuntigh the connection between horizontal structures;

the P13 evaluates the conservation level of the building considering lack of maintenance

Parameter Class C; Weight Relative weight Vulnerability
over Iy index
ABC D p
1. Structural building system 46/100
P1 Type of resisting system 0 5 2050 075
P2 Quality of resisting system 0 5 2050 1.00
P3 Conventional strength 05 2050 150
P4 Maximum distance between walls 0 5 2050 050
P5 Number of floors 0 5 20 50 150 I¥ = ; Cyui X pi
P6 Location and soil conditions 0 5 20 50 0.5 N
2. Irregularities and interactions 27/100
P7 Aggregate position and interaction 0 5 20 50 1.50
P8 Plan configuration 0 5 2050 0.95
P9 Height regularity 0 5 2050 075
3. Floor slabs and roofs 15103
P10 Wall facade openings and alignments 0 5 20 50 0.50 Normalised index
P11 Horizontal diaphragms 0 5 20 50 1.0 0=<1Iy <100
P12 Roofing system 0 5 205 1.00
4. Conservation status and other elements 12/100
P13 Fragilities and conservation status 05 2650 1.00
P14 Non-structural elements 0.5 22 50 050

FigurelO: Parameter qualificatiomf vulnerability indexVicente et al. 2014)

The method can be considmd robust as it based on expert judgment, it has been validated by atispe
and collect accurate geometricaiformation. The | index has upper and lower bounds in order tataih
accurately statistics results and egorameterare associated with a confident level, thus the vulnerability
is also coupled to a confidence rating.

The method has also a rapid version in absence of detailed information and it issoitadele to inspecting

an urban aredecause it based on the assumption that masonry building characteristics are homogeneous
in the same region. So, the lv is calculated fars buildings for which detailed information is available,
then modifiers factas are calculated for seven paramedgand finally the new Iv index is defined according

to the sum of themodifiers parametescoregFigurell)
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Vulnerability classes, cy; Modified score:
Vulnerability modifiers A B & D Bi =
PS Number of floors =il =9 TR
P6 Location and soil conditions —0.5 0.0 1.6 4.7 pi: parameter, i,
P7 Aggregate position and -1.0 0.0 31 9.3 . .
interaction \a_r’elght assigned
P8 Plan configuration =21 -16 0.0 5.1 3 piz sum of
P9 Regularity in height -21 -18 0.0 3 i=1 "
P12 Roofing system 38 ~%1 00 41 Paralor gect giits
P13 Fragilities and conservation —2.8  —2.1 0.0 4.1 cvi: modifier factor
state vulnerability class

Maximum modifier range, > Al, —15.3 —10.3 4.7 34.7 &, average vulner-

ability class of
parameter i

I=V=E+ ZA[v

Figurell: Vulnerability modifier factors and score (Vicente, 2014)

Ferreiraet al. (2014) proposed ahybrid technique for evaluating the seismic vulnerability of masonry
facade wallghat is basedessertially on VIM methodologyAccording to this vulnerability formulatiorthe
vulnerability index of the facade wdlls) can be then obtained bthe weighted sum of 13 parameters,
(Figurel?2) related to 4 classesf increasing vulnerability: A, B,and D.

The vulnerability parameters ararranged intofour grougs, each of whih describethe most important
constructive characteristics influencing building seismic response

Parameters Class, Cy; Weight
A |B c ‘D pi
Group 1. Facade geometry, openings and interaction
P1. Geometry of the facade 0 5 20 50 0.50
P2. Maximum slenderness 0 5 20 50 0.50
P3. Area of openings 0 5 20 50 0.50
P4. Misalignment of openings 0 5 20 50 0.50
P5. Interaction between contiguous facades. |0 5 20 50 0.25
Group 2. Masonry materials and conservation
P6. Quality of materials 0 5 20 50 2.00
P7. State of conservation 0 5 20 50 2.00
P8. Replacement of original flooring system |0 5 20 50 0.25
Group 3. Connection efficiency to other structural elements
P9. Connection to orthogonal walls 0 5 20 50 2.00
P10. Connection to horizontal diaphragms 0 5 20 50 0.50
P11. Impulsive nature of the roofing system |0 5 20 50 2.00
Group 4. Elements connected 1o the facade wall
P12. Elements connected to the facade 0 5 20 50 0.50
P13. Improving elements. 0 5 20 50 —2.00

Figurel2: Parameter qualificatiomf vulnerability index (Ferreira, 2019)
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The parameters of group 1 and 2 are substantially replicated from the previous foramulati the

methodology proposed for Portuguese masonry buildings by Vic&@#&4).But differently from its, this
procedure specifies with the group 3, the relevance of the connection of orthogonal elements (party wall,
horizontal diaphragms and roof) inder to avoid owtof-plane failure mechanisms. With the same aim, also
group 4 represents the effective connection between horizontal and vertical structural elements in those
cases where it is possibte individuate strengthening action by inspection fncoutside. These features,

not always considered in other scoring methodse extremely important for preventively identify
situations in which failure modes can be triggering.

The next step of the procedure lispresented bythe correlation between damagy hencea mean damage
grade (>p) has beenestimatedfor different macroseismigntensities based on the vulnerability indeAn
analytical expressiomas developed aiming atorrelatng hazardl, described in terms of macroseismic
intensity scaleEMS98, with the mean damage grade (0> < 5) of the damagelistribution in terms of
vulnerability V and Q, ductility factor that describes the ductility of a certain constructive typo)cagy
shown inthe equatiors (7)and(8) :

@ pcd OATERSE 8 @)

V =0.592 + 0.0057 |y (8)

According toother authors, this value leads to the best approximatimtween mean damage grade values
and postseismic damage evaluation foraditional stone masonry building$he currentmethodologywas
applied toseveral historical centre@oimbra Portugal2019)with the aim ofestimating damage scenarios
due todiscusemergency planning strategies.

Quagliariniet al. (2019)elaborate a more rapid methodology that permits to obtain a unique vulnerability
index for a building aggregat¥] aggand VEagg coming from the detailed assessment procedure developed
by VIM methods of Lagomarsino and Ferreira (mentioned as MVAMsMaeroseismic Vulnerability
AssessmentMethods)The novel equation is developeds shown inFigure13, to understand how the
vulnerability value of structural units cqmsing the same building aggregate could be influenced by
aggregates features (e.g. volumes ratio, differences in building typologies, total number of structural units),
including:

1 VLsuor VFaggcalculated according (Lagomarsino and Giovinazzi 2086y (Ferreira et al. 2010)

91 the latter vulnerability value is summed and weighted considering the ratio between the volume of
each single structural unit (\&) and the one of the wholeaggregate(Vohgg. Thus, a structural unit
with high vulnerability index but with smaller volume in respect to the total aggregate does not
influence the overall aggregate vulnerability like a structural unit with the sanfirgerability level but
with more extended dimensions.

1 the parameterd considers the more frequent masonry typology within the aggregate and evidences
the presence of structural units having different masonry typologies;

9 1/q represents a corrective factor (> 1), that takes into account the number of structural units within
the aggregate due to the impact of the interference effects among them.
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{ 1 if structural units have the same masonry typology
d

_ number of different structural units from principal typology

1 : ;
total number of structural units composing the aggregate

E" [(VOISU/VOIAgg) VL,SU:| "
ViAgg = d

:
q

q total number of structural units composing the aggregate

{ 1 if only one structural unit is present

total number of structural units composing the aggregate — 1

Figurel3: novel vulnerability function for buildireggregates and corrective factors (Quagliarini et al. 2019)

Then, the proposed approach has been calibrated by comparing results to existing SISMA (Methzutti
2008)used for assessing the aggregate seismic vulnerability atrtbenuscale of Italian historical centres.

This phase could be considered as a first attempt to prove the reliability of the proposed methodology. In
fact the vulnerability index has been calculated for each of three methods and results highlighihehat
(Lagomarsino and Giovinazzi 20@gproach has been considered the most suitable MVAM, so that it was
used for carrying out the novel vulnerability index for building aggregates. Therefoegjression lines
related to the wvulnerability indexes of the wel proposed approach (using Lagomarsino MVAM
vulnerability index) and SISMA have been calculated and a satisfying correlation between them has been
proved. Moreover, the strong correlation between these, could suggest using firstly the SISMA method for
its typical rapidity in application and then passing to the other proposed approach by using the regression
function.

The purpose of this attempts is to simplify the vulnerability assessment through the implementation of
expeditious methods, which requireingple information easily available by just an external view of
buildings, aiming at evaluating the entire urban centre focusing on aggregates, without losing in reliability.

A brief review of the SISM@Eystem Integrated for Security Management Activitiegthod is presented
below, in order to understand the information required to the specific ten parameteigufel4) used to
assess the vulnerability of buildings aggregate.

Parameters Contribution range (1) Weight (w,)
Volumetric differences in elevation 0-0.6 1.0
Planar volumetric differences 0-0.6 1.0
Maximum differences between number of building floors and the average number of floors 0-1 0.6
Differences in materials and in constructive typologies 0-1 0.6

Construction age or last intervention date 0-1
Not aligned opening [ staggered floor presence 0-1
Presence of buildings with non-box behaviour 0-1
Aggregate overall shape [ planar symmetry 0-1 0.4
Conservation state [ maintenance deficiency 0-1
Geomorphology of aggregate foundation 0-1

=000~ Wk =

o

Figurel4: Parameters of SISMAethodrevised byQuagliarini et al(2019)

Each parameter is related to the contribution rangg),(which range varies from 0 to 1, and the weight wp.

The attribution of the first one is based on the evident differences betwthe real aggregate and an ideal
regular condition, the more these differences are considerable the more each single parameter assumes a
higher value. The py instead, takes into account the importance of the parameter within the building
behaviour.
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Themain advantage of this nieodology is its low requirement in terms of accurate professional skills and
data, which are available from on site survey and external investigakionvever, some parameters
require detailed knowledge of historic transformatiamd evoluton of the aggregate in order to find the
best value to the contribution range gjv For instance, the P5 requirehronologicalinformation of any
retrofitting interventions, which only available from historic data of building repilbreover, parameter
P7 aimed at distinguishing box behaviourstructural units composing the aggregate, needs engineering
investigations to detect the presence iig beams, concrete slabsetal ties and anchorsstiff horizontal
structure, lack of connection between fagade and party walls.

