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Abstract

Guaranteeing the safety of populations within the built environment constitutes an essential
aspect for the engineerdowever, populations are more exposed to sudnhset natural

disasters if they are in the built environment, where they live, work, and gather. Among
natural disasters, earthquake is one of the most hazardous due to the visible induced effects

on the summundings. Due to the impossibility to predict those events, the emergency planning

before the disaster and its management in the aftermath embodies the preventive aspects on
which this research is focused. Nowadays, -mslgating solutions were widely
implemented by Civil Defence Bodies of different countries. However, the adopted strategies

(e.g.: guiding people towards safe areas, provide tenfirst aid, improving building's

strength) can result incoherent with the real emergency that may occdictiRge
environmental modifications (e.g.: damages) and human reactions (e.g.: evacuation choices)

to such stimuli could allointervening nci si vely on citizensd safety
delineates a methodological framework able to collectsassad predict the effects of all

the riskinfluencing factors. Speditive methodologies for scenario creation are developed to

derive data at the urban scale without consuming excessive resources and time. In this way,

the built environmerg physical vuherabilities and human expostredated factors are

evaluated and simulated. Finally, a resilient metric to interpret the collected data is obtained

to having knowledge of wurban centre criticald@
and, atthesaen ti me the rescue teamsd i n-teducterent i on.
solutions are tested on a paservention scenario by iterating again the outlined process.

The elaborated workflow can support public administrations in emergency plansaedac
Meanwhile, the collecting data process (where the adopted methodologies can be replaced)

can be employed in simulatidrased activities aimed at scenarios prediction. Although this

study takes widely into account the humzased approach, future warishould perform

additional analysis investigating how a human being can be directly influenced by the
introduced risk reduction solutions (e.g.: wayfinding signs presence, shaped obstacles to
avoid congestions, rescuers intervention) in simulation enwviets.
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Chapter 1

| ntroduction

Recent natural disasters have rekindled the debate on inhabitant safety levels and the
introduction of sustainable solutions to mitigate the risk and to makere resilient Built
Environment (BE). Sudden onset disasters such as earthquakes cannot bedpredicte
populations in their daily life cannot be forewarned, and the Built Environment, (especially
the historic one) which host such individuals, can hide multiple criticalities. Such statements
have the aim to highlight how the counting of victims and iegican be dramatic in the
aftermath of such unpredictable events, and above all, how this number can be reduced by
intervening promptly in the first phase of the emergency. Safety planners with their employed
tools currently do not take into consideratadhthose risk components that could drastically
influence the evacuation process.

Currently, widely encouraged are preventive action and thefoeethintenance of the BE
elements, which mainly coincide with those vulnerable buildings where to direct
refurbishments. Nevertheless, this is not enough, additional aspects could impede the
evacuation of the survivors and the intervention of the rescue teams in the immediate
aftermath of an event. The conditions of the urban street network for instancehafter
earthquake, must be predicted in order to avoid impediments due to ruins obstructions (due
to buildings collapse) and structural weaknesses of the infrastructure itself (e.g.: retaining
walls, bridges, underground cavities). In recent decades marngshale developed several

tools to inquire about factors influencing the seismic risk in historic urban centres. At the
same time, different methodologies to assess the reliability ofedikction solutions are

been proposed. However, these works shdaddaimed at keeping under control wide
scenarios at the urban scale. To do that, desktop mapping services and remote survey tools
should be pursued. The results should promote rapid and easy to use assessment
methodologies by avoiding expensive and ticoesuming field surveysNowadays,
emergency management and safety planners have to face the evacuation process by
consideringhot onlythe BEelements but also thaisers (i.e.: citizens) at the centred of their
solutions preferring behaviourbhsed apmraches. Hencetypical and specifichuman
behavioursperformedin emergency conditiongan heavily influence the evacuation
Additionally, the eventual presende the BEof individuals withscarce familiarity with

places or affected byhysical impairmergtslows down thedynamicsprocess towards safe
points (e.g.: assembly are&specially in the case of overcrowded open spemeditions

On such basis, a completad holisticworkflow is hereimplemented to collect all the
necessary data to create urbaremergencyscenario the more similar to the realifyo this

aim, simulationbasedtools to detect the weaknesses of the Built Environment and the
criticalities of the hosted populati@re enployed Finally, on such basiggsilient solutions

to mitigate the risk and to improve the inhabitar

and tested.



1.1 Background

First of all, many studie$81 10] converge on the definition of thedffective component that
constitutes the riskThe formulationR=HVE provides the main risk components (i.e.:
Hazard Vulnerability and Exposure)lwo of these(H and V) are widely discussd and
analysedThe hazard is located at the gerdf past studies regarding the physical entity of

the natural events, the ways to measure their severitythairegffects onthe environment.
Although the hazard constitutes a fundamental element to take into account in this thesis, it
will be not furtherly discussed/ulnerability for instance accordingto [11], is subdivided

into physical vulnerability as the vulnerability of the physical environmeahd social
vulnerability as experienced by people and their social, economic, and political systems.
Social vulnerability is then subdivided iniadividual vulnerability (this study mainly
focuseson) and collective vulnerabilityregarding the whole communityinally, the
exposure in general, is focused on the human presence, on the number of people, on the
historic and artistic heritage and to the presence of relating sef9]ces

Physical vulnerabilityn earthquakemainly concerns thphysical and structural featuret

the Built Environment Different studies in literature based on the seismic vulnerabilities
inquire about structures weak points, low quality of construction materials, and the resistance
capacity to seismic actions of buildings and all the maxtle structures and infrastructsire

(e.g.: urban streets, bridges, tunnels, retaining walls, and embankments) that compose the
BE. Several approaches are been proposed in the literature: empirical, analytics,
macroseismic etcetefd,12,13] They can be subdivided, for our scopes, in relation to the
quantity of processed data having consequences obviously in the detailed levels of obtained
results from the m@alysis. The present study is mainly focused on those approaches that
require fewer data to collect and analyse and contextually, methods that permit a rapid
application are preferred to inquire about emergency issues at a wide urbaSpeatbup

the curenty available processde detect and assess BE elemépltgysical vulnerability is

one of themainaimspursued in this work

Social vulnerability according tg14], caninclude humanrelatedfactors such as physical
features of individuals, their psychological and behavioural aspsnte these elements

c o mp o s set df bharactérigts and circumstances o f i ndividuals and comm
towards the damaging effects of the considered disaster hBRemmlés characteristics (e.g.:

age, genderdisabilities, difficulties in motion[6], health fragility [15,16], culture,
socioeconomic status tfie household17]) and peoplé sesponse to the hazaitB] (e.g.:
susceptibility, disaster preparednessping capacity, which also refers to thieghavioura
aspects and their reactions) can influence positieelypegatively their propensity to be
threatened by disaster effe§1®]. These elements can be evaluated for the whole disaster
prone community(collective vulnerability eg. evacuation and emergency management
issues; social issueat the community scale) and the specific individdaidividual
vulnerability, eg. behaviours, gender, age, health fragility, other features and motion
quantities).In earthquaks, for instance, the exposure is strictly related to the presence of
personsn a specific environmerjf0] defined as risky for human life (e.g.: the total number

of people, eventual overcrowding conditions, and how many people are in proximity to the

2



seismogenisources)Recent literaturf21i 23] has started to analytieebehaviourairelated

issue & the human being under certain striegsconditions of risk A large number of them

are aimedat developng simulation models ablgs,24,25]to predict human motion features

and the overall evacuation dynamic. Such models have to be based on data retrieved from
empirical experiments or deted from real emergencies recorded around the world
However, sme limits are related to the practical employments of such simulation outputs
and how advantageous instructions to emergency planners can be.derived

Exposureis known aghe presence and numbof people, property, livelihoods, systems or
other elements in hazard areas (and so thereby subject to potential lobsm=)over, he
presence in stricken areas of industrial and manufacturing activities and commercial
transportation systemsould lead to economic losses and the interruption of productive
capacity as a consequence of disastrous g2éhtslowever, such economic aspects are not
encompassed ithis thesisIn earthquaks, for instance, the exposure is strictly related to the
presence of persons in a specBE prone to such evenf20] the occurring of additional
situations canxacerbate the exposuieg.:high-density population areasyentuapresence

of mass gathering events that contributes tangiwrigin to overcrowding conditionsand

the proximity of such peopldo the risk sourcesExposureissues caralsoconcern upan

paths and arsawhen citizens paseroughrepetitively or when they remain there folong

time. Therefore, the concept of exposure can be connected to the number and human presence
in the proximity of the risk source for a specific instatdowever,limited are the studies
focused on how to acquire such information in a rapid way. This necessity could be pursued
by starting to inquire about the intended use of the BE elements that are strictly related to the
citizensd occupation of the urban areas.

1.2 Work aim

This thesis is focused on those risk components, mainly vulnerability and exposure, related
to seismic disasters in urban areas that have important consequences on the Built
Environment and their i n h a Wwiddyadebatedditeraturef e .
studies that inquire such components and the existing methodologies to assess the
vulnerability and citizens safety conditions currently present some limits. The work aim is to
delineate a precise and complete workflow startingifthe collection of all risknfluencing

factors from a holistic point of view, from both a Built Environment and behavitased
perspective. Then, the same workflow can guide safety planners through the simulation of
different scenarios able to implemt dynamically the combined effects of multi inputs. The
presented work through the adoption of a safety levels assessment metric is able to construe
the collected data and simulation outputs. Thanks to this, sceoéticalities are evinced,
specificinterventions on the BE are predisposed, and evacuation strategies for occupants are
proposed. By reiterating this workflow with the introduced solutions, planners are able to test
their efficacy and reliability. These last series of mentioned steps cannis&lered the
innovative and tangible contribution of thiexhaustive work towards programmed
emergency planning and evacuation management in adherence to the reality to make the
environment where we live more resilient.

L https://www.preventionweb.net/risk/vulnerabilitgst acces$9/11/2020

3

\Y


https://www.preventionweb.net/risk/vulnerability

1.3 Methodological framework

The main aim of this thesis, according to Sectlop is to delineate avell-determined
workflow to be followed during the entire process. To do this, the PDCA (BanCheck,
Act) approachdescribed irFigurel) is adoptedas a general operational framewankich
has been used by previous works for disaster safety and emernganagement evaluations
[27129]. The work proposed below idevelod following such steps. The presented
methodologies elaborated by the author casitigularlyconsidered as supporting weiflor
the final implementation of the workflawifferent case studies will be employed for tegti
each developed methodology, thethodological frameworkere presentedill be then
implementedn an additional case study at the end of the thesis. Indeed, the methodologies
described below are aimed at obtaining data on urban scenarios pronadoaas and to
assess thateractions between individuals and: (i) the urban scenarios, buildindselated
earthquakénduced modifications, especially in relation to the evacuation path conditions
(e.g.: debris formation due to damaged buildings stnekt network vulnerability); (iijhe
emergency management system, including evacuation plan aspects (e.g. positions of
assembly areas); and (iii) other individugdynthetically the workflow can be resumed as
follow:

1 PLAN the action by creating scenasifor safety assessment analysis

1 DO by performing evacuation simulation

1 CHECK the safety levels by analysing simulation results

1 ACT by proposing risk reduction solution

PLAN. The definition of possible emergency scenarios for urban centres should ithelve
characterization of the physical scenario. In order to speed up the urban scale application and
the definition of different scenari¢80], the use othemore expedite collection, assessment,
evaluation and representation approaches is preferable. From the BElsddeveloped
methodologies in Sectiora2.1and 2.3.1 can support the da collection process to the
scenarios creation task. The behaviolnaded approach described in Sec8dhlallowsto
include exposureelated issues to quantifig human presence in the environment.
DO. The evaluation of safety levels fure exposed population in immediate aftermath
conditions should be performed by adopting validated evacuation simulation models and
related software toolf6,31,32] that should jointly analyse both the earthqueddriced
scenario modifications and the evacuationcgss. Regarding the evacuation process, it
should be evaluated from the anal-mgosdiiied o f the 1 nc«
conditions that can be based on the considerations outlirgstiion3.1
CHECK. After simulation implementatiorthe quantitative analysisf dheir results is
performed through Key Performance Indicators (KPIs). KPIs are essentially based on a
humancentric metrics standpoifi23,34]and combine main factors to evaluate the scenario
criticalities for both building vulbpatter abil ity ar
conditions in evacuation strategies and related safety levels. Such results can be represented
through indexes for the overall urban fabric and represented throughaisk to quickly
localize specific risks for each urban component.
ACT. The final step of this workflow is to consider the fisitigation strategies by
implementing them to the iniligcenarios by creating a péstervention scenario and so to
close the PDCA cycle by going back to the very first stage of the process. Proposed strategies
4



come from literature and experimental eviderlcased, for example, concerning: building
retrofitting interventions; evacuation planning (tkeposi t i on of assembl y
accesspatts, evacuation path definition); preparedness and population awareness; and
emergency management, including support to population (i.e. wayfinding signage
implementationthe position of rescuers on the urban layout, etc.).
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1.4 Phases

The work aitlined below § organised in théollowing manner made byhteemain phases
developed in the next three chapters (2, 3 andA\#gr this first chapter (introduction),
chapter 2 and chapter 3 collextseries ofassessientand data collection methodologies
subdividedinto two main themesegarding the Built Environment (mainly buildings and
open spaces) and the human presence in it. The work here performed constitutes the basis for
the operational framework reproduced in the last chapiEretmethodological sectisand

the results arkereoutlined in the following way(M) stands for Methodology and (R) for
Results.

18t Chapter It contains the introduction, the background knowledge, and the presentation of
the work aim that is expected in this thesis and the methodological framewariptoyed

in the overall research activity;

2"dChaptetrA | arge part of the present work is widely
to Sectionl.3above.n detail this chaptecontairsthe development and testingrapid and
easyto-usemethodologesnecessary to assess and collect all the data némdbdscenario
creation task. Hre, the physical vulnerability assessing methodologies are provided from a
Built Environment point of viewSectiors 2.2.1(M) and2.2.2(R) regard buildings related
aspects, while Sectie2.3.1(M) and2.3.2(R) investigatethe availability of the urban paths
network

39 Chapter Section3.1is deeplyfocusedon human behaviosirelated aspesitnfluencing

the emergencyWhile, in Sections3.2 (M) and 3.3 (R) the Behaviourabased approach is
presented.Sectiors 3.2.1 (M) and 3.3.1 (R) converge onindividual vulnerability and
exposurerelated factorslata collection.

4" Chapter Sectiors 4.2 (M) and 4.3 (R), try to give tangible employment ddll the
informationand data about thésk-influencing factorsevaluated above in order to conclude

de PDCA cycle byiDoing, Checking and Actingin the view of emergency management
and planning from a holistic and reliable perspective. The outputted metric is aimed at
pursuing the objectives declaredSactionl.2by taking advantages of the propaedeutic work

of thesecond and third chapters



Chapter 2
The Built Environment

2.1 A panoramic on the seismic risk evaluation of BE
composing elements

Historical urban centres are nowadays fragile and complex systems to preserve from

disastrous events. In such places, historical buildings can highly suffer from direct damages

and losses (to the hosted artworks, source of attraction for tourists) and relatetssaésty

for the hosted population (hence inhabitants and tourists), at the whole urbaf3Stale

However, buildings are not the only elements to take into considertideed, the Built

Environment (BE) can be defined a network of (1puildings(that could benonumental

with historicartisticcultural featurese.g.: govern palaces, churches, monasteries, bell

towers, obelisks, theatres, castles, triumphal archetsiah bridgesor ordinary, embodied

by common dwellings or modern public facilitigg6]), (2) open space&hat are the main

urban voids, such as squares) andu@®an paths(facing buildings and connected open

spaces, sth as the urban streets, which can be used by evacuees and rescuers to move into

the earthquakeamaged scenari¢37i 40]. Mutual interactions among such elemeatsl

specific factorscharacterizing historicemtrescould lead toexacerbahg the urban fabric

complexity in emergency conditionfl3,39]. A syntheticand not ekaugive list of such

aspects is here providea) interactions between buildings placed in the same urban block or

even composing the same aggregate; b) urban fabric characterization essengdllyrtiee

narrow and tangled street network; c) possible related streets blockage due to debris
formation; d) streets instability because of soil
and rescuersdé mobility in the immediate after matt

From thisoverall perspectivanquiring the seismiwulnerability of buildingscanassume a

key rolein emergency planningdany methodologies have been developed in this direction
with the aim to predict what are the possible earthgiradheced effects and damagethe

full historical city centre scale. Among such methodolofflés42], mechanical methods can
provide accurate data on building features, vulnerability and possible damages (and
mechanismg]12], but, for widescale applications, they usually imply huge costs for surveys
and specific analysis on buildings (mainly performed by Hiiglned technicians), and are

very timeconsuming[43]. Suchanappr oach can easily collide with
availability for local government authorities. On the contrary, empirical meitimciading

the macroseismic onespn be quickly adopted #te urban scale to quantify buildings
vulnerability[3,44,45] Such methods are based on a rapid assessment of leading features of
buildings. They preferably limit the investigation level to data that can be retrieved by using
external inspections or Bdings database analysis (i.e.: the lowest detail limit is represented
by building typology{7]). Although, data from indoor surveghouldbe needed (e.g.: walls
distance, thickness and connections, foundations levels and e the present thesis
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aimed ademorstraing how qualitative information can be collecteithout in situsurveys
Byapphying and testi ng raliabfedaaia vunerabifitypevatuaticate o
obtaired[46].

Vulnerability assessment methotkn support emergencyauining by tracing vulnerability
maps44,47] Such maps embody the role of providing a quick representation of which areas
could suffermore significant earthquakaduced problems related to building features.
Usually, they can be also linked with the aim to list intervention strategies with different
priority on specific building$39].

To do thiswith effective resultsthese mapshould interest wide urban are&kowever,a

large partof the well-known and most reliable vulnerability assessment methodologies
assume the single structural uhttsat compose the buildings aggredai the objectives of

the analysisHence,transferring the inspection from single structural unitgh® whole
aggregate without lacks in terms of vulnerability estimation could be coadidesmart
solution to speed up the evaluation process of the whole BE. A rapid model to convert the
seismic vulnerability indexes of each structural unit (startinthbyalues obtained with this
method[3]) into the seismic vulnerability index of the whole building aggregaéssential

in this casg39]. Such rapid scale passage can reduce the requested of resources in money
and time avoiding the application of additional methodologies imguimaggregates
vulnerability. Moreover, organizing information about vulnerability level atstede of the
aggregat could be useful to predict emergency path conditions in the aftermath of a
disastrous event.