Another development of the vulnerability index method (VIM) has been propBsaddoet al.(2017)and
Raponeet al. (2018)for assessing the seismic vulnerability of Scanno. The methodtatbsated on the
basis of the observationsnd engineeristigudgementsand it relies on 14 vulnerability parametgfsigure

15) representing the potential fragilities of the buildingdmong themost significative parameterthere
are: P3 and P4hat take into consideration failure modesThe potential outof-plane mehanismsis
evaluated towardshigh slenderness, lowertical load, opening on the transverse walls, no horizontal
restrainingelements, widely spacettansverse walls, lack of element connecting masonry leaves thought
the thickness of walldnstead, them-plane behaviour is caused by thge of masonry layoutand quality,
accounting for the stones patterthe presence of courses, the mortar qualifyhe mrameter P13akes
into account site effects considering thgpology of subsoil(slope profile rigid subsoil limestones,the
presence of claysn order to detect soil amplification phenomena.

Eachparameteris associated with thé ¢ coefficient that vaies between0 and 1.5(0 indicates that the
vulnerability parameter has no influence on tiwole buildingstability, 1.5 indicates maximum influenge

Vulnerability Parameter Vulnerability type Pk

P, Position (in the cluster) 1.5
Py Number of storeys 1.5
P3 1st mode mechanism 1.5
Py 2nd mode mechanisms 1.0
Ps Arches 1.0
Py Vaults 1.0
Py Slabs 1.0
Pg Thrusting forces 0.8
Py Presence of added structures 0.5
Pio Stairs 1.0
Py Irregularities 0.8
Pia Non Structural elements 0.5
P;3 Site effects 1.5
P14 Non Seismic external hazard 0.3

Figurel5: Vulnerabilityparameterg(Brando et al. 2017)

Subsequently, damage scenarios are represented by the mean damage, expressed as a function of a
vulnerability factor V, and the binomial probability distribution givefigurel6.

e .(1_&]5"’

mh(5=m)! \ 5 5

25V —13.
A,ng_:;.{Hmh[Mﬂ

0
V=421 =400 +1.16-i +0.53

Figurel6: Binomial probabilitgistribution, mean damage and vulnerability factor
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In detail, V has been expressed as a polynomial function of a mean vulnerability*in@fegurel7), where
iv; is avulnerability index of the generic buildingptained bythe vulnerability assessmem is the total
numberof buildingsof the historic centre under investigations, ang; and \pj, are,respectively, scores to
be assigned, for each buildingg indicators2 ¥ G FNJ} IAf Ade&é¢ | yR GLNRBOGSOGAZ2Y
parameters” k. They vary from0 to 3, thus the vulnerability indesanges from O (no vulnerability) tb
(maximum vulnerability)

14
n
i, 1 2P0 Wy =V ;) b=z f
LG e T w05 T
i =l D
v pk
h k=1 Vip =W-2-1]

Figurel7: Mean vulnerability index, vulnerability index of the generic building j, fagility indicator and protection indicator

Formisanoet al. (2016) has developed a new form for assessing the vulnerability of masonry building
aggregates based on th8enedetti and Petrini(1984) vulnerability index method by adding five
supplementary parameters to the 10 basic parameters of the original fdima.introduction of these new
parameters takes into accoutihe structural or typological heterogeneity, the interaction effects and the
different opening areas among adjacent SUs when they are subjected to seismic ddttimsdologically,

the vulnerability index Iv is calculatddr each SWbf a building aggremes, as theweighted sumof 15
parametersas shown irthe previously VIM equations of similar approaches.

Parameter Class score (5) Weight
A B C D w)
1. Organization of vertical structures 0 5 20 45 1
2. Nature of vertical structures 0 5 25 45 025
3. Location of the building and type of foundation 0 5 25 45 0.75
4. Distribution of plan resisting elements 0 5 25 45 15
5. In-plane regularity 0 5 25 45 05
6. Vertical regularity 0 5 25 45 0.5+
7. Type of floor 0 5 15 45 0.75+1
8. Roofing 0 15 25 45 0.75
9. Details 0 1] 25 45 025
10. Physical conditions 0 5 25 45 1
11. Presence of adjacent buildings with different height -20 0 15 45 1
12. Position of the building in the aggregate -45  -25 -15 0 15
13. Number of staggered floors 0 15 25 45 05
14. Structural or typological heterogeneity among adjacent structural
units -15 -10 0 45 12
15. Percentage difference of opening areas among adjacent facades -20 0 25 45 1

Figurel8: The vulnerability form for the assessment of buildiggregateqChieffo et al. 2019)

The added parametershown inFigurel8 and partially derived from previous studies found in literature
detect the construction features and elements that can affect the interactioadjcent SUn elevation
and in plan: (i) presence of adjacent buildings with different height can leattigger out-of-plane
mechanism®f the highest SU; (ii)gsition of the building in the aggregatakesinto account the ifplane
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interaction among Sldonsiderimy four possible positiongsolated, enclosedbetween buildings, in corner
position and in heading positiiiii) rumber of staggered floorghich placed at different heights causing
poundingeffects toadjacent buildings(iv) gructural or typological Bterogeneity among adjacentUsin
terms ofmaterial and construction techniqug.g.adjacent to a RC structurdy) percentage difference of
opening areainfluences negativelthe seismic response of tHfacade in terms of the load path.

In order to obtain a form totally homogeneous with the previous one, the scores and weights assigned
were calibrated numerically on the basis of tlesults of specific numerical parametric rbnear analyses
performed by the3MURI software, which uses th&ame by the Macr&lements (FME) computational
method (Formisano et al. 2015 hen, further development(Chieffo et al. 2019pf the methodology

focuses on the comparison betweerragility curves and expected damage by usiifferent technique
available in literaturethe macroseismic (EMS88) approach, the mechanical method (3MURI softwahe)
kinematic analysis (VULNUS method). The results show that the Vulnus fragility curves are placed in a
middle range between the upper limit curves (mechanical method) and the lowgrdiras (macroseismic
approach) of the fragility domainThis means that thewo methods have the same reliability level in
predicting thebuilding compound seismic vulnerability.

5 Q! éetd. RO03)developedan analytical mechanical approach for the seismic vulnerability assessment
of unreinforced masonry (URM) or adobe historic building, Eelure Mechanism ldentification and
Vulnerability Evaluation (FaMIVBhe FaMIVE methgdollowing an approach firsproposed byGiufre
(1990) models the masonry fabrias an ideal opus quadratyneven though it is may belearly an
abstraction from reality, especially in caseswhich the masonry units are only roughly squared and of
variable sizeThe mechanical modeises a nonlinear pseuesiatic structural analysis basing on a suite of
12 possible failure mechanism (eot-plane, inplane and combined failure modes) which correspond to
different constraints condition between the fagade and the rest of the structhe¢ are detectedafter a
survey campaigrby compiling an electronic fornmJsing this preestablished set of decisional criteria,
collapse mechanisms can be univocally defiard their associated collapdead multipliers are computed
for each fagade of huilding and the lowest value of themtise lower bound of the level of shaking which
will trigger the onset of apecific failure mechanisnThus, itproduces a prediction of most probable
damagestate and levels of vulnerability for individual or groupisbuildings, in relation to expectddvels

of shaking at a site.

In the second step, the FaMIVE algorithm produeelnerability functions in terms of ultimate lateral
capacity (ESC) for different building typologies, through the evidence colleaied dxtensive in situ
damage observation and laboratory experimental validatitre latest versiorof methodologyalso yields

as output capacity curves, performance points and fragility curves for different seismic scenario in terms of
spectral displacemerof ultimate acceleration.

The methodology can be appliegith a sufficientlydetailed analysis of the geometric, typological and
structural parameterswhich can directly influence the seismic performance of masonry buildings, through
the onsite inspetion concentrates on those parameters and can be satisfactorily surveyed from the street.
In order to minimize the surveying time and the need for pexisting plans, the operator conducts a
preliminary survey of the urban centre under study while collagflogical layouts, masonry fabrics,
qguality of materials and workmanship, which are set of data directly relates to the local construction
techniques.Each of the identifiedypologies are further analysed by a detailed sureeyy for alimited
number of architectural, structural and material typologies present in a given urban centre tid&seeare

Pag.36| 78



BE S’ECURe
(make) Built Environment Safer in Slow and Emergency Conditions through behavioUral assessed/designed Resilient solutions

Grant number: 2017LR75XK
classifiedthe following step of the survefyom the street consists irecognising the pertinence to a given

class forthe specific featurs thatare recorded in the formSo that it overcomes thiack ofavailable data
that can be replaced with these comparative studies about building typologies or typical structural features
of local constructions

Leaving aside the computing procedure ancbiiscomes, it is worth look ate formused either in a post
seismic scenario, to map the distribution oftcurred damage, or as a preventive tool to define
strengthening strategies.In particular, the FaMIVE survey forfAppendix10.7), includesfive sections
about characterization of geometric and constructive features and one section for detecting damage
scenario and failure modeg.or each information it is required the quality and the reliability of the input
data.

1 Section 1 focuses onrban datg such as theosition of building within a blockr an aggregateand
connection to adjacent buildingdhe SU position within the buildj aggregate allows to restrict the
possible failure mechanism, for instance, corner failure may not be triggereaterclosed cells.

9 Section 2 collect thegeometric characteristics of the facade (orientation, dimensions, number of
storeys presence ofable.

1 Section 3 recordshie geometric characteristics of openingsich as théay-out, the height of the upper
horizontal spandrel, the percentage of void between ldering walls.

9 Section 4 describefi¢ geometry in plan (walls perpendicular to tlegéde)

1 Section 5 focuses on thdrsictural characteristicabout thetype of horizontal structureghe presence
and layout of reinforcement, type and quality of mason(mortar type, size of the elementhgaders),
presence of further element of vulneodity.

9 Further additional elements affecting the vulnerability, such as nonstructural elenm(exiditions,
balconies, vaultsare considered in section 6.