Earthquakeinduced modificationto theurban fabric can influendbe effective safety levels
for the population moving along evacuation paths and the related possibility to reach safe
areaqe.g.: no possibility to reach assembly points because evacuation paths could be blocked
bydebris)inwni ch i ndividual s coul d r[28A&850NvDebris he f i r st
formedfrom building collapsecould be added tstreetpavement cracksr landfailure by
provoking additional risks foc i t i z e ns 6a nedv arceusactieorns & access to
scenarid30,51 53]. According to a general risk assessment appr{g&ido], the evacuation
path risk depends on the combination between:
1 hazard, mainly in terms of soil category, morphology and topography, local
amplification phenomena also related to the position of the historical urban fabric
(e.g.: on theop of ahill) [54];
1 physicalvulnerability as a function of: intrinsic vulnerability, which relates to the
elements comming the street itselthe related infrastructural elements (i.e.: street
pavements, foundations, embankment, and lifeli®8] and the interfering

2 Structural unit (SU)The Structural unitmust have continuity from heaven to earth as regards the flow of vertical
loads and, as a rule, it will be delimited either by open spaces, or biusatjoints, or by structurally contiguous
buildings but, at least typologically, differefiNTC2018 8§.8.7.1)

3 Buildings aggregate (Agg¥nornhomogeneous set of buildings (structural elements), in contact or with a more or
less effectiveconnections, which can in general interact under a seismic or dynamic action. A structural aggregate
can therefore be made up of a single building [...] or of several merged buildings, generally with different
construction features Italian Civil Protectio Department definitionhttp://www.protezionecivile.gov.it(last

access 019/11/202Q
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elements, such as underground structuf@®)s6] extrinsic wlnerability, which
refers to the elements that do not directly belong to the path itself but can
compromise or block it (i.e.: buildings that can collapse by blocking facing streets
because of debris formation) due to the typical scenario of historicerityes (i.e.:
narrow streets with high facing buildings; network complexity);
1T exposure conditions (i.e.: higdathadilgnsi ty of <ci
events)57,58]

Methodsfor estimating thénfluence of extrinsic vulnerability have been largely debated, by
proposing different methodologies for building vulnerability assessnig®it61] as
described abov& hereforemacroseismienethods seem to lmore suitable for urban scale
applicatiors because their application is based on gasyetect building parametef3]. A

quick methodology fomssessing the seismialnerability of paths networkybconsidering
interferences with building damages was also proppHed

On the contrary, few workequired aboutintrinsic path vulnerability. Previous studies
principally focusedb n  p metwork éapabilities evaluating earthquakduced effects in

terms of variations on possibigffic flows or socialeconomic consequees generated by

one or more unusable patféR]. Other approaches dealt with particular structural features
(i.e.: technical provisions, structural project, soil compaction rather than liquefaction) of
highway networks systems, by focusthgir attention on typologies whose presence in urban
fabrics (especially in historical onedp limited (i.e: trenches, embankments, bridges)
[53,63. Otherresearches proposed to analyse the paths network by separately considering
intrinsic and extrinsic vulnerabilities for each composing elerféhit The application of

this methodology needs a detailed description of each path link, by including specific local
surveys and related data collectiprocesses that could not be quickly employed in a-wide
scale assessment. Similar methods adopt empirical and quick analysis criteria at the overall
urban fabric scale, by trying to include hazard characterization in terms of soil features and
responsg2].

The intinsic vulnerability features have beatso associated wittheir seismic response
through fragility curve464,65]. Thesecurves describe the possibility for buildings, streets
and pipelines to reach a @t damage state in correspondence to specific earthquake
severity values (e.g.: Peak Ground Acceleratio®GA). In this way, the extrinsic
vulnerability could be combinedith the analysis of intrinsic one by means of combinations

of earthquakénduced &ects. Since this approach associatesfragility curve for each
studied street element, it seems to be quite onerous for application toscaleerban area.
Concerning suchescription of street damages due to earthquake effects, simplified methods
based on discrete damage scal e f oRDSphavehs el ement s
been proposedl]. Correlations between variables characterizing a seismic event (i.e.:
maghnitude, distance from the epicentre and hypocentre distance) and street damages were
provided on real cases observations. Nevertheless, such amsseein ¢ overlookall the

path riskaffecting factors.

Finally, the method fopath risk assessment developed by Téask SAVE project activities

[58] tried to give a preliminary comprehensive overvied tbe riskaffecting factors
concerningheaforementioned emergency pathated issuesn general terms, this method
(called ACherubinids methodod in the following) i :¢
whole historical centre by defining the risk of each composing urban paths elements (i.e.:
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streets; squares; crossroads) this end, differently from previous studies, aspects involving
paths structure and geometrical featiamesmerged tthe ones referring to paths conditions

in terms of traffic and exposure (i.e.: establishing if the path is an interconnectionmrante o
access route, if it is travelled in em@y, and evaluating its average traffic flow). Such
aspects are then combined according to a weighted approach togigfafinal path risk

i ndex. Cherubinidéds met hod of faad msergaevthedrisk capabi | i ti
affecting factors and innovatively includes path exposure issues, but it should be improved
by including the local seismic hazard and the seismic effects osrefaidd to the
infrastructuresCurrently, discussed improvements are nédlgereached only through the
publication[39].

Other typologies of existing studies focusing on urban paths network after an earthquake are
aimedatprovidinga quick methodology totally centtenemergency paths (that is the urban
street) availability prediction in the immediate after the earthquike possibléwo status

that could bedccurred(depending on the interferences due to building deares

1. Abl ockedo, when debris from a considered bui l
path section;
2. Acl ear o, ot her wi se.

In this sense, the emergencams should consider such conditions for each element of the
path, to evidence which patf@6,67] will have to be avoided because they could be blocked
(unavailable) by debris; wild!l maintain their usa
areas and possible inhabitantsé evacuation in saf
In the last decadesapid solutions to esteem the probability that debris falling from
surroundingouildings could partially or totally occlude the urban streets, are widely debated

in theliterature A recent publication has resumed the most valuable tools by comparing them

in the same case stu®3]. Methods based on geometrical aspects are the simplest and quick
to-be applied and they could be collected in the first groupleisn Tablel. They generally
consider that hazardous interferences (leading to possible paths blockage) are connected to
streets local conditions where the ratio betweuildings heightQ and streets widthuf) is

equal or higher than 1. This approach is codified in the analyses of the Limit Condition for
the Emergency (LCE) of an urban settlemf48]. It is worth noticing that, in case of
presence of a courtyard between the building and the street, the courtyard width has to be
added to the overall street width.more restrictive geometrical algorithis proposed by

Ferlito and Pizza since they propose that the path could result accessible only if the facing
building height is lower than the half of street width itself so as to guarantee a free half side
[2]. These methods are quick to be applied but they do nodiediuildings vulnerability or
earthquake intensity/magnitude.

Other approaches try to jointly combine the geometrical aspects to the vulnerability of
buildings assessed through rapid and-tmst methodoloigs The method of69] represents

a first attempt to inquire street accessibility for evacuation in historical scenarios by jointly
combining the importance of street itself (in case it belongs to a path with a strategic function)
and its vulnerability(obtained starting to the worst macroseismic damage grade assessed
among the buildings facing the stre¢thwever, his approach does not directly determine a
condition for paths blockage that leads to predict their inaccessibility.

The second group of wts involves two other alternative approactieat try to relate
different factors (i.e.: geometrical features, earthquake inteasitybuildings vulnerability)
proposing to assess the debris amount produced along the streets from facing buildings
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throuch empirical relationships. For each building facing the street, these approaches
calculate the debris percentage on the facing SQ¥¢%] by jointly considering the effects

of the moment magnitude associatgith the seismic event and the buildmgulnerability.

In particular, macroseismic building vulnerability methods can be applied to ensure rapid
implementation of the approaclror each buildingb, the multiplication between the
calculatedQX and the street width facing the considered buildvd-] allows evaluating

the effectivedebris deptfQ [m] according to the following Equation (1):

Q 0O (1)

According to Equation (1) andh e fibl ockedd path defdiidisi ti o
higher or equal than the street width, t
debris estimation criteridnave been proposed by literature to cal@{@X. The criterion
suggested bys1], calleddebris estimatiorcriterion 1 in the following adoptsthe rapid
methods of2] to define the buding vulnerability. Then, the quantity of building produced
external ruins @X; [%]) is calculated through the experimentabased relationships
reported in Equations (2) and (3):

o w D jO § 2)
i NOX 4] ™ X

O&b cuddp TAY QWYX o TP (3)
p T U p

whereVep [-] is the normalized building vulnerability evaluated thankRicaandMey is the
earthquake moment magnitude of the event normalized for the maximum moment magnitude
expecteMey,max

The criterion suggested §y0], calleddebris estimation criterion & the following, takes
advantages from the macroseismic building vulnerability methofBhyand additionally
considers the buildo height/facing street width ratio to evaluate the debris percentage. It
proposes to esteem the quantity of produced external @kg%e]) from buildings through
theexperimentally baselationships reported in Equations (4) and (5):

@ o D jo y o 4)

- pp o OB o T
Vwb o QY & (5)
whereVe. [-] is the normalized building vulnerability evaluated thanki8joAlthough they

can predict the debris depth, by allowing a punctual estimation of bufldangg path
interferences in a detailed way, these methods reliaislicpnnected to their experimental
database dimension.

The third group of work# Tablel gives the possibility of introducing in the path blockage
prediction algorithm the evaluation of the damage grade suffered by buildings. The method
proposed by71] for reinforced concrete buildings andtemxded to masonry buildings in the

11

n
he

provi c

stree



conference paper Hy2] elaboraing a methodologyo plansafepathsin case of emergency
predicting possible occlusion for Civil Protection imentions. Thanks to a GIS tool the
work proposes the definition of two different buffer zone (equal to 1/3 of buildings height
that suffes by the 4 damage grade and 2/3 of the height for tHedamage grade)
establishing a maximum probable distanca the ejected material can reach, in this way it
is possible to predict which part of thieeetwill be cluttered with debris. The study provides

a novel buildings damage grade estimation method (according to the vulnerability classes
depending on the pe of structurg7]). Then, damage grades are assigneddoyparing the
vulnerability index of a studied building with the established vulnerability thresholds (one
for the 4" and another the5damage grade) for each macroseismic intensity level.

The macroseismic damagémsed methodology proposed[By allowsrelatingthe building
vulnerability to postarthquake damage scenario prevision based on earthquak®&MS
intensity obtaining the related damage grafi§s according to a probabilistic approach
associating theo v percentile of its cumulative distribution functi8]. In such conditions,

the critical debris level can block the facing patho accordingto geometrical ratios as
reported by Equation (6).

6 & ¢ Mipb®0E WREWYH  p Wu TRl GORWY
8 aBdi Y Omi Q

This methodologyequiresthe useof rapid detectable parameters (external inspection, by
evaluating e.g. building typology, geometrical aspects, pédimetric irregularity)that can

be obtained throughhr e mot e 0 i n s psing phHotognaphic @ecumgntation gnd
satellite sourcegy6].

Finally, in literature is possible to find other methods thatdrfocus on oubf-plane walls
failure modes combined to fragility curvg&3] or probabilistic and fuzzy logic analyses of

the potential inteaction between building and rogd®]. Anyway, such models are complex
sincethey require accurate esite surveys (mainly: building geometry including data from
internal inspections; building materials strength) to effectively produce a good estimation of
a single failure model (owdf-plane). Hence, they are not applied to thislg.

Table1l Comparative table of considered methods to evaluate the urban path blockage
where: h is the height of a building facing the street, W is the street wide and k95 is the
damage grade according[8].

Inquired  Limit Ferlito Debris Debris Artese k95
methods Condition and estimation estimation Achilli macroseismic
for the Pizza criterion 1 criterion 2 damages
Emergenc based
y (LCE)
Grouped (1) Geometric (2) Debrisformation (3) Macroseismic damage
by type: approaches criteria based approaches
Ref. [48] [2] [51] [70] [72] [4]
Blocked h/ W O h/(W/2) drui Ws dr ui Ws Damage=4; Qo p ‘@u
o 1 1/3hOW Tl GO0
Damage=5;
2/3hOW
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Clear h/wW <1 h/(W/2)  druins <W  druins <W  Otherwise Otherwise

<1
Influenc Geometric Geometr Vulnerabil Vulnerabil Damage Damage grade
ing al ratios ical ity, ity, grade ag asafunction of
factors ratios Magnitud  Moment function of  Vulnerability,
e, Magnitud  Vulnerabilit  Intensity;
Geometric e, y, Intensity; Geometrical
al ratios Geometric Geometrical ratios
al ratios ratios
Advanta [2] for [3] for [7] [3]
ges from vulnerabil  vulnerabil
other ity ity
studies: estimation estimation

2.2 About buildings

2.2.1 How to speed up the buildings seismic vulnerability assessmetirough
a low time and costconsuming method

As previously saida firemot@® approach is aimed applying vulnerability assessment
methods without local survey and by only using remote data collection tools, so as to simplify
and speed up the vulnerability evaluation process. The approach proposed by this work
adopts desktop web mapping services, pgiEphs and aerial maps to perform remote rapid
visual screening on examined buildings. In particular, data from Google Street View and
Google Map$arehere used. Anyway, this approach is not limited to employing only these
tools. Indeed, other strategiéo quickly collect information from buildings can be adopted

by taking advantagef the application of different innovative technologies i.e;board
camerag74] or drore surveyg75,76]

Two wellknown macroseismic vulnerability assessment methods (the Giovinazzi and
Lagomarsino 20063] andthe Ferreira Vicente Varum 2815]) are adopted in this thesis to
verify the relability of this approach and to quantify an eventual lack of information. To
implement the seconahentioned methodneasureof facade geometry and area of wall
openingdor instanceare reqired. In this sensehe remote approach tries to solve this data
acquisition through image capturedfrom Google Street Viewapplication. Thensuch
photographic material will beectified and scad The rectification is conducted by using
specific software (TriDmetri®, while the scaling process is implemented thiro@AD
elaborations starting from known measures assumed as benchmarks within the urban fabric.
Neededgeometrical informatiortan now directly detected on such images with the CAD

t ool AiMeasur eo.

However, he application of chosen macroseismiulnerability assessment methods
(MVAMSs) [3,5] through such a simplified approach,can affect the evaluation osome
vulnerability influencing parameters Ippssible lack of information (i.e.: data connected to

4 Google Maps direct linkattps://www.google.it/mapsast accesst9/11/2020.

5 TriDmetriX rectification software websitéttp://www.tridmetrix.comiast accesst9/11/2020.
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indoor surveys and deep analyses). To overcome this issue, a conservative approach is
proposed by i atseltedyvuanenaldligaffectinggfactars gondition as follow:
T in Lagomarsino and Giovinazziisadsirbefl : AiStruct ul
equal to 0.043];
1 inFerreiraVicenteVarum2di fA Masonr y q uisassummegqualpar amet er
37.50; AConnection to orthogonal wal |l so an
di aphragmso paraffeters equal to 25.00

The fremoted appr oac h byrmaking aompatisorts yoetwedhen be veri fi
detected damage grades frammealworld event and therediced damage grad®btained

through vulnerabilities indexes outcomingorh methods applicatiooy following the

proposed approach on the same sample of builtliige effects on buildings of a recent

earthquaké are adoptedthanks to both Satellite Grading maps @dpernicus European

project and photograpgreferring to the immediate aftermatB®oth thesedlamagegrades

aredefinedaccording to the European Macroseismic SEMS-98 [7] in discreteclasses

from 1 to 5 as reported irigure2.

6 The considered sample suffered from the 2016 Central Italy earthquake, and in particular the Accualir@rI
1323) earthquake, 03:36:32TC+2), 2016/08/24, Mw=66. It is composed by 118 structural units in masonry
building typology, whereas a part of these is collected ihi&®ric aggregates and the other one is referred to 15
isolated building. The whole sample is representative of European historical city centre.

7 Seismic event informatiornttp://cnt.rm.ingv.it/en/feent/7073641ast accesst9/11/2020.

8 Copernicus web portahttps://emergency.copernicus.éagt accesst9/11/2020.

® Images of buildings damagese collected from institutional web site: Corpo Nazionale dei Vigili del Fuoco
http://www.vigilfuoco.tv/ last access 19/11/2020, ltalian Civil Protection
http://www.protezionecivile.gov.it/jcms/it/multimedia.Wast access 19/11/2020.
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Classification of damage to masonry buildings

Grade 1: Negligible to slight damage
(no structural damage,
shight non-structural damage)
Hair-line cracks m very few walls.
Fall of small pieces of plaster only.
Fall of loose stones from upper parts of
buildings in very few cases.

Grade 2: Moderate damage
(slight structural damage, moderate
non-structural damage)
Cracks in many walls.
Fall of fairly large pieces of plaster.
Partial collapse of chimneys.

Grade 3: Substantial to heavy damage
(moderate structural damage,
heavy non-structural damage)
Large and extensive cracks in most walls.
Roof tiles detach. Chimneys fracture at the
roof line; failure of individual non-strue-
tural elements (partitions, gable walls).

Grade 4: Very heavy damage
(heavy structural damage,
very heavy non-structural damage)
Serious failure of walls; partial structural

failure of roofs and floors.

Grade 5: Destruction
(very heavy structural damage)

Total or near total collapse.

Figure2 Damage grades scale for masonry typologgesiice EMS98[7]).

Meanwhile, Equations7 and 8 define how to calculate th@redided damage grade from
methods applicationThe mean damage grade (0 <A < 5) for the Lagomarsino and
Giovinazzi 2006[3] and the Ferreira Vicente Varum 2D[5] methods, respectivelare
givenas a function bearthquake intensit{pof the vulnerabilityrespectively, V for [3] and
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Ve for [5]), and of the ductility inder (in this study respectively, Qequal to 2.33] and
Qrequal to 2.05]).

0 ,

‘ @ p 0@ <P&3’(£) P& @)
0 ,

‘ ®p C®O KR u&l;n P& (8)

Either, to make the damage grades comparison immedid¥AMs offer a possible
estimation of expected discrete dam#er a building of certaifh through the Probability
Mass Function (PMF) defined in Equati®n It shows the probability) that a lilding
suffers from a damag@according to EMS8 degrees (0 to $3].

PMF:R  —— % p % FQ mpiiith )
For each buildingpredided damagegrades (calculated by applying each of the two
MVAMSs) considered in this study are: thest probablgaccording to a simplified approach
[77]; the ones corresponding to thé"q&95), 75" (k75 and thes(" (k50) percente of its
cumulative distribution function, according to a sewrvbabilistic method4].
Reached this poingéachpredicteddamageyradeis compared to the realorld damage grade
and outcoming comparisons are organized to evidence the percentage of cases for which:

1 predicted and reakorld damages are equal;

1 predicted ones are higher than the «wal r | d ones (it means it he
overestimates the building vulnerabilityodo);
I predicted ones are lower than the vewad r | d ones (it means it he
underestimates the building vulnerabilityod)
Percentages about differences among damgegieclasses are also calculated. According to
a congrvative approach in damageediction[70], the Amore reliabled met hoi

that:

1 does not underestimate the earthquiakieiced damage;

1 in case of overestimation, minimizes the difference between the experimental and

predicted damaggrade

Finally, the best performing MVAM according to the remote approach is selected to be
employed in thesubsequenphase of thishesis
Assuming that the firemoted approach can be adopt e
to assesshe seismicvulnerability of buildings an additional passage of scale should be
implemented to take under control wide urban ar®&asious dtempts to intviduate a
formulation thatrapidly permitsto pass from available (because already evaluated according
to themostreliableMVAM that will beoutlinedfrom previous consideratidpwulnerability
index of single structural unifso; ¢ iy ) to a unigue seismic vulnerability index for a
building aggregatd®wy € iwy ). Moreover, it is necessary to specify that, fhis
evaluation phaseachvulnerability index from the appliedVAM s hato benormalized by
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considering the rated absolute maximum values€ording to their references are adopted
1.02 for[3] and275 for[5]). To reduce the length of this sectj@yuations in the following
are reported only for the aggregate vulnerability assessta thyagomarsino and Giovinazzi
2006 methoddp; andwy ), but the same hold for Ferreira Vicente Varum4£6tethod
The first idea to consider to ebtsh this formulation could be to proposiee highest
vulnerability value among the structural units composing the aggregatedigelf{ ) as
the seismic vulnerability index of the whole aggreg@tes significant simplification could
leadto an important overestimation of the aggregate vulnerability, especially in case of great
vulnerability values differences between the structural units composing the aggregate.
Considered this, ra alternativeidea can otherwise assume the average valué the
vulnerabilityindexesof all the structural units within the aggregade;( ; ). However in
this case, the influence of some structural units could be overestimated while others could be
underestimated, leading &sensiblanaccuracy of the evaluated index for aggregates.
To overcome such estimation biases, the contribution of each structural unit on the whole
aggregate vulnerability can be weighted as foltows
1 by considering the covered area wégy single structural unigd i ‘Q §owithin the total
covered area of the aggregatei( ‘Q ), as shown in EquatiatD. However, nthecase
of two structural ung with equal covered area, the influence of differences in height or
number of storeys is not considered, lbyiting the effectiveness of vulnerability
induced effects in earthquake aftermath (e.g.: debris generation depending on building
heights and consequent obstruction of facing escapétigwithin the historic centre
[70]).

O F 01 Q01T Qo wy (10)

1 by considering the ratio between the volume\adrg single structural unitdg ¢ & and
the one of the whole aggregat® £ &), as reported in Equatiohl. In this way, a
structural unit with high vulnerability index, but with smaller volume in respect to the
total aggregate one does not influence the overall aggregate vulheiidala structural
unit with the same vulnerability level but with more extended dimensions.

rrrrrr

OF F WéEdwé ad oy (1)

The proposed ratio on volumes in Equatibh could generally produce differences in
aggregate vulnerdty assessment in respect to the ratio on areas in EquHliohnyway,

in case of aggregates with compact and regular plan configuration (e.g. composed-by multi
storeys structural units with similar height and similar covered area, as for the onézeargan

on urban narrow lots), such differences could be not influent. Hence, some basics statistics
are proposeth the employed sample to understand how the results could be influenced by
such aforementioned aggregates features. Statistical analysis isctmhdn the pecent
differencesp P obtainedfor each structural unthrough Equatiori2:

w b 01 Qi Qw weédgwea Foi Qidi Qw (12)
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Finally, a further approach is based on Equatibrbut it tries to includéurtheraggregates
features connected to differen@aongthe composing structural units (i.e.: main typology,
number of composing units), as shown by Equati@n

B wédwéa wy
Q

, p
W= z 2 (13)
" n

where vulnerability values of structural units belonging to the same aggergasemmed

and weighted on volumes rati€oefficientd is introduced to increase vulnerabilitydex
depending on the presence of structural units having different masonry typologies (Equation
14). This parameter considers the main (more frequent) madgpology wihin the
aggregate and evidences the number of structural units having different ones. At the same
time, p) can be seen as a corrective factol, that takes into account the number of
structural units within one aggregalégher the number of composistructural units, higher

the possible impact of interferences among them, and thus the final vulnerabilitylmalue.
this way, for aggregates composed by only 1 structural unit, this parameter does not have to
increase the vulnerability value, thus 1/4 €Equationl5).

p QRO 6 606 b DD EID GAdL | ¢ DiGH ¢ o ¢
Q £ 6 6 HODOOO0I Wit DHo b OM b 0E WANGH |
0 £ GECBOGEIE RO 1 0 00 b WHEDG ) ROMG QAN Q Q¢
p Ve E b @I 0 HOo0ci W Qi Q& o
PN ¢ cedbia GIOM 61 6 GO b RGN ¢ Bb @I Q¢ (19)

0 € GEaod WM 01 6 wo ® 1GEDG 1) € IFMBADT Q" Qapd C

As for Equation10 and Equationll, Equation13 is additionally valid for bothbuilding
aggregateand single buildings (since the final value is reduced o ¢ iw itself, d=1

as well as the corrective factpdt)) by extending the capabilities of MVAM by proposing a
unique theoretical definition.

Among the different approaches of the attempts proposed above, now the one thas register
the capability to manage this scale passage without an excdgsg/ef accuray in
vulnerability estimation teato be determinedlhis preliminary validation can be solveg

making comparisons between the novel aggregatierability index obtained throughe
Equation above (i.e.: maximum ind@ky ), average indexwy § ), (10), (11) and

(13)) and the application results on the same sample of aggregates of another existing but
less known vulnerability assessment method. The employed metimadkéthe comparisons
evaluaes the seismic vulnerability directly of the whole building aggregate. naised
SISMA [24] and has beeproposed by Mazzotti 2008Here, the vulnerability index is
obtained from an algorithm based on the evaluation ahd@pendenparameterseported

in Table2. Theyunderlinethe differences between the real aggregate and an ideal regular
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condition, themore these differences are consatithe more gerysingle parameter assumes
a higher value. Then, each parameter contribufior) (maximum range from 0 to 1
according tole Mazzotti 2008 method} weighted on its importance () to calculate the
vulnerability indexw [-], according to Equationél

@ 020 (16)

However, itsapplicationf ol | ows i n t his t hesappkingthworstir e mot eod ap
vulnerability conditionsto the parameters below form a conservative point of view:
fiCconstruction age or | ast intervention date" ar

b e h a v that uheyccannot be remotely retrieved without local survelmally, the
aggregate vulnerability index is normalizaa scale from 0 to 100 by dividingay a fixed

value previously established by the method and equal to 5.4 (this value represents the
maximumvalue of \4 from Equation 6).

Table2 Vulnerability-influencing parameters are reported for assessment vulnerability
method by Mazzotti 2008 (SISMA) specifyimgso their assignable range of variat{on)

and their weights(( ).

Contribution Weight

Assessed grameters range 0 ) © )
1  Volumetric differences in elevation 0-0.6 1.0
2 Planar volumetric differences 0-0.6 1.0
3 Maximum differences betweghenumber of building floors | 0.6

and the average number of floors )
4  Differences in materials and constructive typologies 0-1 0.6
5  Construction age or last intervention date 0-1 0.6
6  Not aligned opening / staggered floor presence 0-1 0.6
7  Presence of buildings with ndrox behaviour 0-1 0.4
8  Aggregate overall shape / planar symmetry 0-1 0.4
9  Conservation state / maintenance deficiency 0-1 0.6
10 Geomorphology of aggregate foundation 0-1 0.4

Theeffectivenessf possible correlationsetween aggregates vulnerability indegbsained
through proposed attempts and the atfeutcoming fronthe SISMA methodis then traced

on the same sample. Such comparisondased on the possibility to define mereasing
regression line, by verifying iloublegoodness througime Regression Coefficient analysis
('Y ) andthe Pearson Correlation Coefficierit)([79]. Simple linear regression models, if
theyexist, are to be preferred in this study according to previous apprdathesd to have
coherently simple correlations to be used. In addition to the main regrissi@n'Y §, other

two trend lines are also highlighted: the monotonic increasing regression function on
maximum valuegd "O'Y "O) and the one on minimum was {0 O'Y 0. These last two
functions are obtained interpolatingnly those wjy @ pairs that are higher (for

0 "OY "0) or lower (ford "O'Y "0 than the previous ones proceeding from left to right of the

19



abscissa axis omittinthe others. The introduced regressions could be considered as limit
functions generating a reliability range within which vulnerability pairs should be placed.

An additional reliability test can be pursued on the best formulation declared in the previous
comparisons. This time, the proposed formulation reliability can be gained by tracing a
relation between the obtain¥dygvalues and the detected damage grade according to EMS98
(as done beforeo demonstrate the reliability of the "remote" approaalmerline if
increasingVagg could represent the possibility to suffeom an increasing damage grade.
However, this demonstration to be implemented requires an additional step: the damage
levels definition forthe wholeaggregateFirstly, through photognahic material of each
structur al unit of the same sample collected af
associations is compared with the E198 definitions to derive the detected damage levels
(discrete values from 0 to 5) that from this paiah beidentified withk. Hence, a damage

level index for the entire aggregakry, in adherence with the formulations above is
calculated as the mean damage level of the structural units weighted on related volumes, as
shown by Equatiod7:

i,

Q wEGOEa Q¢ 17)

Wheren is the number of SUs composing the aggredat conclusion the experimental
based correlation betwe&grygandVaggcan be now traced through a linear regression model
wherekaggis here considered asindependent variable since it refers to direct experimental
data. In compliance with the plieus tools to investigatie regression lingtwo additional
trend lines for maximum and minimum increasing pairs will be adopted.

222 The Aremoted approach and the rapid passa
visualization

The remote approach described in Secfidhland proposed to speed up the data collection
process to assess the seismic vulnerability of masonry buildings bt The reliability

is proved by making comparisons among damage grades prediction obtained by MVAMs
application (where vulnerability data on buildings are provided through the remote approach)
and thedetected damage grades from al event observabin. Table3,Table4, andlable5
summarize the evidence of such resatisa case studas described in Sectidh2.1).
Thissimplified approachin general termdends to not underestimate the predicted damages
for bothMVAM s [3,5], by supporting conservative evaluations on fg@sthquake damage
scenarios However, a relevant presence of overestimated cases is natiggecially in
relation to lower damage grad2snd 3 as shown blable4. Hence, it is possiklto affirm
thatlower damaggrades correspond ta major uncertainty ithedamage prediction process
through the remote approacdn the contrarythe adoption ok95damage estimation can be
conservatively adopted because avoids damage underestimationasesas well as
maximizing the occurrence of correspondence between predicted and real building damages
Apparently, fromTable3 no consideable difference between Lagomarsino and Giovinazzi
2006 and Ferreira Vicente Varum 20rhethodsare noticed aensidering the 95percentile.
However, in detail Ite first method limits the excessive overestimation case frequency in the
2" damage grade, buhe contrary is registered for th& grade Table 4). Anyway, an
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overestimation of 3 damage grades is more probable by adopting the Ferreira Vaemh

2014 method Table5). These observations establish that the Lagomarsino and Giovinazzi
2006 method (related to the "0%ercentile) seems to be the better choice in damage
prediction ifit is supported by the reote data collection approachherefore,for such
reasonit will beused for carrying out the novel vulnerability index for building aggregates.

Table3 Percentages results of correspondence/overestimation/underestimation cases
according to the different approaches in Secfah1(most probable; k95, k75, kpfbr
each method are reported.

F'\)"rgsbtable k95 K75 k50
Method Bl Bl [3] [5] (3] (3] [3] [5]
Correspondence 28% 29% 32% 32% 30% 32% 26% 25%
Underestimation 17% 3% 0% 0% 7% 0% 26% 9%
Overestimation 54% 68% 68% 68% 63% 68% 48% 66%

Table4 Percentage of overestimations related to emtbcted (from real everdamage
grade (2nd, 3rdand 4th); no effective damage grade equal to 1 are collected in the studied

sample.
Overestimation
cases for each
damage grade Mrgztable k95 k75 k50
according to EMS P
98 definition
Method Bl Bl [3] [5] (3] (3] [3] [5]
2"d damage grade 22% 28% 23% 28% 23% 28% 22% 28%
3@ damage grade 23% 21% 26% 21%  25% 21% 23% 21%
4" damage grade 9% 19% 18% 19% 15% 19% 2% 13%

Table5 Percentage of overestimations with a difference of 1,2 or 3 damage levels between
thedetectedreal eventiand predicted ones

Differences between

thedetectedand
predicted damage
level (by Most k95 k75 K50
M probable
considering
overestimation
case}
Method Bl Bl B (5] (3] (3] (3] [5]
1 damage grade 45% 30% 29% 28% 37% 28% 45% 32%
2 damage grades 39% 31% 39% 30% 35% 30% 53% 47%
3 damage grades 16% 38% 33% 41% 28% 41% 2% 28%
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Formulations proposed in Secti@r?.1to determine the seismic vulnerability index of whole
aggregates by starting from the single structural unit values are evaluated in the following.
The comparisons between results applicabarthe same case study of such formulations
and the existing one proposed by Mazzotti 2008 are revealed through the following graph.
In detail, part A ofFigure 3 highlight how the first attempt (that considers the maximum
vulnerability valueso, ) in spite of aconsiderable regression coefficieivt £0.59) it
cannot be considered appriate to the aggregate vulnerability evaluation because of its high
probability in overestimate this index. On the contrérg,averagenes (0 7 ) does not

gain a suitable correlationY(=0.34) confirmingthe excessive divergence between the
structural unit vulnerability values and the aggregate vulnerability index so estimated

Part B ofFigure 3 displays the almost correspondence of the regression lines obtayned
weighiing the influence of single structural units vulnerability the areass§;, r ) and
volumes @y [ )accordingto Equation 10 and 11 of Secfo?. 1 However, these results
seem to be affected by collected sample features, in particulae byesence of many similar
structural units within the aggregate in terms of pdema elevation (and so in terms of
volume).For this reason, the statistical analysis made in Equation 12 is performed to confirm
the goodness of the proposed approécifact, the average value evaluated onihe b

ratios, involving all the samplgtructural units is equal to 17%, the median value is equal to
13%, while 5% and 23% represent respectively the values for the first and third quartile.
These statistical values nearly to zeowell as the mode demonstrates how casually the
adopted samplofstructural unitss featured by very similar heights
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Figure3 Lagomarsino and Giovinazzi 2006 based vulnerability indexes are paired with
Mazzotti 2008 (SISMA) ones. Correlation trend lines with their equations, coefficient of
regressionand their Pearson value are reportedifgr ; andwy (Graphic ),

and foroy  andwy § (Graphic 2.

Finally, Figure4 point outthe mainregression lindMRL) for @y -Vspairsadopting also

the other increasing regressions defined in Se@iari (0 “O'Y "Oandd "OY 0.

Results evidence how thdRL (black line) seems to be quite reliable according to its
coefficient of determinationy ) equal to 0.52 and to its consistent Pearson valuedqual

to 0.72 (fairly high correlation since > 0.6 [80]). On theother hand, botthe monotonic
increasing regression function on maximwmnd minimum values embody amore
conservativeole, with a higher correlation coefficient due to the more restricted selection of
sample elements less scatterétey constitute a conic domain in which all pairs ban
retained satisfyingThis last grapiproved that a satisfying correlation between the existing
SISMA by Mazzotti 2008 anthe novel proposed approach from Equafi8iseems to exist

23



MRL
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Figure4 Vulnerability indexes pairs for aggregates evaluated through Equgi@n; )
of Section2.2.1and Mazzotti 2008 SISMA (. The main regression liné (W) with its
equation, coefficient of regression and the Pearson value are offered. The graph evidences
also the monotonically increasing regression function on maxiniui®y "O) and
minimum values "O'Y "0 of the sample with the related regsion coefficients.

Even if vulnerability values of both methods cannot be directly compared to an expected

damage grade the graphical results outlinefigure 5 affirms that for a high aggregate

vulnerability value a heavier damage grade of the whole aggregate is observed. The aggregate

vulnerability Vagg Obtained through Equation 13 and the aggregate damage iragle

(according to Equatiod?) pairs confirm this trend: the main regression line (equation:

y=1.42%1.13 is delineated by a consistentsBuared value of 0.54 and a Person correlation
coefficient (J) equal to 0.73. I n adherence with
increasing regression function on maximum values (equatio@:06x1.80 and the one on

minimum values (equatiory=0.86x%0.69 show linear regression too, respectively with an

Rsquared of 0.78 and 0.87, and a Person coefficie

24



Mean max min

. o INDICATOR
20 °
@, ¢ (°] O
®
. ===
15 I TENDENCY LINE
gt e °
& .‘?0' . ° ~ o
< : o 8
> g . @ °

SISMA

Figure5 Kagg - Vagg pairsfor aggregates and related regression lines.

Summarizing the@btained results, firstly a novel methodology to ensure in a quicker way the
required data to enquire buildings vulnerability is proposed astedegremote approach
mainly oriented, but not limited to using desktop web mapping services) at the historic centre
scale. In this way, is pursued an efforts reduction connected to often onerous and time
consuming vulnerability assessment methods requigpecific training level from the
technicians.The further achieved contribution lead to extend expeditious Vulnerability
assessment methodologies methods implementatidimeamtire urban centre passing from

the single structural units to tlseale of he aggrega&t without losing in reliabilityln this

way, it is possible to link microscale rapidly (structural uslated) to mesoscale (aggregate
related) vulnerability data. In addition, these quick investigations, allow the definition of
vulnerability maps based on a relative vulnerability scale constituting a supporting tool to
emergency management. In this way, vulnerability maps could allow taking easily under
control wider risky areas of historical centres by giving a representation of whichfaiioian

parts could evidence critical safety situations, and so where interventions should be provided.
A graphical example that suppsthese statements is given by comparing the vulnerability
map inFigure6 (microscale) from the one igure7 (macroscale) on the implemented case
study of Offida.