1 Section7 is reserved to thdevel of damagewhich is discussed in the D.1.2.2

Mochi and Predari(2016) have carried out asulnerability assessment methddr building aggregates in
historical centrebased orthe determination of synthetic indicators providing a priarevison of collapse
mechanisms (I mode 4plane and Il mode owbf-plane)under earthquake bydentifyingthe fragilities of
masonry buildingsin fact,it KS Y S (i K 2 R Q athat thedsdBmiclidladmagé of xh& historical building
derives from the loss of stdly of individual componentas rigid block, then, from the insufficient shear
strength of the walls It is essentially a scoring method that combine the empirical approach, due to the
validation of the parameters by observation damage data and expert judgment, and mechanical/kinematic
approach as developed hihe studies ofGiuffreé In fact, the startingpoint of this methodology was
representedby the identification of thehistoricaltransformationprocessthat leadsbuilding aggregatéo

the currentlayout through the comprehesion of themodification, such aanneed or merged Slsuper
elevations, demlitions and reconstructionsThis initial phase can only be hypothesized when there is no
specific, historical or archaeological documentation, although some indirect sources may constitute an
interesting reference basgviochi 2009)
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The synthetic vulnerability indicators requian exhaustiveknowledge phase to be quired, includinga
preliminary bibliographical research and an-gite surveyin order to outlinethe evolutionary processes
suffered by each aggregate in its planimetric and elevation developmentcagietect all the construction
factors (based on techniques and desigmeepts used in the local area) which directly influence the
seismic behaviour of the masonry buildin@m the other hand, the elements that positively influence the
seismic response (such as the presence of-sgismic devices and the good quality o€ tbonstruction
technique) are considereddowever, with the aim of accelerating and simplifying the survey phase in case
of lack of informationtwo different procedure have proposed to assess the vulnerability: the expeditious
method applied on the facadef the building aggregates and the analgtimethod calculated on the SUs
composing the building aggregafthe first method since is a quick assessment proceduoeguires onlya
planimetric mapand elevation plarto identify the vulnerability indicate of the fagade. This application is
useful for entire and extensive historical fabrics before carrying out a detailed quantitative anahesis
secondprocedureis more detailed and requiregbhe ground floor plan an@n indepth investigationFor
the planimetric reconstruction of the buildingare usually usedhe most recent plants belonging to the

cadastral archives, while the quickest and precise choice for the survey of the facades consists in the use of

photomodellingtools (Predari et al. 2019)

The global vulnerability indeis calculated as a sum of weighted partiadices(Figure19), on a scale of
values from 0 to 100¥GS index (global expeditious vulnerability) for the first methodology, and the VGA
index (global analyta vulnerability) for the second one. These partial indicators are obtained from a
critical evaluation of buildings technological solutions that caridentified the propensity to damage due

to the construction lacks. They are based on the assumption that the out of plane mechanism is triggered
from the loss of stability of individual components, which are seen as rigid blocks moving due to the ground
accelerationThey summarize the following collapse mechanism:

RF index: oubf-plane collapse of the facades;

RT index: oubf-plane collapse of thgable

FP index: cracks due to the rafters;

DM index (disconnection of wall): it derivessentially from the historic transformation processes of

buildings and allows to define the portions of fagades that can be subjected {ofquliane collapse,

and the width of the fronts to be caidered effective for the shear mechanism;

1 MSS/MCA indexxammering due to constructive irregularities (as the presence of buildings having a
reinforced concrete structure inside the aggregate);

1 VT index (weak shear strength): due to insufficient width of the masonry walls.

1
)l
)l
1

ig] 5 TR Weighi %
Partial indices Pi WE‘:D]“ VGS index Partial indices Pi e‘;," t VGA index
1 TP transformation in plan 17 5 1 DM  disconnection between walls 17 7
VGA= Z Pow;
2 TA  transformation in elevation 27 VGS = Z Piw; 2 RF  facade overturning 27 =
=1
3 RT  gable overturning 7 3 RT  gable overturning 7 0<VGA <100
4 FP  cracks due to the rafters 27 4 FP  cracks due to the rafters 27
< < -
5 MCA  hammeting due to RC buildings 7 SN0 5 MCA hammeting due to RC buildings 6 CRou = % - VGA;
VGAgy = VGA, — CRgy
6 MSS  staggered floors 6 6 MSs  staggered floors 7
0< VGAgy < 100
7 VT weak shear strenght 9 7 VT  weak shear strenght 9

Figurel9: Analytical and Expeditious vulnerability assessment score
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Either procedures lead to acceptable level of reliability, though theyéinal method yields more suitable
results due to the introduction of the masonry quality parame@ernabei 2019)it is worth clarifying that
this factor has performed within the vulnerability assessment beside otherparameters but beyod,
acting as modifier of the VGA indéhe assumption on the basis is thhé masonry plays a keple in the
mechanical behaviour of the macroelementatonstruction to sustain seismic actiodgtually, it may be
calledd YSOK I R RSB £ A b BeOluddzthé monolithic behaviourthus avoiding failure modes,
but it could start to crumble The parameter masonry quality is represented by the coefficienttRat is
computed as a percentage valogthe analytical global vulnerability indevhichencompases a series of
useful information in order to detect themasonrytype correspondingto the masonryof the buildings
under study.Thesefeatures are collected as a summdBigure20) of the more relevant research in this
field by some authorgGiuffré and Carocci 1999; Borri and De Maria 2015; Boschi et al. 26d7he
classificationalso refers to class of masonry of the Italian seismic code @Tad@ thetypical masonry
model arranged in abacus burrieri (1999) for Umbria and Marche regionshis reference can be
replaced by other abacus available fie analysed areaMoreover, the introduction of this parameter
allows to take into account the typicabnstructionfeatures of the localbuildings.

CLASS Weight | MASONRY MASONRY MODELS Mechanical
% QUALITY behaviour
1 03< CQMS 1,25 0% VERY LOW Type C1 Favourable
I 125< CQME 2,25 3% LOW Type C2
1II 225< CQM <275 15% MEDIUM Type B3
v 2,75< CQMS4.25 45% HIGH Type B1, B2
\% 425 < CWS 5 55% VERY HIGH Type A Unfavourable

Figure20: Classification ofnasonry quality

5.3 Critical review
The purposeof the BE S2ECURE research project is the evaluatithre ampact of an earthquake and
damage scenario in open space in historighlancentres.Actually, a huge relevance has the BE conditions
and the interation of buildingsfacingpublic space in order to determine the limit condition for building

street interference The only way to quantify this interaction is by evaluating the physical damage of

buildingsthat could occur in a seismic evetitrough the vulnerability assessmenbf buildingsand by
calculating the amount of debris could occlude the public space, road or open gpateving the first

purpose means adopting a reliable approach for assessing the vulnerability of building, indeed, the current

work is a useful aid to detecting the available methodologies considerin the most appropriate wayall
significant consuction and structural parameteraffecting the buildings behaviou©n the other hand,
obtaining the quantification oflebrisis possible by identifying a relationship between vulnerabilityction
and damage scenario, which argument willdeeplydiscissedin the D.1.2.2.

One of the hugdimitations of scoting methods is that the evaluationf buildingvulnerabilityis givenby a
syntheticindexfor describng the global behaviour buloesnot add information about specific parameter
given that the qualitative judgment on partialulnerability parametersis previously evaluated by the

assessorsThat may not help to know which are the possible collapse mechanism that could be trigger
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under a seismic everdnd, therefore, the expert judgmerstmay seem aleatory especially in absence of

certain information of structural characteristieghereverexternalsurveyare not sufficient

Contrary, the significanadvantageof mechanical methodologies that, on the one sidethey help to
identify local failure modes through the study of the constructié@atures whichare the causeof out-
plane and irplane mechanismson the other sidethis approach can leadlsoto the evaluation of the
globalbuilding aggregatdehaviour.Moreover, the mechanicabpproactes explain in analytical termbke
assumption ofi K S & 0 2 E &nd ihe®lksto@ldst dhavior of the masonsfructures.

Theother point of difference between the two approaches is tharposeof the analysisand the level of
detail required for instancethe first approachesllow the vulnerability knowledge statistically termsthe

other ones are mainly focusal on the local scale of buildings. Either ways can bel usevulnerability
assessment of both locahdlarge scale, but thaccuracyof the outcome could diffe\With this regard, dr

the aim of the currentesearch we think that the most suitable approach is the mechanical ones that can
better describe thedsemeiotice definition of vulnerabilityproposed in 8. and then directly recognize
collapse mechanisms in order to define a measure of physical darét@n the latter methodologies,

the FaMIVEmethod andMochi and Predar{2016) method seem to be much closer to that approach
because both provide a quantitative and qualitative vulnerability assessntieet first one results in
analyticalmodelsand the second ian empiricalway.

In order to provide a more exhaustianalysisof the methodologies we propose below a brief discussion
(summarized in Appendi®0.8 in terms of checking listpf the relevant issueof the vulnerability
parameters

The relevant of historic evolution of building aggregate is not widely considered: Mochi and Predari method
uses itas the starting step ofthe analysis, Lagomarsino referrets historic process in terms of the
structural heterogeneity of building aggregafehe others consider the lack of cormien between walls

but not as a direct cause of historic transformation processes.

According to Ferreiraamong the most frequently lmserved damage mechanisms in traditional masonry
structures located the urban areas, the response of the facade walls is one of the most prevalent and
critical ones, not only due to the direct consequences that may result from the partial or global ealfaps
these elements, but also due to indirect impacts that can arise from that, such as the obstruction of
evacuation routes due to the deposition of debris and rulgt this reason, evaluating the eaf-plane
mechanisms by vulnerability assessment noetltould be very important and plays a key rule especially for
achieving the goals of the current work.

Among the methodologies previously discussed, Ferreira e Formisano refer to the failure mode through
parameters that identify the connection between tli@cade and the orthogonal walls, but itdgficult to

reveal before for which situations they could be more frequentz2 KAf ST 5Q! &l f $to YSUK?Z
univocally definedhe probability of a mechanism occurringrough the critical value of the collapsead

multiplier associatedMochi and Predari detect otdf-plane mechanism through partial indicators RT, RF

and FP, which describe the building facade, gable or corner overtuthatgzompute the¥ | cel RSc@a & dzN
prone to collapse.
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Shear capacity and-plane mechanisms are widely computby all themethodologies by considering the

interaction in plane and in elevation of adjacent US in building aggrsgtite irregular distribution of
windows and doors affeet the loadbearing masonry walls

The state of conservatioand the masonry qualit@re important parametes that are considered by all of
methods, but only Mochi and Predari method gavelifferentvalueto the influenceof the masonry quality,
using itas external parameteto the vulnerability assessing proceduihe presence ofa-seismic device

and eventual retrofitting interventionare also included in all of methods, parametersthat improve the

seismic response of facade and avoid-ofiplanemechanisms.