25



Buildings vulnerability (V1)
0.51 -0.60

0.61-0.70

@ o7i-os0
. 0.81-090
@ v

Figure6 Vulnerability map of the Offida (Italy) case study, seismic vulnerability values are
givenon a dromdic scale for each structural unit according to the MAVM of Giovinazzi
and Lagomarsino 2006
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Figure7 Vulnerability map of the Offida (Italy) case study, seismic vulnerability values are
givenon a chromatic scale for each aggregaccording to Equation 13 proposed in this
work

2.3 Paths network and open paces

2.3.1 How to determine the risk factors connected to the emergency paths
network

Starting to inquire about the other physical elements of the historic urban fabric, this thesis

hasto define univocally which those elements ar@ath networks defined as setof urban
strees, faced by buildings, that put into communication the open spHEcebuilt-up area.
Such streets becoming paths from an emergency point of view, indesdpatis should be

employed by evacuee to reach assembly areas and by rescue teams to provide first aid to

trapped inhabitants. The urban path network is compaddihks that connectnodes
according to the definitions given irable6 [4,6]. A graphical example is offered Figure
8.
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Table6 Street network schematization; Links definition, the subdivision between types of
Nodes and related assessment tools.

Path elements Definition Identification code

Nodes Crossroads, significant plaraitimetric and structural Numeric code
variations (i.e.: pavement features, the presence of
structural elements such as retaining walls, protection
measurements or bridges and tunnels) along the path
network[4]
Squaré® Nodes that can be considered assembly points or Alpha-numeric code
r e s ¢ u e-aidsafeasf(eigrwsde open spaces, where
people spontaneously gather and can safely wait for
rescuer p arrival)
Links The @nnection between two different nodes. A path  Alphabetic code
composed of segments with different features can be
schematized as an ensemble of consecutive links, divi
by nodes.

e =
Symbol

Link
@ Node

0 Square

Legend

Private courtyard - not accessible

Not inquired structural unit m

&

WASquarei s a particular node where building facades projections
Such condition allows Squares to hold peogleing an emergency For this reasonSquares need an ad hoc
earthquake evaluation.
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Figure8 Example of a graphical representation of the path network scheme in a historical
city centre map: Links (black segments) are delimited by Nodes placed in each plano
altimetric or structural variation8(ack circles).Squareslefined according tdable6, are
highlighted byblack polygons

According to literature studies collected in Sectibh about which factors influence the
seismic response of an urban path netwthis thesis proposds subdivide them ito six
categoriesThe collected risk factors are combinadopics and discussed in the following
subsectionsFollowing the approach of other literary woilk8,81,82] each parametezan

be associatedvith different conditionsname d fi a | t egenerallybetweers thvo afd
five), which arefurtherly attributedto a numeric valueln sucha way, this work tries to
quantify numerically a riskndex for each network eteent defined aboveAll the risk
influencing factors are defined by considering both the path netvisek (intrinsic
vulnerability and exposure conditions) and glements that could directly compromise its
state(extrinsic vulnerability and seismic hard)

Path analysis and ExposureLink accessibility is firstly given tpreventivdy investigate

only usable paths in emergency conditioB8sbsequently, withirthe exposure factois
necessaryo assess the role of the path network eleraalthe importance that it assumes
among the otherduring the emergendyrough functional analysiglence, some link can
constitutean accespathto the urbarcentre of primary importanda emergency phases
Otherwise, they represean interconnection amorgafe areas or strategic buildingg9].
Moreover, the linkitself can beconsidered an effective evacuation patily in the case of
theabsence of barriers, traffic lane dividers, bollamddurther obstacles thabuld impede

or make difficult the passage redogithe availablevidth of lanes.Another aspect that
influencesexposure (according to its definition provided in Secfidl) is the aerage flow
refering to a semiquantitative assessment tife traffic along the pathSpeaking about
squares he correspondent parametemvolve their intended use: wide crossroad,
characterized bthemulti-directional movement of both vehicles and pedestrians; pedestrian
zone; parking area, characterized by possible available areas limitations due to parked
vehicles. In addition, other squaspecific parameters refer to the preseof architectural
elements like street furniture, fences, low walls, trees which could be widespread in the
sguare area and could interfere with pedestrian:
operations

Geometric features The link length is not futile parameter to consider, indeedcduld
affect the travel time required to reach a destindiipan evacuee. At the same time, the link
width can influence the evacuation floespecially in overcrowding conditions. Moreover,
the presence dhterfering obstaclege.g.: urban furniture, parked vehiclelebris presence
due to damaged buildingstc) could also limit the effective width of the path. Longer and
narrower links are considered more hazardotl&an others. The related dimensional
parametes are the linkwidth W and lengthL. The area extensiocan beconsideredasa
geometrical parametéor squaresvaluation

Physicalstructural features. Streetsurfaceconditions(asphalted, paved or rougbduld
influence the slsorrelatetl sabeir @onsereaton stdtdndeedistseet
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pavementtypologies and their state of conservation coaffibtct the evacuation process
causing pedestrians accidents or injuries during the e§83ap&otentialslide down of soil

and rockson both sides of thpath and the preventing measaife.g: retaining walls) are
identifiedtoinclude risksduetot he bl ockage of the path to evacuee:
causing problems and delays to the emergency mof&i#lly Furtherly, aspecific parameter

is innovativelyaddedin this evaluation procegs include the existence of cavessterns

and natural or artificial underground structures that are typical of the historical urban
environment[56]. These subsoil vulnerable elements could provoke instability leading to
local street collapse#dditionally, the presence gfipes placed a@nhsufficientdeptts could

be considered as weak points for the stigegrity in caseof an earthquakd.ifelines are
distinguished betweej84i 86]: low-risk lifelines such as electrical power or water supply
systems with restrained pipes dimension; kigh lifelines like gas and oil distribution
networks In this way, lhe eventualcascade effectsonnected tgipelinesof gasor water
supply systms (i.e.: dangerous gas leaks,efi; local soil destabilizatiorgre evaluatel as

well.

Extrinsic vulnerability . The here developed method following a holistic perspective is
aimed at consideringmong the potential state of a paths network elementrasextrinsic
vulnerability aspects. Debris presence due to collapsed buildings indirectly influences the
availability of passing through a link or the integrity of a square. The delapéd surveys
are here performed bgking advantage oén existingstreet vulnerability methof#]. The
methodis referred to aspects concerning extrinsic vulnerability assessmedirdwptly
inquiring aboutthe building facing paths osquaresAd hoc vulnerability index for links
(cx @k i® provided.Thus, suchindex considers building incidenceéO on thestudiedlink
defined as the ratio between buildingand link0 lengths, respectively® 0 j 0). At the
same time théuilding vulnerabilityaxs is expressed according to the macroseismic method
of Lagomarsino and Giovinazzi 20(# to ensurexquick applicatiorathistorical city centre
scale. Foreach linkj, cx aida calculated as shown in Equatithd by consideringall the
buildingsfacingthelink j:

6 6 20 (19)

N

In order to comparknks belonging to the same urban centine obtainedrulnerabilty index
must be normalized by the maximuin § obtainable in tb studiedscenarioAccording to

[2,4], oy « aFalues ae suldivided into fourintervals (i.e.: foumlternativek

Seismic hazard Seismic hazard factors ainovatively introduced by this work on path

risk assessmenthe observation of real cases highlights how both base and local features of

soil can be relevant for the patchrrngonthamagi ng, b e
ground andlirectly dfecting thelink/squarestate[54]. Taking advantagesf Eurocode8

[87] this approactproposs to evaluate theseismic hazardasing on the design ground

accelerationd ) [g] related to each seismic zones, the ground types and also, agcardi

Italian building code, on the topographic amplification fac{®®8]. The adoptn of the
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Eurocode &ased criterion ensuragjuick application even ibw-detailedresources and no
geotechnical documentation twcal surveys on soi(such as micraeoning studies are
available[89]. Here, the risk influencing factors discussed above are organized in two
assessment tald@ne valid for theassessment of the linlable 7) andthe other where
squares specific parameter are added/substituted to the ones specific f@rdirks).

The proposed method arrangement and the assessment table consirelotiead on similar
literature work presented 8] already discussed in Secti@l Further consideration
among differences between the literature reference and the proposed one will be provided
below (Table9). Furthermore, it is necessaxyspecify that nodes assurtie maximum risk

index of links converged in.itAdditionally, parameters linked to specific street typologies
(e.g: bridges, viaductsandtunnels) are omitteth the current work proposal becautey
arerarely present in historic city centres

Table7 Link assessment table: factors, parametard associated alternatives are reported
to evaluate the risknfluencing aspects of links within the urban paths netwi@% for
factors and parameters are assigned to connect this tabl€akitl 0.

ID  Factors ID Parameters Alternatives
A Path analysis A.l1 Link code -
1° Nodecode -
2° Nodecode -
A2  State Clear
Partially obstructed
Obstructed
B Exposure B.1  Streettype Interconnection
Access
B.2  Direction of travel Single
Double
B.3  Carriageway Separated
Unique
B.4  Path type Urban
Suburban
B.5 Average Flow Low
Medium
High
C  Geometric C.1 Length () 0<LO OLmi&3
features 0.33Lmax<LO OLm& 7
0.67 Lmax< L OLmax
C.2  Width (m) 0.67 Wmax< W OWmax
0.33Wnmax<WO 0 Wi 7
0<WO 0Wnd3
D  Physical D.1  Finishing surface Asphalted
structural Paved
features Rough
D.2  Potential landslides No landslide, retaining wallsn
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D.3

D.4

D.5

Underground elements

Conservation state

Street Typology

Landslide, no retaining walls
Low-risk pipes

High-risk pipes

Caves, cistern®r cavities
High

Medium

Low

Levellink

Hillside link, with retaining walls
Hillside link, without retaining
walls

Tunnel

Bridge and viaduct

E  Extrinsic E.1
vulnerability

VNlink

0<WinkO 25 %
25% <VninkO 5 0 %
50% <VninkO 7 5 %
75% <VninkO 10 0 %

F Seismic hazard F.1

F.2

F.3

Design ground acceleratior
(a0)

Groundtype

Topographic amplification
factor

agO 0.05¢g
0.05g<a;O O .
0.15g<agO 0.
ag>0.25¢g

15¢g
25¢g

Table8 Squares assessmeable: parameters and associated alternatives are reported only
for factors B, Cand D (and the related parameters) that are differenttiiehnks
assessmertable according tdable6 definitions The other factors (A, Fand F) are the
same as reported rable7.

ID Factors ID Parameers Alternatives
B  Exposure B.1  Usage Wide crossroad
Pedestriansd zc
Parking area
B.2 Presence of obstacles Absence
Presence
B.3  Square type Urban
Sulurban
B.4  Average Flow Low
Medium
High
C  Geometric c.1 0.67Amax<  AAmf)
features 0.33Amax< A QAR . 67

0 < AAX 0. 33
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Physical No landslide, retaining walls in

D.2  Potential landslides

structural more than one sides

features Landslide, retaining walls in one
side
Landslide, no retaining walls

D.5 SquareTypology Level Square

Hillside Square with retaining
walls
Hillside Square without retaining
walls

Thefinal Risk IndexXQ; for each linkand square can be pursued accordingreet different
calculation approacheshe riskinfluencing factors proposed irable7 andTable8 arehere
combined Both approaches areperativelybased ona Multi-Criteria DecisionMaking
procesq90] in which theabovefactors do not necessarily hatree sameelevancen the
overallrisk index.The main features of the three calculation approaches are resufadddn

9 andthe main differences between the literary work assumed as reference are highbghted
well.
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Table9 Feature®f the three calculation approaches are reported with the aiomtpare the introduced modificatiamrespect t458].

Task4 SAVE project58]

Modi fied

Ch er u Expertjudgment

Analytical Hierarchy Process

Modified
parameters
and factors

Added

Added

Added the

i Gr o-uypl e OT capnodg rla p hi ¢

fact or thafSeli Isaonwicn dh aparr alme twa rt sh: f
amplification

t h e Updergraumdelengerds fhePhysicalstructural featurefactor

t hEgtrinSiavalnembilitpil wi t h paamamstér\ing | e

factor

Values

Weights

G
calculation
approach

e;

formulation

Cherubini 6s

Cherubini ds

The weighted sums are
firstly normalized on
factors maximum

obtainable value and then
on related weight for each

factor
B "Yn L.
— 0w
B "Yn

Values are given following

Cherubini s
approach

The weighted sum is firstly

normalized on factors

maximum obtainable value
and then on related weight fc

each factor

Values are given by thexpert
judgment
Weights are given by the Expe
judgment

The index is otained through

the sum ofYr) values

each factor

weighted on relatech ¢ for

RGNS

Given throughAnalytical
Hierarchy Process

Two sets of weights are givel
for each factor and paramete
through theAnalytical
Hierarchy Process

The calculation is given by a
first weighted sum o "Q

for each parameter and then
on® & for each factor

YR Z7TE Z0®
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Modi fi ed Ch er u.bnidetailthe firsh qalputatioa approadiasedon Task4
of the SAVE project[58], tries to fill its bcks through some changes including influencing
factors and parameters defined in previdiable 7 and Table 8. Each factor containing
influencing parameters @ssociated with a weight testablisha hierarchy of ifluence
(values and weights are reported’able10). In this casethe finalRisk Index'Q; is assessed
through the Equatioh9:

B "Yn -

. o 19
(03 B vn Z0w (19)

where:
1 °Yn is the value conferred to tlieh parameter of thK-th factor;
1 °Yn is maximum attributable value to th¢h parameter of thi-th factor;
1 o w is the weight related to thé-th factor;

According to[58], Equation20 permits to obtain tle correspondentormalizedindex for
each link O :

B 0 (20)

Expert Judgement The second approach establishes an alternative hierarchy among factors
based on expert judgmd#tl]. Differentweights are associatedth each factor and different
values ardinked to each alternative according Table 10, while considering the Expert
Judgemenapproach, thus another formulation fasRIndex ‘G, assessment is defined in
Equation21:

O Y ZRO® (21)

According to the previoudefinition of "Yf , "Yf} andc &, Equation22 normalizes the
obtained Riskndex

- Q;
" B BYQ zw® (22)

Analytical Hierarchy Process The third proposed way to reach thisiRndex"C; can be
supported bythe Analytical Hierarchy Process (AHP) developed[8%] and used with the

same purpose in this field 92]. This approacimeedso introduceasecond level of weights

to each parametd? E) establishingan influence scale among them. TAEP consides

that the sum ottonferred weights must bequd to one both for factors and for each
parameter. In this way, the generated Risk Index varies between zero and one and it does not
require further normalization. The weight distributions (reportethinle10in AHP section)
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are obtained through the opsaurce tool AHP Online Systéfand thecalculatedRatio of
Consistencyléwer than 10%)confirms the acceptability of the proposed weights. Equation
23 shows the proposed calculation of the Risk Inaehich is gained by defining E asthe
weight relatedto thei-th parameter

o

YR Z7E Z®

(23)

Regardless of the chosen approéCh,and’O ;; can be collected in tablesxdgraphically
represergd on urban cemé maps to directly recognise where most dangerouss jflatks)

are collocated and how the safe areas (squares) are connecteerbtem.

Table10 Weights of factorsd & ), weights of parametersy(Q) and the related values

(Yyn) are reported for the three different
approach, Expert judgmerand the Analytical Hierarchy Process.
Modified Expert Analytical Hierarchy Process
Cher ubi n|judgment (AHP)
approach
::Slctor Tgrameter o Y o Y o 60 YA
B B.1 0.2 04 0.333 04 0.045 0.272 0.5
0.6 0.6 1
B.2 0.6 0.6 0.272 0.5
0.1 0.1 1
B.3 0.2 0.2 0.036 1
0.1 0.1 0.5
B.4 0.6 0.6 0.272 1
0.3 0.3 0.5
B.5 0.1 0.1 0.147 0.33
0.3 0.3 0.67
0.5 0.5 1
C C.1l 0.40 0.1 0.667 0.1 0.067 0.667 0.33
0.5 0.5 0.67
1 1 1
C.2 0.2 0.2 0.333 0.33
04 04 0.67
0.6 0.6 1
D D.1 0.80 0.3 1000 O 0.381 0.143 0.33
0.55 0.3 0.67
0.8 0.5 1
D.2 0.1 0 0.429 0.33
0.8 0.8 0.67
1 1 1

11 AHP Online System available dittps://bpmsg.com/ahfrst acces23/112020.
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D.3 0.1 0.33 0.143 0.33
0.6 0.67 0.67
0.8 1 1
D.4 0.3 0 0.143 0.33
0.55 0.3 0.67
0.8 0.5 1
D.5 0.1 0 0.143 0
0.4 0.4 0.25
0.5 0.5 05
0.6 0.6 0.75
0.8 0.8 1
E E.1l 0.60 0.25 1.000 0.25 0.126 0.126 0.25
0.5 0.5 0.5
0.75 0.75 0.75
1 1 1
F F.1 1.00 0.25 1.000 0.25 0.381 0.400 0.25
0.5 0.5 0.5
0.75 0.75 0.75
1 1 1
F.2 0 0 0.400 0
0.25 0.25 0.25
0.625 0.625 0.5
1 1 1
0.75 0.75 0.75
F.3 0 0 0.200 0
0.25 0.25 0.5
0.25 0.25 0.5
0.5 0.5 1

Links and squares assessment tables@riled for aealpaths samplé concerning Italian

historical city centres struck by the 2016 Central Italy seismic sequence, the 2012 Emilia
Romagna region (Italy)and the 2009 Aquila (Italy) earthquakEigure 9 reports some
examples) ‘Q; and O j, values are calculated followinipe threerisk index calculation
Cherubini 6s,amphp AHPapploachpE x per t
evaluate their capabilitiegn describing possible critical conditions in pestrthquake
scenariosand offer a preliminary validation of each one. To this aigk indexi damage

approacheg Modi fi ed

state level correlatiaare tracedbased on damage levels given[bl

12 The database isploaded as supporting file and atsailableat: https://goo.gl/lyzZHNTQast acces23/11/2020
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Street pavement cracking

Debris impede rescuers’ actions

Figure9 Urban scenario damages in the Central Italy seismic sequence ino20thé: left
side,street pavement cracking due to unstable slopes and landsiiie®d effects
(Intrinsic vulnerability);right side,aview of Amatricé s  s(Rl,rlt&y? locked by ruins
formation provoked by buildings coll apse; debri
(Extrinsic vulnerability).Single vdeo frames byiCorpo Nazionale dei Vigili del Fuoco
http://www.vigilfuoco.tv/(last acces23/11/2020 re-elaborated by the author

The damage level of eaglathis evaluated by comparing photographic documentation of
links before and after the earthquake event, and by adopting the description -of post
eathquake damages effects according to the Road Damage B&8e[{]. RDS can vary

from O to 5 (integer scale). The adopted damage scale for paths considagedalue to
landslides unstable slopes and cracksthe streetdebris presencalong the streetand
presence of faileégxternal elements that coulthpede partially or completelythe path
accessibility(Figure10reports an example of damage state assignation to a case study link).
Then,O 'Y'O"Mairs are organized to evaluateaithigher risk index corresponds to a
higher link damage gradthe risk index could demonstrate capability in describing possible
critical conditions in posearthquake scenarios. According to generdlirtear trends in
earthquake safety and damage assessment, by inclfrdigility curvesand studies on
seismic vulerability [3,51,64,93], a linear interpolation betwe€® ; Y 'O ‘airs is then
performed accordi ng t ofl].finallyya comparisos df prdducecs & appr oact
regression lines is provided through the evaluatiothetoefficient of determinatiof? to

define the more suitable calculation approach (based on data fitting effectiveness) among the
considered ones. The best perfarg¢alculation approach to determine the risk index, (i.e.:

the one having the highesbefficient of determinatiof?) is chosen to be applied on a
significant® case study referring to an Italian historical urban centre (Offida, Lat. 42.93,
Long. 13.70),with the purpose to give a real application of the resedrahconclude, a
graphical representation of this risk index for urban paths network at the urban scale can be
provided at two levels of detail: a Seismic Risk map aimed at supporting emergency
management aawide scale and the Priority Intervention map defined to assign resources for

BSeismic activity oOffida (Italy): https:/emidius.mi.ingv.iyDBMI11/query placédst accesen 23/11/2020.
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risk-reduction strategie§:he Priority Intervention Indice®O are obtained according to the
Equation24 below:

O OO & (24)

According to literature studigg,81], each map adopts four risk levels: Low risk ({@%9%6),
Medium-Low risk (25%50%), MediumHigh risk (50%75%), High risk (75%100%).

A part of the road is damaged. For-
mation of big cracks and settlement
of road is seen. Crack width may
exceed more than 100 mm. Many
bigger cracks in either one side or
both sides of the road. Failure or
crack can be attributed by lique-
faction, landslide, fault rupture, and
failure of subgrade and subbase.
Road can be used by limited traffic.
Considerable road repair works
should be carried out.

Figure10 The left side of the figureepors the description of the third Road Damage Level

according to the Road Damage Scale (R[2E)While theright-side displag a damaged
urban street oNorcia(Centralltaly Earthquake 201&dopted aanexample

Road Damage Level =3

Alternative literature studiesn emergency path availability (according to Secfid allow

to differently evaluate the obstruction of evacuation paths due to ruins formation by
employing geomigical and damageelated criteria. In such cases, the preliminary evaluation
of the risk index can be totally useless in case
access pointAlthough the literature reviewSgction2.1) provides different methods, only

six (reported inrablel) are deeply investigate and selected to be here applied mainly because
the others do not fit with the research aim strictly limited to inquire critical condititmein
emergency of historicalrban fabrics with particular focus on masonry building typology.
Other methods cited irbection 2.1 are excluded from the analysis because of their
computational cammitment and for the specific data required to be applied, also they could
not be considered as methods of rapid implementafionsuch reason, this thesis is aimed

at individuating which one of such methodologies can be considered as the more affordable
for this work scopedh)y comparingand applyinghem on the same sample of urban street
faced by vulnerable buildingSuchcomparisons ammade by combining the predicted result
from a method application and the correspondingweald effective obsert#on registered

after an earthquakd&his lastdetention is possible to be realizaother timghanks to the
Satellite Grading maps visualization of Copernicus European prtjattis hereused
defining if the streefacing each building in the samplesults blocked by debris
accumulationThe involved sample composedf masonry buildingsuffers from 15tto 5"
damage grade according to ENM8 scaleand it is placedn a limited areacomply the
following urban centrg Accumoli, Amatrice, Arquata del Tronto, Capodacqua and lllica
stricken by the Central Italy seismic sequence in 2016 (42.7,13.23), on 2016/08/24 03:36:32
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(UTC+2), Mw=6.0* According to previous workig6], vulnerability evaluationstructural
units height 'Q and facing streets widthtw() are reméely evaluated thanks to the large
availability of photographic documentation.
Comparisons could outline the following status:
1. correspondence between predicted and real path condition
2. overestimation, in case the considered method predittbd ockedd pat h, but

t

reatwor | d observation refers to ficlearodo path ¢«
prediction produces a conservative result;
3. underestimation, in cases the considered meth

world observation eer s t o fAblockedo path conditions.

prediction produces an fAunsafeod result.
For each method, the percentages of correspondence, overestimatiamderestimation
cases arevaluated The most reliable methods should minimize the uvestenation cases
to erron the side of caution while maximizing the correspondence cases.

2.3.2 A novel risk index for urban paths network and its availability in case
of building collapses

The holistic paths network risk index proposed in Se@i@8rllis here tested in its reliability.
Among the three calculation approaches the individuation of the best performing is pointed
out. Following the comparative approach of grevious methods tesbutlined in Section
2.2.1further correlations are here verifiethetri-linearregressions are offered kigure11
between notiog streetdamages(RDS values) and the assessediew ndices For both
methods a trilinear trend can be confirmedable 11 summarizes and compares the
analytical results of such correlations demonstratingYarvaluesgenerally acceptahle
Whilet he modi f i eappro&hasthelbwesy i, thesExpert Judgement approach
seems to expresse the more reliable regression model in resjecotber two approaches
However, the AHFbased approach developed so as tollow an evaluating calculation
approach previously applied in other studiése.: [81,92) that limits subjective
interpretations about weights assignment. AnywamparingAppendicesTable Al results
among the three approaches tlaeg slightly differen{supported by an average percentage
difference equal to the 5%) kgonfirming their similarities.For these reasonspould be
preferableto adopt themost rigorousalculation format the one that follows the AHP

14 seismic databasattp://cnt.rm.ingv.it/en/event/707364dst access 23/11/2020
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Graphic (1) Graphic (2) Graphic (3)

1Rrj IRn,j IR

Modified Cherubini’s approach Expert Judgement Analytical Hierarchy Process

Figurel1 Tri-linear correlation between analysed path risk indibeg &ndlr;) and
related street damagkvels RDS: Graphic(3d Mo di fi ed Ch eGraphic ni 6 s
(2) expert judgmentraphic (3 Analytical Hierarchy process. Dashed lines predict
expected trends in domains where data sasgskenot currently present. Equations for the
three regressiottends are offereh Table11.

Graphical representations are used also to note that both graphs present a lower risk index
limit (about 2030%) corresponding to the absence of damdgeésed, the finalisk index

camot be close to zerobecauseof its construction that considersnse riskaffecting
parametershatare always present and different from z@ea.:the local seismic hazaxd

At the same time, frorRDS4 to RDS5 the trend is only tracday forecasting ibeause of

the lack of realvorld data, due to the currently analysed sample characterizatien.
reliability of the proposed risk index is confirmed lopserving that fohigher thelgy; the
RDSvalues increase. The novel holistic method leads to aysatisensitivity of the links
assessment tables independently reached from the three involved approaches.

Table11 Comparisons among proposed approaches in terms oflinescequations. The
table also shows data about the domain in terms of risk index and the obtaigadrBs
for 'O ;- RDS pairs correlations.

Compared Equations Domains Y
approaches
Modified YOUY 1t O <24%
odine o 2$3 pHIO; C& T CctbOf XOEF 057
Cherubini ¢ v
YO'Yvu O0r>73%
YOUYn O <20%
Expert judgment 2%$3 & q¢o ; PX w ¢mb Oy X X F 0.78
YO"Yu Ok >77%
Analvtical Hi h YO'YT ‘O < 30%
rr;acgs'ga \erarchy 2%$3 p@ ¢o o8 X omnb G XT b 074
P YO'Yvu O > 74%

Graphicallyrepresentinghe results of novel risk index applied ttte case studyaths of
Offida historic centre the risk maps permit to immediately have under control the overall
41
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risky situation of the urban fabric. The Seismic risk mafiew us to comparemaps of
different city centres thanks to its risk index absolute segleesentationFor this reason,
from a general point of vieythe paths that belonging to the sample seem to be all affected
by the sameMediumLow level of risk. These resuls are also due to ¢hinvoluntary
homogeneityof the adoptedurban fabric Howewer, some critical conditiancan be

determined especially for those links that show higher risk, for insténeé i nk AVO i s
located close to slope edges with possible landslidesddition theseismic risk map could
be highlyinfluenced by exposuraftors In fact,thes ame fAVO | ink constitutes

urban centreand it isused as a onray streetFor these reasons résults inMedium-High

risk. Otherwise the intervention priority magpecause of its differenformulation (see
Equation24) permitsadeepdetecton of risk variation betweelinks of the samarban paths
network.Figure 12 highlightsl i n k s fi Svith aaMediumifigh griority levelbecause

they are placedear areaprone tolandslidesMoreover] i n ks A Mmreachatiedam@é R 0
risk level due tothe presenceof facing buildings with relevant seismigulnerability.
Furtherly the critical conditions of link AVO
confirming its strategic role for emergency planniAgditionally, AppendicesTable A2

gives the possibility to discuss partial results of the assessed risk index values. In fact, for
each element of the network, due to its structure, the risk index péondiécompose itself

in values referred tovery single risk main section (i.e. accessibility, exposure, geometrical
features, physical and structural features, extrinsic vulnerabdityl hazard). Taking
advantage of this subdivision the method is capable to justify andrdietecase by case the
effective causes of a higisk level rather than a low one, in this sense emergency planners
can inquire punctually which factor leatgjuiredelements to a specific risky situation and
they can promote ad hoc interventions.
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Priority intervention index (%)

Private courtyard - not accessible

S Not inquired structural unit 31.6% - 36.1%

36.1% - 40.5%

O ws-aa0%
. 44.9% - 49.0%

Figure 12 Intervention priority mapf the emergency patimetwork ofOffida (Italy) case
study

To conclude on thipresentedmethod all the riskinfluencing factors are evaluated and
mergedfrom a holistic point of viewlIn fact the overall evaluation does not involve a
descriptionfor separate layerf2]. At the same time, the adign of quick evaluation
methods alsguaranteeto useit straightforwardy by detecting wide urban historical areas.

In particular, differently from other previous studies, it tries to combine path intrinsic and
extrinsic vulnerability. Special attentionis here paidto eventual structural failures,
landslides or street pavement crackintn respect to previous researches, the proposed
methodology considers important factors that could represent vulnerable elements in
historical urban areas such as cawesternsor hypogeum hidden under street pavement or
lifelines, pipesand culverts according to the base reference mg8®jdMoreover, it can

also give significant bas for the integration of exposure faar such evaluations.

Then, a preliminary methodology vadition wasperformed,and a good agreement was
found Anyway, outlined risk maps alloto have undecontrol the overall risk situatioof
emergency paths in historical centres and so to provide evaluation tools for scesetitn
andemergency planningndeed, suchesults could suggest which links should be excluded
from selected paths because of their highk level, and which cdd be considered safer
toward an emergency platefinition. local authoritiecould take advantagef this method

43



to suggest where directing riskduction interventions and resources followihgorder of
interventionpriority.

As already explained in $gon 2.3.1from an emergency planning point of view, whatever
effort aimed at evaluating the seismic risk (by considering streets intrinsic vulitgrabi
issues discussed above) of an urban path could result inadequately and totally useless if the
considered path is obstructed by ruins formation due to buildings collapse. Therefore, the
most reliable rapid method has to be determined to perform telgmprary control.
However, such obstructions could occur in relation to a certain seismic input. In other cases,
the limited presence of debris along the lanes could not constitute an impediment to the
passage of rescuers' vehicles but it could slow dbwerevacuation process. Hence, the path
availability control should be associated in each case with a deeper paths network risk index
evaluation.

AppendicesTable A3 reports the results of the tested sanm{pi@de by 50 structural units
suffered by th€entralltaly seismic sequencein20i6n t er ms of #Abl ockedod or fic
Each one of the existing rapid methods discussélthbie 1 of SectionErrore. L'origine
riferimento non é stata trovata. has been applied tovery single building and the related

street of the inquired sample.

Then, outcomings of such applications are compared firstly to thevozld conditions of

the sample after the occurred seismic eyeetifying their reliability)and secondly among

them todeterminewhich isthe besperforming(Table12).

Table12 Percentage results of comparisons between each considered method-and real
world senario conditions are reported indicating the total percentage of cases of
correspondence (C), Overestimation (&d their sum (C+0) on the overall sample made
by 50 structural units associated to their underlying urban streets.

Method Limit Condition for Ferlito and Debris estimation Debris estimation
the Emergency (LCE) Pizza criterion 1 criterion 2

Ref. [48] [2] [51] [70]

C 64% 52% 50% 60%

(@) 36% 48% 2% 26%

C+0 100% 100% 52% 86%

Method  Artese Achilli Observed Artese k95 macroseismic  Observed

Achillit® damagesased macroseismic
damageshased®

Ref. [72] - [4] -

C 46% 76% 64% 96%

(@) 12% 2% 36% 4%

C+0 58% 78% 100% 100%

15 This method is based on tAetese Achilli[72] and obtained by substitutiraf the damage previsicalgorithm
with thedamagebserved fronarealworld event (a better description is provided in the follaygn

16 This method is based on tk85 macroseismic damagbased[4] andobtained by substitutingf the damage
previsionalgorithmwith the damageobserved froma reatworld event (a better description is provided in the
followings)
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Discussingpercentages of comparisons between nusthapplication and the effective
conditions it emerges that th€E one predicts correctly the street blockage in 64% of cases
but for the remaining 36% a considerable overestimation is notieeglr | i t o and Pi zzabds
method show a correspondence for the 52% of cases and the remaining 48%, the method
predicts blocked some paths that in real conditions are not affected by such damages and they
result available for rescuers passadé¢evertheless, dth methods do not leado
underestimation errors. Thus, theyutd be used for the emergency plan definition according

to a conservative approachnyway,they seem to be not the most appropriate ongsggest
available paths taescuers. In fact, too many streets could vimengly predicted as
unavailable slowing down themergency e a amdval.

Similar considerations are then traced fordbbris estimation criterion fproposed by51]
Avoiding its implementation in urban emergency planning because of its scarce capability in
predicting correctly theblockage of the patlin 48% of cases the method suffers from
underestimation by declaring as clear the blocked paths in real conditions). On the contrary,
in the other approactiebris estimation criterion By [70] in 60% of cases the algorithm
predicts correctly the path conditions. While in 26% of cases, the method declares as blocked
the paths differently fronthe reality d the Satellite imagesn the remaining 14%the
algorithm errs because of the employed vulnerability assessment method that undesestimate
the vulnerability of buildings suffered by very heavy structural damagks.debris
estimation criterion Zonfirms better reliability rather than thieebris estimation criterion 1

since it limits the underestimation occurrendes to a better method to esteemtthidings
vulnerability ando itscapability to influence results also consideringhe buildings hight

and streets width ratio.

Passing through the analysis of the macroseismic datvesg approaches the one named

by Artese Achillievidences a relevant percentage of cases 46% whebdottieage of the

pathis correctly predictedAlthough thismethod considers not only geometrical features but
also the macroseismic damage grades as a function of buildings vulnerability and seismic
intensity, it considerablyerrs underestimating the blockage in 42% of casesurther
reliability test can be performed on sudfmacroseismic damagdmsedapproaches by
substituting the damage grade prevision assuoyettiemethod with the effective damage
grade observation on a real pestrthquake scenario accordingtihe EMS98 scale (made
possiblethanks to the large availability of seismic damages phofds)s, the Observed
Artese Achillireveas a notable increasén reliability until 76% of correspondences
However,an underestimatioof 22%is alsonoticed confirmingpreviousobservations of th

original method applicatiorkinally, thek95macroseismic damagédmsed approackhows

the punctual correspondence between the predicted availability of paths in emergency and
the realworld conditions in 64% of analysed sample cabhs.residual 36%f thealgorithm

tends to overestimate the path blockage. Hence, this method prithedesstonservative
results for 100% of inquired cas€Xonsidering the same further reliability test done for the
Artese Achilliapproach involving the substitution tife damage prevision method with the
observed one fronthe reatworld the newfiObserved macroseismic damadgesed | s
established. This investigation is additionally performed by subdividing the whole tested
sample in the suffered five damage gradealysing separately the reliability in relation to

the different damage gradéfs application results register an optimization of the percentage

of correspondence between the prediction capabilities of this meHroch realworld
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images analysis emerge that the' Q@  p constitutesthe main driver in facing path

blockage especially for buildings that suffered from high damdgesidition,low damage

grades equal to ¥ 2% and 3¢ does notinterferewithr escuer sé access, confirr
goodness of #hliteraturelimit fixed for the macroseismic damagdmsedmethod at the®

grade At the same timeyuildingsthat suffered from th&" damage gradare related tpaths

blocked in 71% of casemd tothe 88%whenbuildings are affected by th&8amage grade.

The hypothesis thahehigher the building damage grade suffehégher the probability that

paths can be blocked by debris formatierconfirmed Figure 13 shows a typical result

obtained from this method apptl to a case study pair (i.e.: building and related path)

reported as an example.

Method prevision: BLOCKED Real Condition: BLOCKED

/W > 1
5° grade 24

Figure13 Comparison between tl@@bserved macroseismiachageshased approach
prevision and real conditions of path blockage for a buildintpe sample (Element ID
code: 4.a_IL ilppendicesTable A3): the path is effectively blocked because the
observed damage is higher than tHegydade andhe ratio between building height and
street width is higher than 1.