In conclusion it is worth clarifying thatall the methodologies require a huge amount of structural,
geometrical andconstrucion information. On the one handhis guarantees the reliability of the output

data, on the other hanghe survey phase requires a lot of time to collect all the information necessary to

the assessment. Tovercomes thelack of available data +A OSy (iS> 5Q! &l fusex a2 O
comparative studies about building typologies or typical structures prslyoin deep studied. Instead,
Lagomarsino relies on the expert judgments of the local enginegvingeover, t is important to highlight

that to reach higher levels of details of the analyzed data the use of data investanyas GIS, is certainly

usefd, sinceavailable public database is still missing

6. Risk managemenfRM)and risk matrix
General definitions define risk @&SFFS OG0 2F dzy OSNIFAyiGe Ay | OKASGAY:
considered a deviation, positive or negative, from witaexpected. So that the risk concept is normally
correlated to the definition of probability of a particular event occurring and its potential impacts, but it
also strictly dependent to the uncertainty which is the state of knowledge or the state ofmatan
deficiency necessary for the understanding of a given event, its consequence or probability.

Move from these assumptionsall organizations are subject to risk and uncertainty, and the need to
manage risk in a structured way is increasingly reaaghiwith this regard, the isk management (RM)

consists of "coordinated activities to direct and control an organization with respect to risk" (ISO
31000:2009), therefore its process involves several steps suteasdentification,analysis, assessment,
treatment and monitoring of riskMoreover, some authorgKaplan and Garrick 198%prrelate the
quantification ancdthe analysis of risk to needs of decisioraking context. Moreover, they state thatg S

FNB y2aG Fo6fS (2 | @2AR N a,iso thatizhey empliagize the keyOr&dle2i@d S 06 S
management in providing alternative solutions for reducing the probability and impacts of risks.

International trends in risk awareness places increasing emphasis on providing adewgtatalological
management practicefor organisatiors and public gvernanceaimed atimprovingeffective strategiesto
reduce the probability and the impact of particular risk.

Different methods and techniques are used to conduct the process of the risk assessment, that can be
classified in qualitative, semjuantitativeand quantitative methodologie€Tixier et al. 2002Jhe degree of

detail required depend on the availability of reliable data, and of the decismaking needs of the
organization. The qualitative assessment defines the consequence, probability and level ofaidingdo
linguistic scale criteria. Semuantitative methods use numerical scales for consequence and probability
and combine them to produce a level of risk using an equation. The quantitative analysis estimates
practical values for consequences andithgrobabilities producing values of the level of risk in specific
units according to the context.
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6.1 1SO 31000: international standard for RM

Among these methodologies|SO 31002018 is currently the international reference standard for risk
management, including environmental risksis designed to be used broadly, acramsy organizatiors,
industriesand various sectors tprovide the best practicetandardsand guidance to all grations seeking

to use the principles of risk managemehithile based within business and industries organizations, the
approach can be also incorporated into the natural risk evaluation thank to its flexiBitiey.entire risk
management process involgdifferent steps as shown Figure21 but the way it is performed can vary
between models and techniques used to conduct the process for each phase.

!

.—’| Establishing the context |’—'
Rick
assessment

N e Lt
g | Risk identification ot
= =
=
g 2
Q &z
- -
-
AN | S
c =| Risk analysis |= ™ c
E 5
=
E =
E
=1
- | |

- =| Risk evaluation |-‘- »

"—"| Risk treatment |"—"

Figure21: Risk management process developed by ISO 31000:2009

In particular, risk matrices are normally adopted supporting risk assessment pidwess their ease of

use especially in absence of reliable quantitative modeisassessing unknown riskeven though that

could lead to significant uncertainths a management tool the matrix offers a way to provide clarity of risk
and to rank alternatives situations under risks, such as different urban scenario and perfororatere
natural disaster, or potential cost due to damage and causalities. The standard template of matrix for risk
assessment is that composed in rows and columns defining respectively the categories of
likelihood/probability/frequency and impact/consequess/severityof anoccurringevent

Identifying thelikelihoodof most events can be subjective and based upon the knowledge and expertise of
those involved in the risk analysis. However, evidence and statistics may be available regarding the
recurrence ofcertain events and can aid to assess the likelihood I€@hsequencéased on the potential
impacts of the riskn hazard prone areas, in fact the assessment is directly linked to the assets analysed. It
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means that the severity of a natural risk givere same hazard varies between contexts because it strongly

depends on the exposed elements.

Risk matrices cannot integrate all that matters using only two variables, thus comes the need to add a third
dimension through a scoring mechanism, which explahmes felative significance of risks by crossing
consequences and likelihood descriptions. Assigning quantitative or qualitative scoring to the cells, such as
color-coding and numericatoding, is an attempt to facilitate rapid communication and understanding

risks by governance in public decision making. It is not necessary to include both qualitative and
guantitative descriptor and it depends on the required purpose for the risk assesshieviertheless, this

type of matrix is really intuitive and the ngléing scenarios are easily understood by individuals, it presents
some limitations due to its arbitrary construction that can introduce ambiguities and exacerbate errors. For
example the choice ofthe number of rows and columns, the definition of the egdries and the
understanding of outcomegErrors may also be introduced forcing assigning numerical values (scales) to
represent and quantify the categories. Unfortunately, the calculated score is based on subjective judgment
and suffers from the samerrors in judgment we find in the assessment probability and impawthe one

hand linguistic descriptions of cells given by the combination of row and column categories may be
interpreted arbitrary by individuals, on the other hand, converting cellsqgt@ntitative values for
computing risk scores is arbitrary too. Given that the number scores can either be added together or
multiplied, the choice ofmumerical scale can have substantial impact on resulting risk scoesnd
sometimesexplicitly definitiors of values are not provided and hence they do not add useful information
for risk interpretation.Developing a risk score requires unambiguously specifying the two components in
row and column in order to avoid errors introduced by verbal or numericéihgca

Risk matrices are widely used by organizations of all typesreydareserviceable in practical application

to a broad variety of risk situationgVithin the risk management procedurethe application of matrices is
aimed at developing plan for control risk and determine the level of priority required for each aisk
hence its outcomesid the decision maker for choosing effective actions in reducing potential impact.
Recently, risk matrix has been promoted within eamimental risk management providing useful tools to
governance for improving mitigation and reduction policies to natural disaster

a. Riskbased land use planning for natural hazard risk reduction
An innovative ristbased approach (RBA) is presentedSaunderg2012) providing an alternative to the
current planning approach thahcorporate risk into land use planning decisions for reducing risks from
natural hazardsBased on this, the GNS Science in New Zealand proposed a guide and tooiklekasfed
planningapproach(RBPAJo landusewhere consequences of natural hazard events are the faousrder
to assistgovernance anghlanners in defining levels of riskéto promotearisk-based land use policy and
sustainable plan developmentin extreme risk areasThis riskbased approach isonsistent with
international risk managemerguidelines(ISO 31000:2009and hence its risk management process relies
on five-step, as shown in figur€igure22.
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Figure22: RBPA processlopted for the management of natural risk in New Zealg@alinders and Kilvington 2016)

S

Sep 2 is aimed at examining the consequen(@gure23) of a natural hazard event and involves several
aspects that are innovative in current ribsed planningThe purpose of the matrix is to provide decision
makers with a robust and transpareframework for assessing and measuring risk, with a focus on
consequencedn fact, consequences of a natural hazard event are calculated using a consequence matrix
based on the hazard map and land uses within the hazard zones. The impact descriptienmafrix are

based on sources readily available and applicable to local government and measures are based on
percentages rather than nominal numbers in order to take into account a scale of the population at risk. In
assessing consequences, the finalralldevel of impact is determined by the consequence category (built,
economic, health and safety) with the highest severity.

Severity of ,,A Health
Impact : - I— e Economic ¢ co ety
Social/Cultural Buildings Critical Buildings Lifelines J
[e1EEY Tl =2 5% of buildings of =50% of affected =25% of critical facilities | Out of service for > 1 month = 10% of =101 dead
(42) social/cultural significance buildings within within hazard zone have (affecting =20% of the town/city regional andlor
within hazard zone have hazard zone have functionality population) OR suburbs out of service GDP = 1001 inj.
functionality compromised functionality compromised for > 6 months (affecting < 20% of the
compromised town/city population)
Major 11-24% ofbuildings of 21-49% of buildings 11-24% of buildings Out of service for 1 week — 1 month 1-9.99% of | 11-100dead
av) social/cultural significance within hazard zone within hazard zone have (affecting =20% of the town/city regional andlor
within hazard zone have have functionality functionality population) OR suburbs out of service GDP 101-1000
functionality ised p ised p ised for 6 weeks to 6 months (affecting < injured
20% of the town/city population)
Moderate 6-10% of buildings of 11-20% of buildings 6—10% of buildings ‘Out of service for 1 day to 1 week 0.1-0.99% 2-10 dead
(T social/cultural significance within hazard zone within hazard zone have (affecting >20% of the town/city of regional and/or
within hazard zone have have functionality functionality population people) OR suburbs out of GDP 11-100
functionality compromised p ised p ised service for 1 week to 6 weeks injured
(affecting < 20% of the town/city
population)
Minor 1-5% ofbuildings of 2-10% of buildings 1-5% of buildings within | Out of service for 2 hours to 1 day 0.01-0.09 <=1 dead
(I social/cultural significance within hazard zone hazard zone have (affecting =20% of the town/city % of and/or
within hazard zone have have functionality functionality population) OR suburbs out of service regional 1-10 injured
functionality ised ypromised ypromised for 1 day to 1 week (affecting < 20% GDP
of the town/city population)
IOVl No buildings of social/cultural | < 1% of affected No damage within hazard | Out of service for up to 2 hours <0.01% of No dead
(U] significance within hazard buildings within zone, fully functional (affecting =20% of the town/city regional No injured
zone have functionality hazard zone have population) OR suburbs out of service GDP
compromised functionality forup to 1 day (affecting < 20% of the
compromised town/city population)

Figure23: Consequence matri@aunders and Kilvington 2016)
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Step 3 is focused on the determination of likelihoddg(re24) which involves technical inputf typical

planning timeframes stated by the New Zealand Building Act 2004.