To conclude onthis theme,it can be affirmed that theurrent methodologie@ften adopted

by Local Authorities and Civil Protection Bodigsased only orgeometrical aspects (i.e.
building height and street width) seem to be affected by many scenario prediction limitations
Unfortunately such approachesglecthe evaluation obtherfundamental factorthatalteis

the urbanpath network especially in historical conteXise.: the vulnerability of the
buildingg. In this way theyi deal | vy consider as fibl ockedo the
access/evacuatigpaths. Moreover, they do ntake into account the possibility to predict
different scenarie in terms of earthquake severitfFor these reasons, macroseismic
approachksare preferredincluding the vulnerability and the earthquake seveasyinput

datg which seem to be the mosppreiable. At the same timesuch methods can be
preventively employed bwafety plannerge.g.: Local Authorities and Civil Protection
Bodieg to investigate different emergency scenaréigure14 reports as an example of the
application of the macroseismic damafpased method to predict path blockage on the
general Offida case study. This map as the ones previously presented tbettaeweloped
inquiring methods constitutes a rapid visual screening of the whole urban centre conditions.
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Private courtyard - not accessible Path blockage x

Not inquired structural unit m 1

Figure14 Graphical outputs of the application of tlmacroseismic damagdsmsed
criterionfor paths blockage according [70] on the Offida(ltaly) case study
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Chapter 3
The Behavioural-based approach

3.1 The human being inan emergency:an investigation on
behavioural aspects

According to the definitions provided 8ectionl.1the exposure, intended as one of the risk
componentsis mainly oriented towards the humaregencealetectionin the scenarios (e.g.

to determine the impact in termsdtentialhuman lossedp4,95] However, the exposure

should be also put into relatido social vulnerability issues. Both risk components are

focused on human beings. But while exposure determines the people quantities in the BE,

the social vulnerability, on the contrary, codifiggical or specific behavioural aspects

performed by evacuees connected to the emergealtgdtive vulnerability, e.g. population

ri sk awareness and response) and by individuating
e.g.: based on people ages and familiarity with pld6¢3},38] On such basjseveratypes

of researctare developed in the ladecades to improve the inhabitants' resilieticeugh

the study of humamesponse to emergees [96,97] However, tlis kind of work can be
retainedrelevantonly if dealing with all the situations in which the disaster conditions can
appeanunpredictably or rapidlfSUODs)[98]. In thesecass,t he i ndi vi dual sd r espon
BE disasteiinduced modifications is mainly critical during the first emergency phases, i.e.

the evacuatioprocesg$99]. Indeed occupants decide how to quickly behave and move while

interacting with the surroundisgand the other individuals, by performing or not, safe

behaviors.

Literature underlines the existence of significant differences in disaster reaction between
spontaneous behaviors and Civil Defence Bodies recommended [Bigs Hence,
understandi ng evacueaeessentaptofind propes strategiesh(@ch avi or s
emergency managemg BE layout configurations, interventions on most vulnerable BE

elements interfering with evacuees, interactive solutions based on redaneaged

popul ation cooperation, individual s6 training) t
adoption, thusifniting the number of injuries and deaths resulting floeavyearthquakes

[97]. Recent workgone among al[100]) on the analysis of earthquake evacuation were

performed by underlining the importance of sustainable tools aimed at collecting data about
spontaneous human behaviors during such ey@8}swhich are generally characterized by
particulardisasterfeatureghatare difficult to be replicattin evacuation drills, such as the

presence of debris amtiist the building damages, the ground shakB®97]

Although several methods and tools eXi86], a critical literature analysisnderlineshow

the most significant and sustainable onethimearthquake context seem to finainly two

[1015 106]. Firstly, the analysis of realorld videotges, e.g. by CCT\(Closed Circuit

Television), whose approach was consolidated over time and allows to evaluate effective
emergency situations without additional biasescondly, th@ovel immersive technologies

like the Virtual Reality (VR)based ones, ich can ideally reproduce the earthquakene
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BEs with a high level of realisfid06] and by considering complexity issues (e.g. BE features,
earthquakenduced damages).

Besides whait concerrsthe immersive virtual reality not influent for this study purpdke,

material from surveillance cameras can be handled with the support of dedicated software for
video analysis to extract specifictions and physicaheasures that can be easily employed

for evacuation processodellingpurposes. From a qualitatipeint of view, the emergencies

videos are employed to directly individuate and categorize the human behaviors in reference
to typical actionof respondersthat could recur in each emergency situation or be specific

for the earthquake case, as well as foremaluated particular event or BR3,107]
Additionally, detectecbehaviors are organized by associating them to a specific evacuation
phase chronologically divided inf@3]: premovement time, motion towards the evacuation
target, safe area reaching. From a quantitatteedpoint output data can be tained by
tracking systems for pedestrianswrysdnglmaj ectori es,
individual, his/her instantaneous position, spestd acceleration, to additionally derive
fundamental diagrams of pedestrians dynamics (e.g.: spaegity and flondensity)[23].
Similarly, the individual s6 time spent to reach
calculated to establish the diagram ebple arrivals during the time and evaluate the overall

BE evacuation capacif@9].

Furtherquantities involvg6]: (a) premovement times, in relation to the ground shaking and

to the related selfrotection activities; (b) distances among evacuees to avoid collisions, so

as to additionally evaluate the possible density of crowds or the presence of social
aggregatiorehaviors (e.g. shared motion decisions); (c) distances between evacuees and BE
elements during motion towards a safe area, due to repulsion phenomena towards obstacles
which can hinder or slow down the process (i.e. earthgdakeaged BE elements, debris

Existing literatureworks[28] take advantagef suchdata directly for desloping evacuation
simulation modelsin microscopic modelling approaches (especiaflgentbased models

and Social Forceodels)videotapes data can be essential to determine the factors that could
influenceeverys i ngl e agent 6s c Himgiervieonmemt depending ¢b8, he evacua
15,17,18: t he agentsdé surrounding comrddytheons of the
earthquake, presence of obstacles along pathways or debris formation along outdoor streets);
interactions among other agents (e.g.: the attraction towards other evacuees and the necessity
to establish group bounds; gathering into groups guideahbgvacuation leader; repulsive
mechanisms to avoid physical contact during the escagdijtionally, each simulated agent

owns particular individual characteristics that influence his/her response to the surrounding
stimuli. A decision treereation mad by actions that exposed people could perform in the
aftermath of an earthquake can be obtained by videotapeld @8atadepending on: seismic
severity; social context/social shared identity, initial location of the individual (during the
seismic event); activities performed when the earthquake occurred; age and gender of the
individual. At the same timgndividual motion quantities can be retrieved according to the
videotapes data, mainly depending on age, gender, motion abilities.

Such existing simulation models to be employed requires specific input parameters not only,
as previously debated, to creaesmic-induced modifications to the scenario but also
concerning the human figure and its main involved typologieghis aim, in the following
subsectionsa unique methodological framework for exposamed social vulnerability
detectionis outlined. The novel proposed framework adopts specific literahased
methods in a combined, cooperative, and structured way. According to adaptability criteria
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in line with previouly proposed methodologies, the doyed tools are not exclusive, but

they could be replaced by other existing and validated ones. Quick methods collecting data
from easily available data sources are preferred to: 1) avoid costly in situ surveys; and 2)
permit to reficate the workflow by mn-expert techniciansAccording to individual
vulnerability issus, different BE users' typologies.g. for different ages and different
familiarity with place$ will be defined also considering tintependent variations. The
proposed framework providedso the possibility to rapidly detect possible exposure peak
scenariogin terms of people presend®sy overlapping ordinary conditions to eventual mass
gathering events from a muhiazard point of view.

3.2 Methodology

3.21 BE u sypologiés and theirdistrib ution the urban centre: time and
space issues

According to individual vulnerability aspectsnangthe individuals that populate an urban
centre, some users' typologies have to be determined in relation to specific features that could
influencethe evacuabn proces94,95] In fact, when an individual is used to frequent a
specific place (that is airban context) is also aware of its general layout by having an idea
of possible escape paths, risky areas, or available spaces where to refuge. Otherwise, people
that do not have familiarity with places can be easily stressed in case of emergency losing
time to understand the right direction to follow in the evacuation. Additionally, the first
typology could also have knowledge of predisposed evacuation and emergency plans. For
such reasons, this work is focused on distinguishing these main possiblendiffg@ologies:
inhabitants, where local workers are also included, versus tourists or daily visitors, totally
unaware of emergency dispositions.

Another factor to evaluate that constitutes a possible evacuation impediment regards the
presence of peopleith eventual disabilities in motion during the escape. These aspects can
be mainly related to the presence of disabled people, especially if within the urban fabric are
located public facilities connected with homecare activities or hospitals. At thetisaena

reliable indicator easy to detect of such motion impairments can be the ages of hosted
inhabitants. In fact, elderly people record a lower motion speed during the evacuation than
an adult. A similar consideration can be valid for children as Welhce knowinga specific
condition that interestthe studied urban centre constitutes a key aspect that cannot be
omitted.

At this point the attention is moved tbe exposurdssue hosted population quantities have

to be esteemed. A critical peak opesure could be defined terms of the maximum human
presencen the BE so as taonsider the maximum impact on direct (e.g. casualties due to
buildings damage/collapg84,110) and indirect (e.g. evacuation related of83) losses.

The most rapid exposure evaluation could just consider the density of people?(phia

pp stands for the number of people) according9joand census databases referred to the
consideredurban centrée.g.: natimal online census, local municipalities or tourist office)

[95]. In rare brtune cases, census databases coulohked to the detailed position of the
population (e.g. street surudased; integrated with GIS tools), by mainly focusing on
standard occupancy levels, e.g. residf@8% However, the number and position of exposed
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peoplecan additionallyvary over time and space essentially dependimgnzertain factors
collected and discussed Tiable 13 below.

Table13 Time and space issue influencing the human presence variation in the BE.

Human Visitors Inhabitants + Inhabitants + Visitors presence
presence neighboring of  visitors in mass
typologies the local gatherings events
and their municipality area

combinations

People Scarce familiarity ~ Satisfying level  Different Generally scarce

familiarity with the urban of familiarity familiarity levels  familiarity with

with places spaces and with the with spaces the urban spaces
and emergency plans  depending on and with the
emergency their (frequent) emergency plans
plans BE attendance

Time issue By considering By considering By considering  Critical
vi sitor s inhabitantsand inhabitants and conditions
during the year: neighbors during visitors during characterized by
critical conditions  the week: the day: these  a high crowd
in exposed estimating analyses allow  density can occur
i ndi vidua critical considering the  in the urban
presence (e.g. conditions in variations during tissue (e.g.
monthly) exposed the working time concert venue,
correspondtothe i ndi vi du andbetween festivals).
periods with the presence (e.g. night and day
higher number of  weekly) (e.g. sleep time,
touristséo working ime,

(considering both working, and
daily visitors and resting time).
holidaymakers).

Space issue | Visitors can be Local markets,  For some Specific risk
mainly placed in recurring fairs municipalities increasing BE
accommodations or festivities (e.g.: tourist features (e.g. in
(e.g. hotels, tourist hosted by the BE cities/areas), historical
homes, such dsr bring in town further scenarios, the
night-time periods) habitual visites  evaluations crowd in narrow
depending on their from near towns should consider spaces) have to
effective capacity, or peripheral the daily be considered.
or even according  areas that presence of Such an event in
to a homogenous  populating open individuals the BE can be
dispersion spaces. spending their overlaid to the
(including public time in some critical
buildings, as for urban attraction. conditions for
daytime periods). resident people

obtaining
overcrowding
conditions among
narrow urban
environments.

References | [111] [112] [95] [112]
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Census databases and municip@iurism promotion companies, regional tourism
management bodies, trade organizafiboan be jointlyinquired to esteenhe capacity [pp]
and the related people positioning in the BE laydiat.do this, Table 14 reportsspecific
references for the ltalian castudy application.Hence,the capacity estimation can take
advantages of standard data from occupant load fp@Eesessment agescribed in the
following bullet pints

1 buildings open to the publiend their usdave to badentified, especially if they
can be affected by potenti al hi gor occupant sé
suchpubl i ¢ lcuci u pda mtgséés c¢ a p aprovided bythepqcipant s r api dl vy
load factors ([pp/rf] or [m?pp]) also employed irthe code of practice for Fire
Safety DesignThis factoris multiplied for thebuilding area extension depending
on the hosted functions (s€kable 14). Further similarsourcesfor different
countriescan be used to this efid

1 residential buildingsapacity can be determined by evaluatimgnumber ohosted
inhabitants [pp].A detailed map of residentsan be generally provided by the
General Land OfficE surveys such maps couldeport additionauseful dataas
previously saide.g. agedisabilitieg for each housing unit identifiedytthe own
civic number.However data about disabled people can be collected according to
the Privacy Act by local healthcare agencies or civil protection bfii&} Finally,
time-dependent assumptiooETable13has to be cons@edto adequately evaluate
thenhabitant sé pr esethe ildings interded iuse ackooding e
to Table14[95];

1 Public spacesccupant capacitfpp] evaluation can bsusceptible to overowding
phenomenan case of temporary mass gatheringscording to a conservative
approach, the maximum crowdimglated occupant load rarfyef assembly areas
could be reasonably considered from 2 to 4 ppMoreover, to simplify this
processthe occpant loadof outdoorlocal markets can be considered equal to
commercial buildings data (compare Table 14). Precautionarilythe occupant
capacityis esteemed in reference to gross (including parking, events stages, stands,
and other urban furniture) or net area of the public sp&gmsaking about possible
exposure peak situation, hypothetically occupants could leave theirirdysedind
occupy public spaces by overlapping to the people presence bring in town by
organized mass gathering events. Thus, such conditions constitute -4amaltl
scenario due to the merging of i nhabitant an:t
spacesHence in such cases, the overall overcrowdaag be esteemed through the
evaluation ofits density [pp/m] in referenceto the wholepublic spacesFrom a

17 E.g.: for Italy, the National Institute of Statistigtps://www.istat.itf for USA, United States Census Bureau
https://www.census.gov/data.httakt acces80/11/2020

18 E.g.: in England https://bit.ly/2JcT6Vj in the United Stateshttps:/bit.ly/2UweLwX and in Canada
https://bit.ly/3dmj6vdast acces80/11/2020.

19 (e.g. http://www.protezionecivile.gov.it/resources/cms/documents/Manualdastifacces30/11/2020

2 e.g. from Italian regulations such Ministerial Decree M) 19/08/1996Ministerial drcular letter(Ministry of
interior) 18-07-2018, n. 11001/1/110/(10)
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simulation perspectivehis data can be also expressed in terms of capacityafop]
well, so as tmutline the effective maximum exposure scen#nitcan constitute
input datafor simulatiorbased methodologi¢29,94,95]

Table14 Evaluation of the crowding density in buildings opens to the public in relation to
the ltalian fire safety codes due to their connection with the stasly application. lthe
case of historical buildings hosting the intended use, regulations coulttgeated, from a
general point of view, according to the rules provided/yisterial Decree PM): DM
3/8/2015, DM 8/6/2016, DM 9/8/2016, Circular letter n® 3181 del 15/3/2016

Intended use Methodology Quick occupant References tttalian
load factor regulations
Residential The crowding density for 0.05 pp/m2 For residential
buildings private dwellings is related to  (imposed by buildings: DM
their surface regulations) 3/8/2015
Institutional Infield survey to trace Office close tahe  Generally,
buildings information about the number public: 0.1 pp/m2  assimilable tohie
including of the occupant (personnel) wit Office open tahe  crowding of

architectural and a precautional increase of 25% public: 0.4 pp/m2  working place: DM
historic ones rounded to the upper bound Areas gathering 10/3/1998, DM
used as offices, The number of possible visitors public: 0.7 pp/m2  3/8/2015; for other

museum, and art has to be added by cadering public exhibition
gallery the area extension of public places, i.e. hosted br
office historical buildings:
In the absence of further DM 20/5/1992, DPR
information, use the quick 30/6/1995; for areas
occupant load factor. hosting cultural
events with the
public: DM

19/8/1996, DM
6/3/2001, DM

3/8/2015;
Religious For each building, the number 0.7 pp/m2 applied For this intended
buildings of seats has to be counted to the available use, assimilable to
adding the number of standing area extension entertainment and
places public exhibition
places: DM

19/081996, DM
6/3/2001, DM

18/12/2012;
Hospital and Infield survey to trace the Ambulatory and For this intended
healthcare information regarding the similar: 0.1 pp/m2 use, assimilable to
buildings number of available beds. The Spaces for visitors: the crowding for
number of inservice personnel 0.4 pp/m2 working places: DM
is added and the variation due 10/3/1998

visitors esteemed through the
avera@ data of at least three
typical days
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School buildings

Cultural and
entertainment
buildings (public
exhibition and
sports facilities)

Commercial
buildings
Accommodation
facilities

Public shops
such as
restaurants bars
and caés

The number of seats for each
classroom and evaml annexes
(e.g.: refectory, gym) has to be
collected in relation to the
number of students, teachers,
and personnel, according to the
headteacher declaration
Evaluation of the main activitie:
and the presence of seats for tl
public (humber of seats)

The crowding index is related t
the surface of the overall floor
Data about a general scale cot
be provided by tourism
organizations subdivided for
periods or seasons (e.g.: the
municipal tourism promotion
companies, regional tourism
management bodiesatte
organizations). Infield surveys
are necessary to obtain the
single structures maximum
capacity, the number of beds
and personnel (increased by
20%)

The crowding values can be
reasonable esteemed in relatio
to the extension of the area, fol
bars and cafes infield surveys
are desirable to esteem the
number of astaners during
each time slot

Refectory and
gymnasium: 0.4
pp/m2

A maximum of 26
individuals can be
considered for
each clas®om

In a precautional
way: ballroom-
0.7 or 1.2 pp/m2;
theaters parterre
pp/m2, standing
places 3.5 pp/m2
Sports facilities: 2
pp/m2

0.4 pp/m2

0.4 pp/m2 (i.e.
common spaces)

0.7 pp/m2
(precautionary
evaluations)

DM 26/8/1992, DM
12/5/2016, DM
3/8/2015

DM 18/3/1996, DM
6/6/2005, DM
19/8/1996, DM
18/12/2012

DM 27/7/2010, DM
3/8/2015
DM 27/7/2010, DM
3/8/2015

For thisintended
use, assimilable to
public exhibition
places: DM
19/8/1996, DM
6/3/2001, DM
18/12/2012; from a
general point of
view: DM 3/8/2015

A second part to discuss in an emergency planpimgesg29] concerningthe collective
vulnerability-related factors regard the individuation wfban outdoorareas where the
population(inhabitants and visitors) a n

gat her

and

wa i [¢48,4D,57]

t he

The definition ofassembly areas shoudthcompass some criteria. Such area for instance

should be easily reached by pedestri@nvghatever moment by guaranteeinfyee entrance

to the area (e.g. no access gates closure) over time]lass the absence of obstacles related

to particular space uses (e.g. spaces used to host fairs and exhibitions; parkingatieas)

same time, spaces should host evacuees in safe conditions controlling the overall

overcrowding situatiorby avoiding he possibility of physical contact amoigdividuals
(i.e., maximum Level of Service D according[1id4]). To guarantee thatelated occupant
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load values can essentially range from about 2 ppgrabout 3.5 pp/A[115]. Finally, the
counting ofassembly areasxtensionA, [m?] should bereduced of potential unavailable
parts, i.e.: (1) potentially affected by buildings debris; (2) small prefabricated structures
(including temporary ones) and fixed urban furniture; (3) parking lots (precautionarily
considered as occupied); (4) carriageway reserved to emergency vehades &3.5 m,
considering the width of the heavy rescue vehicle).

Another time, the proposedhta collection activities are performed on the case study of
Offida (Italy) which is representative oftgpical European settlement. Besides the fact that
Offida is highly affected by earthquake rislexposureaelated factors are furtherly
exacerbated bynanyhostedtourist attractionsn the BEfrom the cultural and architectural
points ofview and severatumbers of mass gathering events are organized during#ine
bringing in town a considerable number of tourists.

3.3 Results
3.3.1 A quick methodology topoint out the individuals' distribution in the BE

The data collection methodology established in Se&i@riprovidesrapid tools to delineate

thesocial vulnerabilityscenariosnd to precautionary consider possible exposure feaks

a multrhazard point of view. Related databases and provided sourcesvastigated

adopting Offidabds case st ustapablilities. Pnrsuchbagsise evi dence
the maximum daily presences [pfg esteemed. To do thige visitors flow during the year

is firstly assessed by using monthly data from the Regji©observatory of Touristh Results

can be resumed iRigure15-A. At the same timefigure1l5-B displayst he dai |y vi si tor s
presencelirectly retrieved according to databases from museums and tourist attfctions

From both these grapha considerable increase in population is registered in the city during

the summertime especially in Augusto(iday season in Itajywhen the urban centre is

crowded by sightseers.

2 hitp://statistica.turismo.marche.it/DatiTurispast acces80/11/2020

22 http://www.fabbricacultura.com/socio/oikdast access30/11/20
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Figure15 Monthly presences related to: A) visitors (tourist flows; years ZI5) of the
whole historic centre (sourchttp://statistica.turismo.marche.it/DatiTurisyast
acces80/11/2020); B) ahily visitors (years 201:2016) to museums and tourist attractions
(sourcehttp://www.fabbricacultura.com/socio/oikdast acces80/11/2020) image
sourcej116] re-elaborated by the author

In order to precisely distribute the inhabitant within the urban fattrcmunicipal database

is investigated by jointly consideesery singleresddential unitandthe resulting value for

each building aggregate, in terms of the total number of inhabitdoteover, additional

information related to hosted communities can beretrievedc | udi ng t.h eJsceirtsibzensd a
typologies by age are obtainedsybdividingthepopulationinto different ageelated ranges

[117] (i.e.: 014 years, parerdassisted children; 159 years, autonomous young people; 20

65 years, adults; >65 years, elderlies including those with potentially reduced motion abilities

that affect the evacuation timjeEigure16 below simmarizegesults for the overall historic
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centre ¢ Offida. However, specific information about agee | at ed wuseigs sd typologi
provided otty for the study area (black contour) of previous methods desdrilbathpter 2.

Therefore, the total number of inhabitants to consider in exposure scenario creation amount

to 750 residents for the entire tissue of Offida which 319 of them within thg ated.

Aggregates occupation: number of people subdivided in typologies

adult

@ Child w/adult
- elderly
. children

Number of inhabitants for each aggregate

[ oresidents
1-5 residents
6-10 residents
11-20 residents
I 21-50 residents

0 50 100

200m

Figure16 Characterization of inhabitants for the historic city centre by outlining the
number of inhabitants for each aggregate (the kdackourhighlightsthe casestudy area).
The detailed planimetry excerpt (inside the circle) focuses on aggregates occimpation
terms of the number of people by distinguishing thetm fiour typologies according i6]:
parentassisted child, young pple, adult, and elderjymage sourcd116] re-elaborated
by the author

Focusing the attention on the occupant capacity of public building&aititles, results can

be pursued according to the indication providedable 14 of Section3.2.1implemented
through the use of a quick evaluation of thecupant load [pp/Ah. The needed passage
before consistef the preliminary determination of the buildiagntended use, separating
common dwelling by public structures. These data are merged in the map repoFRigdiia

17 where numerical results are sho¥or private buildings as well in order to quantify the
scenario in a complete visiomhen, hdoor occupancghould be furtherly combinedith
theoccupant loagsteemed for outdoor public spacéle total crowding densitipp/n¥) in

open spaces angdbanstreetds graphically provided ifrigure18. This map also highlight

the main urban spaces (both squares and Isks)eptible tavercrowding conditioadue

to mass gatheringvents(multi-hazard) Potential risky areas for the inquired case study
could be themai n street AfCorso Serpentpesedceone o0 due to
Thursdaymorningand of themains qu ar e i Pi a that kequbrthihostfestvalsl o o
popular and cultural celebratians particular,the above mentioned central urban square
during Saturday night could be host additional visitors duegen activities (e.g. restaurants
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and pubs) also considering that in the same square stand fmy¢hef the local theatre.
Additionally, tourists6é presence during the summ
such conditions, the square is alddbst a maximum level of crowding equal to 3200 people

on a limited gross area of 160 (by considering a density of 2 ppnaccording tdrable
14 of Section3.2.]).

Occupant capacity: residential, public building and open spaces

E] Residential

lf©| Restaurant
-'- Religious building

© Entertainment
m Architectural heritage

Occupant capacity: overall planimetry of Offida

C o
115 , — ‘

Bl s LS Ty -7.‘“‘ g

227 aso ) 9

Bl s

o 0 50 100 200m

Figurel7 Overall planimetry of Offida with the individuation of the total occupant capacity
of buildings, expressed in terms of the number of hosted people (thecblatckir
highlightsthe casestudy area). The upper circle shows an excerpt from the analysis in
terms ofthebuildings htended useimage sourceg116] re-elaborated by the author

To conclude, it possible to comprehend the urban falonign criticalities from an exposure

point of view by overlapping through the maps the obtaineddat&a @ pant sd presence in
casestudy areaallows delineatingcritical scenarios. Additionally, such results can be

analytically quantified in
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Table15 belowcontributesto delineatea complete framework assumed as representative of
recurring maximum achievable crowding conditions all over the year.

Occupant capacity: Open spaces

<045
0.45:0.70
=== 070415

=== 215 pp/m?

N  Possible mass
&\\ gathering events

0 50 100m

Figure18 Planimetry of the casstudy area in Offida with the evaluation of the crowding
density (pp/m2) in public spaces, by evidencing the selected area border. The areas that can
host mass gathering events are also evidencéaebyatching texturgmage sourceg116]

re-elaborated by the author
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Table15 Casestudy maximum crowding scenarios

Building intended Thursday (912 a.m.) [pp]  Saturday (811 p.m.) [pp]

use:

Building heritage considering officesinthe 121  considered as closed -

(museums, municipal buildings

churches)

Hospital and both personnel angitients 110 long term care 40

healthcare

buildings

Cultural buildings cultural activities normally - cultural activities held 300

(i.e. theatres) held during evenings and imply maximum crowding
weekends conditions

Commercial holding maximum occupan 176 are closed -

buildings loads

Tourists closed due to dagime - empty due to eveningime -

accommodation  activities activities

Restaurants are closed because of out ¢ - maximum crowding 189
the lunchtime conditions

Bars and café holding maximunoccupant 47 maximum crowding a7
loads conditions

Inhabitants people between 20 and 65 143  dwellings are occupied by 319
years old are supposedt residents at the dining time
of thehistoric centre, at
work

Open spaces:

Pedestrians crowding conditions in 560 BE could host additional 560
open spaces of tHeE events (e.g. other local
hosting the weekly market markets), assuming an
alongthe main street occupant load equal to 0.4
iCorso Serpe pp/m?
considering).4 pp/ni

Total: 1157 1455
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Chapter 4

Risk reduction solutions based on
evacuation simulation outputs

4.1 Combining scenarios modifications andhuman-centred
aspects to test the effectiveness of proposed risk
mitigating strategies

Resuming what presented since this point, it is possible to affirmhaabmplexity othe

Built Environment entailsonsidering a challenging relations system betwié physical

(i.e.: buildings, path network andspaces layol)it human {e.: hosted occupantys and
organizationali(e.: emergencylanningand management) factot® move towards better
design and operation in both normal and emergency condjg8an34,118]

On the basis of previous discussions related to human and BE interactions, in this last chapter
a proposal to evaluate the effectiveness of whatever safggasing solutions of natural
hazardprone areas will be advaed [27,119 122]. The present work faliws the
methodological approach validated befor§2i®]. Especially, suddeonset disasters such as
earthquake have the potential to trigger critical situations, mainlythe first disaster
aftermath phasesimpeding theevacuati on and rescuersbo access
[4,30,67,123]

Special attentiohasto be paido inhabitant safetyespecially during thevacuation process
along urban paths networka many casefiuman losses are related to people dénainot put

in condition to reach an assembly area because of blockade paths. At the same time,
modfication to the scenarios coulimnit the operativity of the emergency management plan
by first responder§,67,124,125]To avoid such impedimenttocal authorities and Civil
Defense Bodies foresee interventions orddogs to reduce their vulnerability and damage
possibility through retrofitting action§l26i 128] or they prevent critical situations by
promoting emergency management strategies to improve cilizeafety levels
[30,48,125,129]At this point, the question is: how to perform an effective solution? and how
can be this last retained valid and affordable for a specific case study?

Hence, firsof all, the analysis of disaster scenario conditions should be preliminarily adopted
to plan appropriate rishnitigation strategies. For such purpose, a performaased
standpoint able to jointly combine human behaxdelated aspects and seismic eff@tthe

BE should be preferref28,34,118,125,130] To this endthe rapid seismic vulnerability
assessment obuildings (mainly historical one and in masonry typology) have to be
performed[67,131] The one that necessitatexpeditious data (e.g. typology, state of
preservation, geometry, presence of aseismic devj8¢k32] that can be also analysed
through external or remote survefs70,77] are prefered, as already indicated in Section
2.2.1 The prediction of postarthquake damages scenafmsinstance able to understand
eventual ruins presence along the urban piattisen employedEmpiricatbasedmethods
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that adoptiquick correlation betweesarthquake severity and vulnerability values can speed

up the scenario creation proce$3,70]. In this way, a macroseismic earthquake
characterizatiomndrealworld datacan be used to validate these appreaffi/] as proved

in Section2.3.2 Indeed, thestatistical significance dheout-of-plane response of the facade
walls, which can block the urban pathsreasethe importance of ruins formation prediction
algorithms.

Additionally, p e d e s tevaduationspéocedsas to be adopted to understand which and
where critical conditions can occur and where to dire@scuer s6 achgess procedu
includingthe abovementionegbstearthquakecenario conditiong8,28,124,133]For such
purposes microscopic modeld134] have tobe preferred since they take into account
behavioural aspectsassociatedwith each simulated individual Moreover, specific
interactions among evacuees and between them and the m&difime adopted to perform

the evacuation simulatidi6,28,135,136]

Finally, to analyseevacuation simulation outputs necessitate objective tools. For such,scopes
the deinition of Key Performance Indicators (KRianbe considered a rapid way to directly
evaluate the effectivienpact ofproposed riskeductionstrategie$126]. Such tod provide
numerical quantities to compavbtained resultamongdifferent scenarios conditiofi$37].

These indices allow to analyse the overall populafisafety level§31,32]andalso possible
related hazamlthat can affect them while reachirrgscuerd28,125,129] KPIs giving the
possibility to focus onhe safety level o§pecific BE elementas well(e.g.: assembly areas

and paths).

In view of the above, this last chapter pursued the aim to close the methodological framework
(i.e.: the PDCA cycle) declared Figure 1 of Section1.3. All the above issues are here
addressed proposing an innovatsimulatiorbased methodology aimed at the identification

of the best path choice for evacuees and rescuers' access, the evaluation of safety levels for
each path and assembly area, and finally at comparing the impact among implemented
emergency strategg. To corroborate the overall methodological framework its
implementation will be performed on the Historic Centre of Coimbra (Portugal) adopted as
a case study.

4.2 Methodology
4.2.1 PLAN the actions by creating scenarios for safety assessment analysis

Thefirst step necessary to propassilient solutiosagainst seismic disasters should involve

a detailed characterization of the whole physical scenario. Tihsgeed up the process in a
way that can be implemented at the urban scale rapid data collection methodologies are
chosen to perform different samo conditions as we[B0]. This step (i.e.: PLAN) and its
tools to be actuated are wigeebated in the previous chapters of this thesis. Essentially the
first data to collect should concern the urban laydbe related key role elements are the
path®width in relation to the facinguilding height and the overall configuration of the
urban path network including its composing elemelnitsks, nodesand squareassessment
arecrucial in emergency planning. Widmen spacesould embody the role of assembly
areasAdditionally, the possible access point for rescuerhi®network constutes another
fundamental element to depie,6,48] Moreover, exposure issues are often related to the
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building intend use, the presence in the BEt@tegic buildings (e.g. hospitals, hotels, public
administration structuresharactere theposition andhe number of inhabitants involved

in the evacuation especially forthose whorequire special cares. Finally, marade
constructions(both buildingsand path network elements) should be inquired from a
vulnerability point of view employingimplified assessment techniquB#ferently from the

works proposed above, for this last gahk method of Tiago M. Ferreira, Vicente, and
Varum (2014)for masonry buildings and the one proposedSlaytarelli et al. (201 7pr

urban paths are chosen. In this way, the replicability of the general operational framework is
pursied because the employatkthods are not exclusive, but they could be replaced with
similar others, improved in the future guaranteeing general adaptabili#lthough the
seismic input intended as the hazard component of the risk is not deeply analysed in this
thesis, different emergency scenarios (related to therige of the seismic eventan be
determined in relation to its variation. Hence, in this study, the prediction of debris quantities
due to damaged buildings on urban streets is represented in terms of ruins depth (linear
dimension) by adopting validated experimentallpased mdtodthatproposes correlations
between seismic magnitude, geometrical building/facing street characteriaatidouilding
vulnerability[70]. Findly, eventual current predisposed emergency plans in each case should
be considered by verifying their adequabythe cases where there is no evacuation plan,
national or international evacuation guidelines can be used.

4.2.2 DO by performing evacuation simuhtion

Validated evacuation simulation models have to be involved to assess the safety levels of BE

elements and hosted inhabitants in case of an earth{f&4e32] Related software tools

are able tojointly analyse both theearthquakeénduced scenario modificatiorend the

evacuation process

On the first matterhow previously said this operational framework adapé Santarelli et

al. (2018p s mehatlis odused on the estimation of debris depth foriméte immediate

aftermath of an eventThe eventual availability of poglvent evacuation plas are so

esteemed by taking into accoutlte earthquake magnitude, the analysed building

vulnerability, and the analysed building/facing street geometry

Meanwhile, egarding the@vacuation proces# should be evaluated from the analysis of the

individu al s 6 performédaurisg and in the aftermath of the earthquaker this

purpose, advanced simulation tools have already collected all the typical and specific human

behaviour through the techniques discussed in Se8tibrin this way, such microscopic

tools are able to descriltke recurring individuaindividual and individuakenvironmental
elementsinteractions, while preservinthe general adopted holistic approd&éB8i 141].

Additionally, anAgentBased Mode{ABM)-oriented approacfi42] can enrich the overall

advanced simulation model by deeply focusing on
motion simulation and by modelling environmental modification as separates {§éd®]

In this thesis,th&€ar t hquake Pedestri ans {6]ifadeptediadsdbi on Si mul a
because it is developedew years ago in the same research department of the author. This
validatedsoftware is based on@mbinationof the ABM and Social Force Model (SFM)
technique$141]. Additional specification of the involved simulator, that do not constitute an
object of this thesis but is limited to be employed as a tool, is providédpandices.2.
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Describing deeply thpurposes of thevacuation processmulatal by the modelthefinal

objectiveof each agen to reach aassembly are@AA) wheretowa i t f or rescuersé arr
Such assemblgreas are previously determined asoording to the current local emergency

plan.According to Sectior2.3.], the evacuation path followed by evacuees is made by the

union of conseutive links and nodes, the final node that can be generally embodied by a

square correspond to the assembly area. Howékeinlthereatworld unfortunately not all

the simulated people are able to reach the predisposed AA often because of the surrounding
environmental modificatioife.g. blocked pathBy ruins)or because obehavioural issues

related to path choices critar{e.g.influenced byotherevacuees Through the employed

techniques discussed in the introduction of chaptéri8 demonstrated how in ¢k cases

trapped evacuees tend to gather ardimecdame point remaing together. Such additional

assembly areacan be definedsii s pont aneouso (SAA). So as descri beq
3.3.1for AA such places are often characterised by the following points. Those areas should

offer the best safety and comfort condit®to evacueesuch ashe limited presence of

debris, higher dtance fromtall and damaged buildings, enough space to gather and

accommodate peopfweferably not in ovearowdng conditions

In view of the abovethe simulations are performed according to the following necessary
assumption[6,28,124,136,143]Th e i n d ipathchibiceaduld Ise influenced binksd

geometry, damage leveland social attachment phenomdfg asfurtherly described in

Appendicess.2 The evacuation starts to hmerformedby the agentafter the earthquake

shake (do not move during the earthquake shakeordng to Civil Defence Bodie

dispositiond97] by avoiding riskiest conditions due boiman body instabilitand possible

falling of objects[144]). All the produceddebris are considereglreadygenerated at the

startingo f pedest r Sinmuatedagemts tan lmengeateddirectly outsideof the

buildings where they are hosted or randombatteredi n t he scenariobs opens
according to whaits discussed in Sectiohi2.1 They start their evacuation from such points

and ends it in three possible ways: reaching an AA, gathering withsattiera SAA

stopping along an emergency paththe end of the simulation ti@ remaining in the place

where they are trappéd.g.: enclosed by debris presenée)cording to previous EPES tools
validations, the indivddyalindtee SF\ is iequal topr ef err ed
2.1+0.5m/s (Gaussian distributionThe maximum simulation time could Hied by

considering théime needed to reach/A by the farthest individual that moves at 1 m/s.