Level Descriptor Description Indicative frequency

5 Likely The event has occurred several times in | Up to once every 50 years
your lifetime

4 Possible The event might occur once in your | Once every 51-100 years
lifetime

3 Unlikely The event does occur somewhere from | Once every 101-1000 years
time to time

2 Rare Possible but not expected to occur except | Once every 1001-2,500 years
in exceptional circumstances

1 Very rare Possible but not expected to occur except | 2,501 years plus
in exceptional circumstances

Figure24: Likelihood scale of RBPSaunders and Kilvington 2016)

Even though the RBPA recommends carrying out consequence analysis prior to likelitadysls, the
assessing may be interchangeable and can even occur simultaneously. Once the two dimensions are
determined, the step 4 is the focus point of the RBPA because leads to establish overall levels of risk, using
previous outcomes. Levels of risleaepresented by the matrix{gure25) further translate into thresholds

of acceptable, tolerable or intolerable risk for land use planning linked to public poheymatrix is
populated with quantitative risk level, expressed as a function of (consequemcéielihood). The
numerical value desnot relate to any specific quantity but is merely a number to categorize a level of risk
(Figure25). Instead,the colour-codedallows a faster assessment of risk levels snged as descriptors for
different land use controland activities.

Consequences
Likelihood Level of risk Level of land use control
Acceptable Permitted
Acceptable
Tolerable Restricted Discretionary
Tolerable Discretionary
Intolerable

Figure25: An example of levels of risk and associated levels of land use d&#uniders and Kilvington 2016)

b. Scenarios analysis for environmental risk
Another example of RBA is based on the development of scenario analysis that is adopligd to
business domain, however, recendgcame common foassessingnvironmental risk, e.gclimate change
related risks and their potential implicationslso by nonfinancial companiesThere is not available a
systemic literature of guideline for developing scenario process, neverthetess authors(Kosow and
Galrer 2008)a good insight of this domain by identifying characteristics and typologies among the
multiplicity processes of scenarios.

Some risks are known to exist, but are difficult to articulate, in terms of their likelihood, magnitude, and
their severity of impacts, and particularly difficult to understand due to limited historical precedents to

Pag.45| 78



BE S’ECURe
(make) Built Environment Safer in Slow and Emergency Conditions through behavioUral assessed/designed Resilient solutions

Grant number: 2017LR75XK
learn from.Fundamentally, scenariosewused to better understand the various dimensions of a risk and

explore the range of potential resulting consequencae not intended to represent a full description of
the future, but rather to highlight central elements of a possible future and tavdattention to the key
factors that will drive future development<Giventhe importance of forwardooking assessments of
climaterelated risk,scenariorepresents aressentialtool to help governments and societi@s enhancing
critical strategic thinkig aimed atmitigating and responding tdisasterrisks.Its development igrucial at

all levels, and involve every branch of society, generatibgtter sense of risk, preparedness among the
population and aid governance to understand the efficacy datssio DRR.

¢KS /FYONRRIS /SyiGNB F2NJ wAial {GdzRASE KFa LINPJARS
domain(Strong et al. 2020)The purpose of the report is provided an accessibleggtodscenario analysis,

that is a systematic method for exploring how a complex and diverse array of risks may impact a society, by
describing stories of plausible futures to be debated. Scenarios is a useful tool for RM to cope with
uncertainty, especiall in the case of risks that are not well understood or cannot be quantified or even
identified. The framework for scenario developmeptoposedfollows systematic and recognizable eight

core stepskigure26).

Step 1 Step 2 Step 3 Step 4
© @ @ @
Scope Conduct Frame the Develop

the Risk Background Research Scenario(s) Candidate Scenarios
Step 8 Step 7 Step 6 Step 5
o e (- E

Evaluate Communicate Assess Impacts Develop

and Update and Act and Materiality a Narrative

Figure26: Scenario development framework for disaster risk redudtrong et al. 2020)

Although the structure is presented as linear stgpstep, the scenario process might be an iterative one,
in which stakeholder engagement provides opportunities for review and revision to ensure it succeeds.

7. Proposal for seismic risk assessmamt OS
The previous brief literatureiglds a good overview of thésk management domain andppropriate
scenarioprocessegsecently adopted for environmental risks, in order to identify techniques more suitable
for our intent. In fact, the purpose of this stage is to carry out a seismic risk assessment aiming at
understanding of possible consequences of an earthquake in opaces The methodological approach
proposed is a combination of scenario process and conventional RBA by adopting matrix techniques to
correlate different concepts and visualise outcomes useful to evaluate risk reduction strategies.

The definition of seismirisk encompasses several issues that require a deep knowledge in order to detect

the correctinter-relations between variables that ultimately determine the outcarReevious discussion

highlights that managing seismic risk requires spea#figineerg judgmentsand modelling. So that, our

attempt to assess seismic risk encompasses all the information discussed in the previous paragraphs with

the aim of proving a scientific basis of our propokayf ISYSNI € = aaSaayvySyid 2F St
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usuwally developed at global scale, where the impact of the earthquake is controlled by the distribution and

severity of shaking, the population exposed to each shaking intensity level, and how vulnerable that
population is to building damage at each intendéyel. According to this rationale, our attempt is focuses

on the assessment of an earthquake impact starting from physical damages of BE that may affect people
living orstandingin an open space. So that, the probability and the severity of increasipgcts of an
earthquake occurring are described thazard, vulnerability and exposure parameters through two
different matrices either related:

1 the first matrix (M1 ¢ Damage matrixencompasses hazard (expressed in term of retuperiod) and
vulnerability (classes of buildings or buildings aggregates performed by specific me&®ods
information in order to provide a qualitative assessment of physical damage (Heltigch will be
quantified bygeometric methodologies deepdiscussed i83.2 0fD1.2.2;

1 the second matriXM2 ¢ Consequence matjixconnectsthe human exposurgn terms ofinhabitants
and usersof buildings and open areas, as proposedhe §4.3, with the possible damage scenarios
resulted from M1 consideringhow physical damage produced bybuildings facing open spacaffect
the safety of people and the emergency paths.

The outcones of theM2 describepossible scenarios outlining social and physicalsequences of seismic

events; moreover, they may be useful to risk management, on the one side, for evaluating priority
strategies of protection of human life and safety in order tarpevacuation paths during emergency, on

the other side for identifying necessary retrofitting interventions aimed at avoidirdgA f RafuyeZda
damage¢ KS ARSI 0SKAYR (GKS a02yasSljdsSyO0S YIGNAREét Aa LI
may be controlled by handling two key factors: robustness of BE and preparedness of communities, as
shown inFigure27. This procedure allows to generate orientaticggarding future DRR strategies and aids

to evaluate which decisions are necessary and more adequate to achieve better risk scenarios.

Severity of consequences

DAMAGE SCENARIO

O < foren L RO TNESS oo sanamnsenssranssnzssnl asengane o

RS T Err

HUMAN EXPOSURE

\

Probability of sever impact occurring

Figure27: Application and purposes of Consequence matrix (M2) for DRR strategies

7.1 M1 -Damage matrix
Nowadays, availablenodels that summarize vulnerability, hazard and physical damage are available in
term of fragility function, for analytical approach, or DPM (Damage Probability Matrix), for empirical
approach. Howeverthese models stri¢y depend on the accuracy and the completeness of the method
adopted for assessing the vulnerability of buildings or building aggregates. So thdheadsuracyof the
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prediction andquantification of damage(debris) strictly depends on the reliabilinf the value of the
vulnerability index and on other issues discussed in D1.2.2.

Given that complexity, we propose a matrix that describes the correlation between hazard, in terms of
Return Period (RP), which can be correlated to the local value of R@Adqu by Italian building code
(NTC2018), and vulnerability of building or building aggregates, expressed in term of classes of vulnerability
derived from the assessment method us€$b.2), with the aim of providing damage scenarios of BE.
Further development will be focused on the quantification of the amount of debris of higher damage state
of the matrix through a numerical function suggested in D1.2.2. So thatPamage matriprovide the
probability for buildings belonging to a given class of vulnerability of being subjected to a certain level of
damage for increasing probability of certain earthquake occurriiige to the high amount of damage
scenario that ca be performed, we undertake two version of M1: the extended f@Figure28) and the
simplified form (Figure29). They differ only in the range of values of RP adopted; this choice will be
detailed explained in the following parts.

1 Column category: Vulnerability

The columns are referred to the vulnerbityi index (0- 100 scale of values) calculated by assessment
method, chosen between these previously discussed, and determine the range of the vulnerability into
three main classes: low, medium and high. This classification takes into account the ploskil@r of
building aggregates or buildings under earthquake starting from the objective structural condition, so that
the expected damage may be estimated due to the characteristics of construction and its weakness. The
GKAIKE Of I a& Ahghet thzar S bedaysR BesupPdsdd dadt the vulnerability assessment
should consider higher weight to parameters described out of plane mechanisms that lead to the worst
severity of damage levelThe vulnerability class is selected for eacbntinuous bilt front (CBF)
surrounding the area under stud$o that, if an open space has 4 CBF, it will have four different damage
scenarios resulted from the matrices.

1 Row category: Probability (P) and Return Period (RP)

The hazard is explained in terms of retymeriod and probability of exceedance in a reference period of 50
years according to PSHfrobabilistic seismic hazard assessmemtidel. The return period (RP) is a range
of yearsduring which is supposed thatarthquake of specific intensity in a spécibcation may occur and

it also expressed as a probability of exceedance. For the current matrix, the RiP\ahdes rely on the
hazard maps, developedyiMeletti and Montaldo(2007)within the MPS04 projectthat demonstrate the
distribution and variation of PGA valder nine probability of exceedance in 50 years, each of them
corresponding to relative return period. As can be seen by n{&ure 30), the hazard (PGA value)
increases as probability decreases. In general, PGA vary from ledag¢ban 0.025g (81% of probability) to
0.7g (2% of probability), but they strictly depend on the site belonginghe specific seismic zones,
regulated by the seismiclassification(Table1, Appendix10.1). Sothat, giventhe high variation of PGA
valuesbetween different geographical ars®f the entire Italian territoryper P and RHAt is not possible
associate the uniqgue PGA value &ach rows of the matrix corresponding to tepecific P or RP, because
different site has different PGA.
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Severity of damage state
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Figure28: M1 - Damagematrix (extended form)

Given that the extended version of M1 matrix providestdgh amount of possible damage scenari@
preferred to propose the simplified form in order to better explain the development of damage scenario for
each cells of the matrix, represented by colmade.So that RP=975, 475, 50, 30 and 5%, 10%, 63%,
81% have been adoptedas values thatare considered by the NTC2018 for ordinary building in the
reference period of 50 yeafsr the calculation of the limite state (LS).

e SCVENItY Of damage state »

VULNERABILITY

LOW (0 - 25) MEDIUM (25 - 50) HIGH (>50)

975 5%

475 10%
50 63%
30 81%

Figure29: M1- Damage matrix for ordinary buildings (simplified form)
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> 1™ 8

81% probability 63% probability 50% probability 39% probability

30% probability 22% probability 10% probability 5% probability

2% probability

Figure30: Hazard maps probability farine probability of exceedance in 50 yegfhiom 2% to 81%, corresponding to mean return
periods from 2475 to 30 years), for type A groumiti//essel.mi.ingv.if (Meletti and Montaldo 2007)

9 Colour code: scenarios descriptor of damagtates

The colours relate to the cells of the matrix are describing the damage scenaricsxgiainthe possible
damage statehat building can be reached given its vulnerability for a geereedancén 50 yearsThesix
damage scenari proposed are recompuéed here retaining similar descriptisnusing by EMSS8
macroseismic scaleAppendix10.9) and the damage classification proposed by Novelli (2017) (Appendi
10.10. Contrary to the EMS8 scale, which provides damage thresholds and not distinct classes, we added
0KS {SOSNB 51 YI3IS 6{50 f{SPFEIBO2ANLEKIBYRNYRS(i8 4K
by Novelli instead. Hence it permits to clearly distinguish also intermediate levels of damage.

In addition, qualitative correlations between damage states and possible damage extent reporting the
definition dewloped by Novelli, in terms of % of macroelement of a building facade, that represents the
percentage of mobilised fagade and floor structure participating in failure mode (as resulted from FAMIVE
analytical method), and Artese et al. (2019) that providgemmetrical relationship, developed from
empirical approach, referring to the height of the building fagade.

Other authors have discussed hawdzA £ RA Yy 3Qa RS0 NR & LIS NIDehgesitheRBectizgey (1 K S
emergency pathavailability but thesewill be widely discussed in D122. For the purpose of the current
definition of damage scenarios, the relevant assumption is tlambage levels less than D4 do not produce

road clutter due to the ejected material, so that we indicate damage extent (Dg)fonCollapse (C) and

Near Collapse (NC) damage state.

Levelof | Damage state Damage scenario description Damage extent (De)
damage

Artese (m) Novelli (%)

Total collapse of entire building or large parts 2/13H 80% De< 100%
walls (67%height of facade) of macroelement
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- Serious failure in fagcade and in gable walls

- Gomplete detachment between fagcade an
party walls

- Partial structural f(.;ulure of ro9f and floors 40% De < 80%
- Large and extensive cracks in most walls
SEVERE - Partial detachment between facade and par

DAMAGE walls

of macroelement

1/3H
(33% height of fagade)

(SD) - Fall of most nosstructural elements
00KAYySeas RSO2NI GADS
- Moderate cracks in many walls 0% De <40%
- Partial collapse of chimneys of macroelement

- Slight cracks in few wajls

- Detachment or fall of large pieces of plaster
- Fall of some parts afon-structural elements
- Detachment or fall of small pieces of plaster

DO NO DAMAGE

- Detachment of few tiles or bricks from uppég
(ND) parts of buildings
Table4: Damage scenarios of MDDamage matrix
a. Discussion and development of chosen damage matrix parameters

It is worth clarifying the choice of some parameters adopted to develop the proposedddihage matrix,
in order to provide an overall insight of the rationale underpinned.

Return Period (RP)

The relationship between RP and the probability of exceedance (P) is computed by the ed@ation
(Sabetta and Paciello 1998¥ktimating the trend of the average return period (T) or the frequency of
exceedance (1/T). This means that it describes the probability of such a seismic event occurs given a return
periodTin a reference period. Using this relation is possible obtaining statidtaraalysis ofthe probability

of exceedance (P) choosing for first the reference petiod

0O pl p Q 9)
The reference period is established by Italian building code (NTC2018) expressduy agiation (10); it
may take a different value because it depends on the choidé ahd Gy, explained in Appendik0.11 So

that the RP established by NTC2018 trough equald) that explain the relation between the reference
period (VR) and the probability of exceedance (P).
w w 0 (10)

Y0 - (11)

Therefore, theTable5 provides all the possible values of RP performed by the spreadsheet used within the
NTC2018, considering four levels of P (81%, 63%, 10% and 5%), in order to choose design strategy and
verify buildings seismic performance terms of limit statesMoving from these results, four values of RP

(30, 50, 475 and 975), corresponding to the reference pevigd 50for ordinary class of building&(=1),

have been selected for tr@mplified form of M1g damage matrix.
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50 100

1 s IV 2 i s IV 2

30 45 60 60 90 120

50 75 101 101 151 201
SLV

475 712 949 949 1424 1898
SLC

975 1462 1950 1950 2475 2475
Table5: Return periods performed spreadsheett { LISOG NI § NBalLl2yaSaé¢ o0GSND mdndo

Limit stategLS)

The second step for assigning damage scenario to cells of matrix, has been started by considering the
description of limit state to the four P and RP class providetidban building code (§83.2.1 NTC2018).

fact, as reported bylable6, thesedefinitions aid to define the damage threshold related to each P and RP
aiming at providing damage scenario descriptions. Such damage targets are identified by the following
performance levels: Serviceability Limit State (SLO), Damage Limit State (SLD), Life Preservation Limit State
(SLV), Collapse Limit State (SLC). Given that limit state (LS) are not as detailed as damage state, for each LS
have been associated more than onenthige state. In summary, for ordinary buildingg£\60 and Cy= 1)

NTC2018 assess that for a rare earthquake {45 return period) the limit state that must not be
achieved is the SLV, while damage (SLD) and serviceability (SLO) limit statestrbasbveycome for a

frequent earthquake (5§ear return period).

Limit state P Damage state

SLO| structural and no structural elements a No Damage (ND)
not affected by damage or interruption ¢ 81% | ==y

serviceability Light Damage (LD)

SLD| structural and no structural elements a Light Damage (LD)
affected by negligible to slight damag 63% 9 9
that not affect human safety anfuilding [ Medium Damage (MD)
resistance

SLV| . Moderate cracks and partial fall of n

structural elements Medium Damage (MD)

- Substantial damage of structurg

elements and lack of stiffness to horizon{ 10% | sy Sever Damage (SD)
forces Near Collapse (NC)

- Good performance to vertical forces
- Gritic performancenear to collapse

SLC| - Seriousdamage of no structuralements
- Very heavy damage to structurs Near Collapse (NC)
elements 5% | wmp

- Total or near total collapse Collapse (C)

Table6: Correlation between limit state descriptions (NTC2018) and damagefstaach probability (P) values
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This assumption comes also from the fact that each P and RP encompass large range of PGA values differing

between seismic zones; so that,Tiable7 upper and lower bounds are considered for each damage state in

A % 4 A x

2NRSNJ 2 AyOfdzRS RAALINRGASE 2F SELISOGSR &aRIYIF3S
geographical arem terms of the most possible PGA value occurring.

o | L | o
NC+=C Ao
0,05 < PGA < 0,25
_________ . - ;5,05
SD+ = NC- —
o 0,05 < PGA £ 0,25
SD- = MD+ e
MD+ = SD- e
0,05 < ;GA £0,25
MD- = LD+ o
LD+ =MD- dkifni
0,05 < PGA < 0,25
LD_ =ND PGA<0,05
ND

Table7: Upper and lower bounds per Damage States correlatedrige of PGA according to seismic classificatiBril)§

Hence, regarding to this classificatidar the matrix damage scenarioge assume that for 5§ear return

period, the possible damage state is primarily Light Damage (LD), but, depending on vulnerability classes
and seisnmi zone, its upper bound is represented by MD damage state. The choice between them, given the
vulnerability class, depending on tlepected PGA for the location under investigatitihmeans that for

such seismic event (P = 63%, RP = 50 years) we haxpdot low damage levels that do not affect the
serviceability of buildings. On the other hand, 4#&ar return period (P = 10%) includes higher possible
damage levels from MD to NC.

b. Different usage of matrix
Given that damage matrix encompasses many information, it may be used starting from different input
depending on the purpose and the available dateyure31 shows theHP 1: the first step is selecting the
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vulnerability class from vulnerability index previously calculated; then, choosing between RP is possible to
know all possible damage statase associated to the given vulnerability class with different probability of
occurring. For each RP/P row it is possible to know how the range of possible damage states varies between
different seismic zone and related PGA values within Italian terrifinis way of use is more suitable for
general statistical analysis at largmke.

\

VULNERABILITY

LOW (0 - 25) MEDIUM (25 - 50) HIGH (>50)
975 5% MD+ SD NC- s+ NC c Ne+ C
e B @ B | g 3
- 475 10% D+ MD  sD- iMD+ SD NC | s+ NC ¢
50 63% ND LD MD- ND LD wmD- LD+ MD sD-
30 81% ND LD- ND LD wmD- ND LD wmD-
INPUT DATA: OUTPUT DATA:
STEP 1: Vulnerability class (Medium) D+ = NC- PGA > 025
STEP 2: RP =475 and P = 10%
SD 0,05 <PGA £0,25
SD- =MD+ PGA £0,05

Figure31: HP1 use of Damage matrix

The second way, HPZ® useful to predict buildings performance under earthquake gieespecific
geographicallocation. In fact, we supposed that information about seismic zonation tmg, the
corresponding PGA range of values, are available fronspneadsheett { LISOG NI f NB &Ly aS3
Maintaining as first step the selection of vulnerability class, as the RP/P row is chosen, it is possible to
determine the unique damage state between the bounds of the resulted cell. Moreover, other detailed
information (i.e. spectral response data, mediirange of expected Mw) of the site under investigation are
availablefrom both microzonation studies &2), seismogenic maps availabledtline tools, such aPISS
(Figure3). So that, his second way of use matrix is more suitable for the purpose of the current BE SECURE
project, because it will be focused on real case studies.
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*1

VULNERABILITY

LOW (0 - 25) MEDIUM (25 - 50) HIGH (>50)
975 5% MD+ SD NC- sb+ NC ¢ NCc+ C
2 B B | e B
i 475 10% Lo+ MD  sD- MD+ | SD I'Nc- sp+ NC ¢
50 63% ND LD mD- ND LD mD- Lo+ MD sD-
30 81% ND LD- ND LD mD- ND LD mD-
INPUT DATA: OUTPUT DATA:
STEP 1: Vulnerability class (Medium) SD+ = NC- PGA > 0,25
STEP 2: RP =475 and P = 10% sD 0,05 < PGA< 0,25
Site data: PGA 0,20 g— P2

— 5D:0,15<PGA<0,25

Figure32: HP2 use of Damage matrix

It is worth clarifying that,ni recent years, several relationship and equations to correlate Return Period to
ground shaking parameters have been developed by authwgertheless, given that these parameters
differ considerably from geographical location and are strictly dependent on site condition, there is no one
correlation that is unambiguously accepted and recognized by entire scientific community.

This fact is oa of the reasons that lead us to choose Return Period and Probability of exceedance as
parameters of the current Damage Matrix, because they are objective and suitable to be connected to
further developments of ground shaking descriptarsed models, suchsathe upcoming hazard maps that

will be performed by MPS1&3.3).

7.2 M2 - Consequences matrix on OS
The consequences scenarios maffigure33) provides different possible risk conditions of an open space
under earthquake by analyzing its exposure and damage scenarios. We should point out that, even though
scenarios are described gualitative terms, they are based on assumptions provided by rigorous scientific
analysis. They, hence, supply a hypothetical dimension on the basis of knowledge gained from empirical
studies or analytical models, which are deeply discussed in otheiopieyparts of the deliverable. Within
the current rationale, theisk is a function of the two dimensions portrayed by the matixmanexposure
and damage state. We assume that rows define category of the probability of impact of event occurring
increases as the value of exposure increases, while columns define increasing severity of impacts for
increasing damage states of the analysed area.
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Severity of consequences on OS

v

Damage scenario

Probability

HUMAN EXPOSURE
MEDIUM

Figure33: M2 ¢ Consequences matrix on OS

1 Columnscode damage scenarios on open space

The firststep relies on the damage scenario resulted from the M1 Damage madrixing from left to right,
describes the severity of the impact under seismic evéintlirectly representshow debris falling from
surrounding buildings could occlude the urban pathd ahence influence the usability for emergency
evacuation of people and for the access of rescuers. These scenarios also include the information of hazard
and buildings vulnerability as input of M1 matrix.

1 Rowscode human exposure

The exposure, on the leside, describes the probability of occurrence of higher or lower impact which is
influenced by higher or lower range of people exposEde classification encompasses all factors studied
by the novel proposal for assessing the exposure considering timaimwaimension and urban aspects has
presented in 8.3.

9 Colour code: scenarios descriptof consequences

The consequencéable (Table8) describes the possible scenarios under earthquake based on damage
scenario provided byrable4 and assumption on possible crowding of the open space. These scenarios
highlight which situation prohibit people evacuation and life safety.

Level| Descriptor Scenario descrifpbn

Negligible safety conditionstebrisare such widespread thahe 80% to 1009

of urban patts are completelycompromised.

Serioussafety conditions until the 80% ofemergency pathis occupiedby

debris,andsome routes may be entirelylocked.

Tolerable safety conditions: themergencyis controlled due to the pra&nce
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of few debris falling from some buildings or nstmuctural. But the

evacuation is still guaranteed.

Adequate safety conditions: themergency is carefully managed because
paths are free and safe

Satisfactory safety conditionthe entire urban system is efficient and there
no danger from the surrounding BE.

Table8: Consequencscenario descriptions

8. Conclusion
Finding solution in seismic risk evaluation is one of the greatest challenges faced by engineering nowadays.
This deliverable has underlined theéte seism risk encompasses different tapicom different scientific
fields that require an extensive investigatidfrom the point of view of the hazard, relevant improvensent
have been made at the nation scale and today the greatest part of the Itatianicipalities, in particular
those are in seismic prone aredsmve zonation plans and detailed investigations fritva third level of
seismicmicrozoration. As carefullyexplainedin &, the exposure may involve different type of element
considering at risk due to the purpose of the required analysis. The BE S2ECURE piegeon rel
behavioural models of the people that could be affected by an earthquake, satliea¢xposure elements
have to be calibrated on human and social fact&th this regard, the proposed state of art highlights
that comprehensive studies ohumanexposure models are still missing in literatuesen thoughfurther
attemptsareto improwe innovative tools that take into account the tempodimension of exposure.

The evidence from this work suggests thmanaging the seismic righoints towards the calibration of
reliable procedures for the seismic vulnerability assessmetieiurban fabri¢ with the aim of providing
usefultools for reduction andmitigation strategiesTherefore, thedetailed and comprehensive literature
review of the vulnerability assessment approachakws us todetect positive aspects and limitatiorfer
further applications and improvemesitAs discussed, the approach adopted strictly depends on the scale
of the problem. In particular, empirical methods ameore suitable for large scale investigation because
guarantee accurate results in statistical terms. Instead, analytical models have important implications for
providing detailed analysis of the structural behaviour to be directly correlated to the cporegng
damage stateAlthough these models require a significant computational effort, a wealth of structural data
is alsonecessary for the scoring method. In fact, they substantially differ in calculation procedure, while
often the input data may be theame.

Another critical issueegards the particular condition of BE listorical contextdue to the complexity
derived from the evolutionary process in building aggregates and possible transformations, such as
retrofitting interventions of SU that may fetcts the global behaviour of the aggregat#ith this regard, all
methodologies take into account parameters that encompass these issues, even though the VIM methods
in qualitative termsdue the factthat they arestrongly dependenbn judgments from orsite survey that
hardly can provide detailed information of historical transformati®n. sum up, the critical review has led

us to conclude that for the purpose of the current investigation it recommended the choice of two different
approacles:one from the VIM methodologies, such as Formisano method that has been comparated and
calibrated using also analytical modekhe other one, Mochi and Predari methodhas an empirical
approach but also considers mechanieslsumptiondue to the fact thatthey are based onrhistorical
studies aimed at detecting lack of connection between wallssing the two methods with different
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procedure may lead to achieve a greater accuracy of the results, even thougtedbtey require further

adjustments for finding reliable correlation with the damage state, that is the focus of the D1.2.2.

Since this detailed overview of the main issue involved with the seismic risk, at the final part of the report
an analysis of possible consequencethefearthquake in open sg& has been proposed by adopting two
matrices, as a combination of scenario process and conventionabaskd approach (RBA), in order to
determine the correcinter-relations betweerthe three variables(hazard, vulnerability and exposure) and
ultimately visuali® the outcomeuseful to evaluate risk reduction strategies.
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10. Appendix

10.1 Seismic classification of Italian territory
The current map describes the classification between the four seismic zone of the entire national territory,
divided into Provinces, up to 31/01/202@vailable online ahttp://www.protezionecivile.gov.it/attivita
rischi/rischiesismico/attivita/classificazionsismica
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10.2 GEM taxonomy
The Global Exposure Model (GENMs developed adildingtaxonomy to describe and classify buildings in a
uniform manner as a key step towards assessing their seismidNighin the 130 dzA £ RA y 3, tNel G G N
occupancy features are following reported.

D Level 1 {L1) D Level 2 (L2)
Building occupancy Definition Building occupancy class - detail
class - general

Attribute_ occupPcyY OCCUPCY_DT

Type_Code

[o]a: 1] Unknown occupancy
type

RES Residential

RESS9 | Residential, unknown type

RES1 Single dwelling

RES2 Multi-unit, unknown type

RES2A | 2 Units (duplex)

RES2B | 3-4 Units

RES2C | 5-9 Units

RES2D | 10-19 Units

RES2E | 20-43 Units

RES2F | 50+ Units

RES3 Temporary lodging

RES4 Institutional housing

RESS Mobile home

RES6 Informal housing
COM Commercial and public
COM99 | Commercial and public, unknown
type
COM1 | Retail trade
COM2 | Wholesale trade and storage
(warehouse)
Attribute_ OCCUPCY OCCupPCY_DT
Type_Code
CoM3 | Offices, professional/technical
services
COM4 | Hospital/medical clinic
COMS | Entertainment
COM6 | Public building
COM7 | Covered parking garage
COM8 | Bus station
COMS | Railway station
COM10 | Airport
COM11 | Recreation and leisure
MIX Mixed use

MIX99 | Mixed, unknown type

MIX1 Mostly residential and commercial

MIX2 Mostly commercial and residential

MG Mostly commercial and industrial

Mix4 Mostly residential and industrial

MIXS Mostly industrial and commercial

MiIXs Mostly industrial and residential
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IND Industrial
IND99 Industrial, unknown type
IND1 Heavy industrial
IND2 Light industrial
AGR Agriculture
AGR99 | Agriculture, unknown type
AGR1 Produce storage
AGRZ | Animal shelter
AGR3 Agricultural processing
ASS Assembly
AS599 | Assembly, unknown type
ASS1 Religious gathering
AS52 Arena
ASS3 Cinema or concert hall
ASS4 Other gatherings
GOV Government
GOV99 | Government, unknown type
GOV1 | Government, general services
GOV2 Government, emergency response
EDU Education
EDU99 | Education, unknown type
B | EDUT | Pre-school facility
EDU2 School
EDU3 College/university, offices and/or
classrooms
EDU4 College/university, research facilities
and/or labs
oco Other occupancy type
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10.3 PAGER taxonomilaiswal and Wald 2008)

The USGSU.S. Geological Suryewithin PAGERroject (Prompt Assessment of Global Earthquakes for
Response)provide abuildingspecific inventoryestimating the average occupancy (day and night) and

average number of units within each model building type

Label  Description Occupants Average No. Source of Data
Work Night of Units
Hours Hours
w WooD Sw 10 Swld 1 EERI (2007)
Wi Wood Frame. Wood Stud, Wood, Stucco, or Brick <3 5w 10 1 EERI (2007)
Veneer
w2 Wood Frame, Heavy Members, Diagonals or Bamboo >20 =20 7 EERI (2007)
Lattice, Mud Infill
W3 Wood Frame, Prefabricated Steel Stud Panels, Wood St 10 5w 10 | By Judgment
or Stucco Exterior Walls
W4 Log building Sto 10 1010 20 3 EERI{2007)
S STEEL 10 t0 20 =20 6 By Judgment
S1 Steel Moment Frame 10 10 20 =20 6 By Judgment
SIL Low-Rise Sto 10 10010 20 6 By Judgment
SIM Mid-Rise 1010 20 =20 8 By Judgment
SIH High-Rise > 20 500 45 By Judgment
S82 Steel Braced Frame >20 >20 70 By Judgment
S2L Low-Rise Sto 10 10010 20 6 By Judgment
SIM Mid-Rise 10 1o 20 >20 8 EERI (2007)
S2H High-Rise > 20 500 45 By Judgment
53 Steel Light Frame =20 =20 70 By Judgment
54 Steel Frame with Cast-in-Place Concrete Shear Walls =20 >20 80 EERI (2007)
S4L Low-Rise St 10 1010 20 6 By Judgment
S4M Mid-Rise 10 to 20 =20 8 By Judgment
S4H High-Rise =20 500 45 By Judgment
85 Steel Frame with Unreinforced Masonry Infill Walls >20 > 20 70 By Judgment
S5L Low-Rise Sto 10 1010 20 6 By Judgment
55M Mid-Rise Sto 10 1010 20 4 EERI (2007)
S5H High-Rise =20 500 45 By Jud
C REINFORCED CONCRETE 10 10 20 > 20 6 By Judgment
Cl Ductile Reinforced Concrete Moment Frame 1010 20 =20 6 By Judgment
CIL Low-Rise S5wl0 1010 20 6 By Judgment
CIM Mid-Rise > 20 >20 60 EERI (2007)
CIH High-Rise >20 =50 30 EERI (2007)
C2 Reinforced Concrete Shear Walls =20 =20 70 EERI (2007)
C2L Low-Rise Sto 10 1010 20 6 By Judgment
C2IM Mid-Rise Swl0 =20 16 EERI (2007)
CIH High-Rise > 20 500 45 EERI {2007)
C3 Nonductile Reinforced Concrete Frame with Masonry =20 =20 45 EERI (2007)
Infill Walls
C3L Low-Rise <3§ St 10 12 EERI (2007)
CiM Mid-Rise 1010 20 >20 10 EERI (2007)
C3H High-Rise =20 =20 30 EERI (2007)
C4 Nonductile Reinforced Concrete Frame without 1010 20 =20 6 By Judgment
Masonry Infill Walls
C4L Low-Rise St 10 1010 20 6 By Judgment
C4M Mid-Rise 10 10 20 =20 10 By Judgment
C4H High-Rise > 20 500 45 By Judgment
£ Steel Reinforced Conerete (Steel Members Encased in 1010 20 =20 6 By Judgment
Reinforced Concrete)
C5L Low-Rise 51010 1010 20 6 By Judgment
C5M Mid-Rise 10 10 20 =20 10 By Judgment
C5H High-Rise > 20 500 45 By Judgment
PC1 Precast Conerete Til-Up Walls =20 > 20 150 EERI (2007)
PC2 Precast Concrete Frames with Conerete Shear Walls 1010 20 =20 6 By Judgment
PC2L | Low-Rise St 10 1010 20 6 By Judgment
PC2M | Mid-Rise > 20 >20 100 EERI (2007)
PC2H | High-Rise =20 =20 60 EERI (2007)
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RM REINFORCED MASONRY <5 Sto 10 2 By Judgment
RMI Reinforced Masonry Bearing Walls with Wood or <5 S5to 10 2 By Judgment
Metal Deck Diaphragms
RMIL | Low-Rise <5 =20 20 By Judgment
RMIM | Mid-Rise (4+ stories) 1010 20 =20 6 By Judgment
RM2 Reinforced Masonry Bearing Walls with Concrete 10 to 20 >20 [ By Judgment
Diaphragms
RM2L | Low-Rise <5 >20 20 EERI (2007)
RM2M | Mid-Rise 10 10 20 > 20 6 EERI (2007)
RM2H | High-Rise =20 >20 a0 By Judgment
MH Mobile Homes <5 St 10 2 By Judgment
M MUD WALLS <5 Sto 10 v By Judgment
MI Mud Walls without Horizontal Wood Elements <5 Sto 10 2 By Judgment
M2 Mud Walls with Horizontal Wood Elements <35 Sto 10 2 EERI (2007)
A ADOBE BLOCK (UNBAKED DRIED MU <5 St 10 1 By Judgment
BLOCK) WALLS
Al Adobe Block, Mud Mortar, Wood Roof and Floors <5 5t 10 I EERI (2007)
A2 Same as Al. Bamboo, Straw. and Thaich Roof <5 St o | EERI (2007)
A3 Same as A1, Cement-Sand Mortar =5 Sto 10 1 By Judgment
Ad Same as Al, Reinforced Concrete Bond Beam, Cane Sto 10 Sto 10 1 EERI (2007)
and Mud Rool
A5 Same as A, with Bamboo or Rope Reinforcement <5 Sto 10 I By Judgment
RE RAMMED EARTH/PNEUMATICALLY <5 S0 | EERI (2007)
IMPACTED STABILIZED EARTH
RS RUBBLE STONE (FIELD STONE) MASONRY <5 Sto 10 | By Judgment
RS1 Local Field Stones Dry Stacked (No Mortar). Timber <5 51010 | By Judgment
Floors. Timber, Earth, or Metal Roof.
RS2 Same as RS1 with Mud Mortar. <3 51w 10 1 EERI (2007)
RS3 Same as RS1 with Lime Mortar. 51010 101020 7 EERI (2007)
RS54 Same as RS 1 with Cement Mortar, Vaulted Brick Roof <5 Stw 10 | EERI (2007}
and Floors
RS5 Samc as RS | with Cement Mortar and Reinforced 5o 10 10 to 20 2 By Judgment
Conerete Bond Beam.
DS RECTANGULAR CUT STONE MASONRY <3 S0 10 2 By Judgment
BLOCK
DS1 Rectangular Cut Stone Masonry Block with Mud <35 St 10 2 EERI (2007)
Mortar, Timber Roof and Floors
DS2 Same as DS1 with Lime Mortar <5 5w 10 2 By Judgment
Ds3 Same as DS1 with Cement Mortar <5 S1010 2 By Judgment
Ds4 Same as DS2 with Reinforced Concrete Floors and <5 St 10 2 By Judgment
Roof
UFB UNREINFORCED FIRED BRICK MASONRY Sto 10 1010 20 1 By Judgment
UFB! | Unreinforced Brick Masonry in Mud Mortar without <5 5010 1 EERI (2007)
Timber Posts
UFB2 | Unreinforced Brick Masonry in Mud Mortar with Sto 10 1010 20 1 EERI(2007)
Timber Posts
UFB3 | Unreinforced Fired Brick Masonry, Cement Mortar, 5to 10 10 to 20 5 EERI (2007)
Timber Flooring, Timber or Steel Beams and
Columns, Tie Courses (Bricks Aligned Perpendicular
to the Plane of the Wall)
UFB4 | Same as UFB3, but with Reinforced Concrete Floor 5t 10 =20 64 EERI (2007)
and Roof Slabs
UCB UNREINFORCED CONCRETE BLOCK Sto 10 >20 8 EERI (2007)
MASONRY, LIME/CEMENT MORTAR
MS MASSIVE STONE MASONRY IN Sl >20 13 EERI (2007)
LIME/CEMENT MORTAR
TU PRECAST CONCRETE TILT-UP WALLS (same S5wl0 >20 8 By Judgment
as HAZUS Type PCI in Developing and Undeveloped
Countries)
INF INFORMAL CONSTRUCTIONS (parts of <5 5w il0 1 By Judgment
Slums/Squatters)
Constructions Made of Wood/Plastic
Sheets/Galvanized Iron sheets/Light Metal or
Composite etc., not Confirming to Engineering
Standards.
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10.4 UNI 10339:199% crowding index per m2
Thistable provides crowding indexreferring to such building functions typologies. The indices explain the
amount of people per one fof surface. They must not be mandatory but, if real data are not available,
these values are useful as reference for projects. They are not refertedrtsit zones

BUILDING CATEGORY CROWDING INDE
BUILDINGS USED FOR RESIDENTIAL PURPOSES ANDC

PRIVATE DWELLING
- living room, bedroom 0,04

SEMINARY, COLLAGE, PENITENTIARY, BARRACKS

- living room 0,20
- conference room 0,60
-dorm room 0,10
- bedroom 0,05
HOTELS

- hall, living room 0,20
- conference room (small) 0,60
- bedroom 0,05

BUILDINGS FOR OFFICES AND SIMILAR

- single office 0,06
- open space office 0,12
- meeting room 0,60

HOSPITALS, CLINICS AND SIMILAR

- critical care rooms 0,08
- sterile rooms 0,08
- medical office 0,05
- clinic 0,12

BUILDINGS USED BY ASSOCIATIONS, FOR R
PURPOSES AND FOR RECREATIONAL ACTIVITIES

THEATREONFERENCE HALL, CINEMA

-rooms 1,50
- hall, ticket office 0,20
- waiting room 1,00

MUSEUMS, LIBRARELIGIOUS PLACE
-rooms 0,30
- religious rooms 0,80

BAR, RESTAURANTS, CLUB
- bar 0,80
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- restaurant room 0,60
-club 1,00

COMMERCIAL BUILDINGS AND SIMILAR

- shopping centre 0,25
- shops (grocery, clothes, shoes, furniture) 0,10
- beautyshops, pharmacy, public and bank office 0,20

SPORTS FACILITIES AND SIMILAR

- swimming pool 0,30
- sauna 0,50
- soccer field 0,20
- bleachers 1,50
- bowling 0,60

BUILDINGS FOR SCHEBBLATED ACTIVITIES

- kindergarten 0,40
- high school 0,45
- university 0,60
- laboratory 0,30
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10.5 Fire Safety Code (D.M. 3.8.20%8%.4.6.2 ¢ crowding index (person/m2) or criteria
This table provides crowding index criteriareferring toseveralbuilding functionsand activities They are
expressed in terms of the maximutkensity permitted.

BUILDING CATEGORY CROWDING INDEOR
CRITERIA

Entertainment public space (without seats)
Space for exhibition, temporary events, demonstrations 1.2
Restaurant area 0,7
Area foreducational activities or laboratory (without seats)
Waiting area 0.4
Public office
Small business, retail shop (grocesic.)
Medium business or large retail shop
Business activities and shop (excluded grocery) 0,2
Library, reading room, archives
Clinic
Private office

) 0,1
Store, nonretail shop
Small business activities asgecificretail shop(excluded grocery)
Residential dwelling 0,05
Parking 2 person per car
Care rooms 1 person with 2

accompanying person
Area for seats or beds (conference room, educational room, dg
N. of seats or beds
room, etc.)
Other activities N. of users
(staff + visitors)
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10.6 Summary of vulnerability assessment methodologi@sovelli 2017)

The table summarize the main methodologies developed for the seismic vulnerability assessment
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