Five simulations are carried out for each scenario and mean output values (and related

standard deviationg)re considered to highlight possible variatiohsos i mul at ed pedestri a
behaviour due to introduced stochastic erj@441] According to[6,139] 10% is the

maximum allowed differere in the simulation outputs. AHP ProDesk 400 G1 MT

workstation (Intel® CoreT2M-#570 CPU @ 3.20Ghz, RAM: 8GB)S. Windows 7

Professional 64it) is used for simulation running.

4.2.3 CHECK the safety lewels by analysing simulation results

Evacuation simulation outputs have to be quantitatively analysed through the employment of
ad hocKey Performance Indicators (KPIsjlence, KPIs, based on humeentric metrics
[33,34], have to be defined aimed at combining the main factors that are able to characterise
urban scenario criticalities. Such factors involegnerability and damagdssuestrapped
population andthe state of e s ¢ aceesspdihs, implemented rigkuction strategieand
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communitysafety levelsResults, according to previous work developed in chapter 2, should
permit the rapid evaluation of the entire urban fabric. Thereford datermined indexes
could be synthetically reported on riekapsto quickly localize specific risks for each urban
component (e.g. buildings, paths, assembly aréagjording to the employed software for
simulation, each athe KPI should be referred to all the different simulation outputs giving
their punctual interpretations. For such reason, each urban tissue elemerelatesi KP)

a complete description afl theinvolved KPIs is offered il\ppendices.3.

The safety level of each link of the urban paths netwddble B1 Appendicest.3) is
obtained by considering both its usage by evacuees and the possible imtenactiag them
(evacueesvacuee due to the overcrowding condition) and to debris presence along the path.
Additionally, everysingle link if combined with the contiguous ones can be assessed by KPls
in the view of const it uttheasgemblyeascasuer sd access pat't
The assembly areas (AA) are evaluatedTiable B2 Appendices.3). Firstly, AA safety is
connected to the minimization of directional variations and coraimgoing behaviors.

Then, according to its definition given in Secti®B.1, each AA hato host evacuees in safe
conditions (adequate levels of crowding and satisfying surface without debris and away from
unstable buildings)Moreover, AAs shoulde directly reached by rescuers after the event.
For such purposehe path conditions toward the analysed AA necessitspecific KPI that
evaluates the possibility to find streets devoid of debris minimizes interferences between
rescuers and seismiicduced scenario alteratiof,48,49,124,136]An ideal access path
towards an AA should be the shortest and safest one. Additionally, in this thesis rescuers are
considered equipped with emergency vehicles (e.g.: ambulanéies toucks) thus a street
width of at least 3.5 m should be guaranteed for main street acces§@litAnyway, in

the historic urban fabric, this could be not possible for manyslko first responders could
move only on foot.

At the same time, safety levels of spontaneous assembly area (SAA) can be equally evaluated
by KPIs(Table B3 Appendices.3). In these areas, evacuees decide to spontaneously stop
their motion induced by visible lowisk conditions However, such areas could not be easily
reached by rescuers. Hence, alternative paths should be establishedjaladlgievaluated
through KPIs. Related results will be compared to define which is the best path.

Focusing on further technical aspects of KPIs definitibis, worth noting that some indexes

are normalized within the area data to define a prioritydidghterventions, by characterizing

risk levels into 4 classes: low-025), mediurdow (0.250.50), mediurrhigh (0.560.75)

and high (0.78L).

4.2.4 ACT by proposing risk reduction solutions

According to different authord121,126,127,145,146]risk-mitigation strategiesare
generally based onuilding retrofitting interventionsevacuation planning (i.¢he position

of assembl y ar epas evacwatson pathrdsfibitionpreparedaess and
population awarenegby providing to citizen the right actions to perforrajd emergency
management, including support to population (i.e. wayfinding signage implementation,
positioring of rescuerwithin the urban layout, etc.Although, all of these strategies could

be retained valid and useful some of them can be more effective than others if implemented
in a specific case study. Hencke tproposal o risk-mitigation strateg has to be based on
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the more critical aspects outcomingrfrdhe evacuation simulation of a specific case study

by taking advantage of KPlIs description and resultisigmapsas well[28,32,125,147]

Risk-mitigation strategie@roposed in this thesere based on results outcoming from the

simulation of arfiinitial scenarid . T h @postintervéngonscenarim (i . e. : t he one th
includes the proposed strategies is simulatedpsto close the PDCA cycle by going back

to the very first stage of the procgsscording toFigurel of Sectionl.3). Therefore, lie

PDCA cycle can be ieratedto evaluate again the safety levalgdto test the effectiveness

of different adoptedrisk-mitigation strategiesSpecifically, each risknitigating strategy

should intervene on certain KPIs. Comparing the initial scenario results with the subsequent

reiterations a strategy can be assumed &g Via the Aciipa is maximized, thelsaa is

maximized as wellby minimizing the number oAA, avoiding the formation of manyA3\

and by I imiting the evacuation ti me, so as to f o«
LOSwWO 0 %pR).ndn the contraryVink, T, Sinkaa, Saa should beminimized by guiding

people towardshe AA. Comparisons among such results of different scenarios (isikh

strategiesdifferenty implemented) have to be determined by evaluating their mutual

differenesdx[%] defined in Equation 25:

0w
()

Q ap Pprm (25)
wherex is a general KPI, and the subscripts refer to simulation in the original (sutcript
and postintervention (subscrigti) conditions.In conclusion, eacKPI variation toimprove

the safety levels should be minimized or maximized depending owraimgered KPI
definition.

The entire PDCA cycle is here performed on the Coimbra (Portugal) case study to better
evidence the effectiveness of the proposed operational frameWuekcity of Coimbra is

one of the oldest and most important Portuguese cities, especially for its historical and
cultural significancg148]. A complex and irreglar urban fabric characterise the historic
centre of Coimbra with its historical unreinforced masonry buildings that face narrow streets
and windings alleys. This centre could be representative of many European historical city
centres schas the one of fiida for the Italian case study. Indeed, the majority of buildings
does not actually present any seismic design or detailing and therefore are extremely
vulnerable to an eventual seismic event, even of a low to moderate inf&ASity

4.3 Risk reduction solutions based on evacuation simulation
outputs: a case study results

According to Sectiort.2.4 two different scenarioare simulated in this work. The first

i nitial dsauwseddnhe following Section4.3.1 and representghe current
conditions of thecasestudy area. The second offipostintervention scenario,)addressed

in Section4.3.2 corsiders the adoption of a series of risk reduction strategies specifically
designed to mitigate thariticalities pointed out byhe first scenario.
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4.3.1 PDCA to assess the initial scenario

Startingfrom thePLAN, the case study area is the one marké&tdgare19within the historic
urban fabric of Coimbra. How previously said this area is mainly constituted by masonry
buildings and their vulnerability values (assessed with the method proposEdduy M.
Ferreira, Vicente, and Varum (20}4are directly retrieved taking advantages from the
previous study of67]. In suchcontribution, the main classes of buildings vulnerability
distribution are provided for the case study avedditionally, Figure 19 identifies those
buildingsthat are excluded from the evaluation becausadbgted vulnerability assessment
method could lead to not significant valu@e. monumentschurchesand otherdifferent
typologies from masonry buildings).

Vulnerability Index
Iv<4s
Iv>45
Non evaluated buildings |
Urban area boundary
\ \
\ >
.\.'u!ncs;\luln_\ Index \
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50 - 60 a
60 - 70
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| . 90 - 100 |

Non evaluated buildings ;
Urban area boundary |

Figure19 Vulnerability maps: (a) global vulnerability distribution over the Historic Centre
of Coimbra,; (b) study area and identification of the building facade walls with vulnerability
index values higher than 4Bnage sourcd29] re-elaborated by the author

Figure 20 highlights the urban paths network of the case study and subdivides the network
elements according to Secti@n3.1 A total amount of 32 links delimited by nodes are
determined. Bice no data aboulhe current emergency plan have been retrievéthin the

same area are preventively determined nine possible assembly area (AA). Individuated areas,
accordng to their definition (SectioB.2.1), are preferably the one thatplaced in the widest

open spaces (i.e. squares, wide avenues) and the ones placed ontafoiivest paths area
because their peripheral location allow rescuers to reach them more easily (e.g. the ones
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pl aced along the main roads). Finally, 3 main a
highlighted byarrows. Figure20reports through a chromatic scale the outcomes of the paths

network elements (i.e.: only link in this case) vulnerability values assessed through the

valuesaccording tdSantarelli et al. (2018)s meAs baao lge seen in this figure, the most

vulnerable links aréhe numberg, 9, 10,13, and inner parts of links 2 and 6 (characterized

by most vulnerable buildingby comparing withFigure19).
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Figure20 Urban paths etwork schematizatioandViin« values for the case study area.
Rescuersé vehicle access and possible designated
to the 8 are also evincgitnage sourcd29] re-elaborated by the author
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The seismic input considered for the simulated scenario (that will be the same in-all post
intervention scenarios to make them comparable) is here expressed in terms itddaagn
and assumed equal ®.6 M, thatis the maximum historical local magnitud&50].
According to chapter 3, the hosted indivads are determined with the awhthe exposure
scenarios creatiorl200 agents are simulated, but to simplify the simulations (also in terms
of computational time) they are assunoedly as inhabitants. Hence, residents are distributed
in the environmenaccording to the buildings where they live. Is also necessary to underline
how for the only inhabitant category (compare to Sec8iéhl) it is supposed that all the
evacuees knowery well the surrounding environment atige position ofthe designated
AAs. Rapid visualization of the exposure scenario is providdedare21.

According to Sectiod.2.2 the maximum evacuation time is fixed equal to 350we the
evacuation paths are much shorter than 350m and earthquake evacuatioargpgemusrally

higher. For these reasons, the same time is adopted as the total duration of each simulation.
Thus the 5 simulations are performed (DO) according to the scenario creation task just now
discussed.
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Figure21 Exposurescenario: bsted inhabitants within the area buildingsage source
[29]
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The performed evacuation simulations of the initial scenario give their first réSHIECK),
indeedFigure22-A repors theaveragesvacuation curve in terms of arrived evacuees to the
designated assembly area (AA) in the simulation time. Because of the 5 simulations, the same
graph showghe maximum and the minimum evacuation curve as well. The maximum
differences among these curves according to Equatids 2§ual to 5%According to[6] it

is possible to assume that the analysis eoged to an accurate soluti¢nl0%) Figure22-

A highlight the presence @66 evacueethat corresponds to tlel% ofthe simulated agents
that are ble to reach m AA within theadoptedsimulation timeequal to350s. Going deeper

to analyse eacassembly aredigure22-B displays he average evacuation curves for each
singleassembly aremdividuated by their codes. In additiohable16 summarizefor each
assembly aredis main KPIs giving andea ofthee v a c u e e s 6 theitoocbpancyn a n d
safe conditionswhile they are waiting for rescuérarrival. In this way some first
considerations could emerge.

Discussing obtained results related to the number of evacuees that are able to reach the AAs
they are heavily influenced by the effect of debris formation on considered pipinse 23

reports the percentage of ruins along paths. These links condidepsgially for the
narrowesbnes(e.g. links 5 and )5 couldslow downthe evacuation motion towards the AAs

and in many times impede evacuees to reach the nearestbssrea.Possible paths
occupied by ruins in the initial scenario could be links 1, 22, and 23 where evacuees try to
reach AA2 and AAB, links 5 and 6 towards AA4, and finally, links 14 and 15 towards AA7.
Such AAs are reached only by those agents tliegplaced in proximity of thassembly area

at the start of the evacuation process. Moreover, KPIs for AARI€16) evidence how this
assembly area is underused in pamson to its wide dimension. This condition could be due

to the huge amount of debris presence along link 22. In this case, pedestrians coming from
links 1, 2, 8 and 24 prefer to reach the AA5 and the AA6 instead of the AA2. Suggestions
for risk-reductbn strategies could emerge by guiding the evacuees that actually move
towards AA5 and AA6 toward the available AA2, while reducing the building's vulnerability
through retrofitting intervention along link 22.
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Figure23 Case study ebrispercentagen links for the initial scenario according to the
Santarelli et al. (2018)s m eThénmap reports also tlxssembly area (@) risk
characterization according to KPls and the possi
AAO, AA5, and AAG image sourceg29] re-elaborated by the author

The highestlaa andLOS\ values inTable 16 for the AAO demonstrate how many people

reach this AA. Indeed, AAO is placed in a central part of the Coimbra BE also leatezkr

by the high val ues of urhamfabacconfigaratiomadditiodadyn si ty due t o
the links that connect this AA to the others are affected by debris presence (corkjiguesto

23) that impede the evacuation towards the nearest AA3 and AA7.
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Table16 Key Performance Indicator related to overcrowding conditions in asstmbly
area (AA). T h eordfers to evacuees who, although have not reached the AA, have
stopped close to it and therefore are not included inshealculation

AA 0 1 2 3 4 5 6 7 8

Aerian [Mm3 303 237 550 545 265 250 250 300 380

Np [pp] 141+20* 83 44  115+12* 80 72 48 57 98

Jaa [%] 18% 11% 6% 15% 10% 9% 6% 7% 13%

LOSaa 2.2 29 125 43 33 35 52 53 39

Tablel7 Key Performance Indicators related to the level of safety in assdmbly area
(AA).

AA 0 1 2 3 4 5 6 7 8

T[] 1.254 1157 1.059 1.265 1.034 1.437 1.323 1.227 1.402

E Swaa 0.036 0.012 0.000 0.000 0.000 0.265 0.317 0.000 0.000

Saa [-] 0.369 0.219 0.083 0.314 0.110 0.630 0.649 0.261 0.408

Smmom 57%  34%  13%  48%  17%  97%  100% 40% = 63%

Slowing down effects of thevacuation are shown for links 9,10, &hd 12 converging to

the AA3 such link are the longest ones in the area. In some sitgjatienevacuation time
increases because of dekmédated slowing down effects. The same conditions are registered
along lirk 10 whichis characterised by no crossroafiable17 summarises the KPI values

of Sinkaa Sa and Saanorm Figure23 displays theaanormvalues directly on the urban centre
map and by highlighting the possible access paths for rescuers towards thesgmdy
areasthat could not be reached by the main peripheral streets of the study area. While, for
the remaining AAs th&inkaa is evaluated. Th&inaa for the AA2, AA3, AA4, AA7, and

AAS8 is equal to 0 since they are placed at the boundary of thear@éa&o are considered as
directly reached by rescuers coming from the external parts of the studied area. Finally, it is
possible to conclude froffigure23 how the hihest risk level is registered for the AA5 and
AA6 mainly due to the highest number of hosted evacuees and due to the highest debris
presence that affects both the path tortuodijyaad the overall safety link values.

On the contrgy, theaveragenumber of simulated agents thgdtherings together out of an
assembly aress about 316, generating different spontaneous safe areas. Individuals out of
assembly areaA@A) and the spontaneous assembly aré&@Af), about 10% of the total
number of hhabitants, stop their evacuation along links because of blocked by debris, slowed
down by their disabilities in motigror by the tortuosity of the patlrigure 24 offers the

SAAs risk map byonly evidencing the ones withna>5%: suchspontaneous assembly areas
contains the 62% of pedestrians gatheringAM\SThe same figure alsevidences two main
alternative r e sowands sushdSAfaptaced B she inneryarteosthe urban
fabric. To determine which is the best path for rescuers the related KPI is involved by each
comparingthe Soue, 2 Values.The Soue s repated in Table 18 is referred to the better
alternative The same Tableesumes theemaining evaluatedKPIs providing Ssaa and
Seannormvaluesas well
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Table18 Key Performance Indicator f@pontaneous assembly are88A4s).

SAA 0 1 2 3 7 8
Aeif,saa [M?] 18 39 33 23 63 63
Sarea,sAA[-] 0.345 0.075 0.118 0.193 0.056 0.046
Sroute,sA[-] 0.091 0.044 0.044 0.083 0.042 0.042
Jp.s[%0] 19% 10% 10% 8% 7% 6%
Ssaa[-] 0.406 0.137 0.159 0.225 0.103 0.088
SsAA (Norm) 100% 34% 39% 56% 25% 22%

According toprevious works on reakorld scenarios analys[28], people collect in such

SAAs because paths to a ndek is blocked by debris or surroundiegnditions along the

urban fabric are better in terms of damage levels and available space. In narrow and very
damaged areas, i.e. 88 and 3 A6, evacuees seem to spontanépgather in intermediate

nodes. In particular, A0 is characterized by the worsbnditions within the whole area
because of the most significant presence of debris that reduces the effective area where people
can stop their evacuation in safe conditions (compareAwita andAgepris, 2a in Table18).

The same hazardous conditions characterize both the links converging foABeasd the

possible access routes (&gt s Value). Similar conditionare fundamental along the most
vulnerable and long links, i.e. forA\1 and R\A2 (along link 2), A3 (along link 7),

SAA7 and A8 (along link 10). Accordingo Table18, SAA2 is less safe than nexAB1,

mainly because of a significant risk in th&/ surface(i.e., due to debris presence, see
Sirea g and smallerAeiina). On the contrary, SA 3 i
nearby ones because the better chidor access route is sensibly influethoé debris and
condi ti onAA3)aéshawgbyietated i . e .

evacueesd densi

ty

S

mor e

fifdanger ouso

Soute, . About AA7 and RA8, they can be affected by a minor facing buildings
vulnerability and by related lower debris presence, as suggestég: by and Soute, .
Anyway, similarSoute saCharacterize the two alternative access routes, so the shortest path is
assumed todthe best one (rescuers access #fox8).
To conclude on the determined spontaneous assemblysiradations evidence that some
agents alsoan gathers in areasryclose to a AA, as for A9 and 2AA10, mainly because
of slowing down phenomena in gnes moving together (such asemaot furtherly analysed

collectonly the4% of not arrived evacueel®8,129]
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Paths to reach SA: dashed lines represent the better alternative paths to reachfeach S
(related KPlIs results are reported for the worse case as welhwaunsi lines)image
source]29] re-elaborated by the author

At the end of the evaluation of collected and assessed simulation outputs, thanks to KPIs
involvements, the mairisk-reduction strategies adopted in this thesis are resumed into two
main pointgaccording to SectioA.2.4 the ACT phasesinow started)
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Retrofitting interventios on buildings are proposed starting from the most

vulnerable located along the longer paths so as to reduce their vulnerdiiiity.

solution could affect the total amount of generated ruins due to buildings collapse.

Decreasing this impediment for tev acuati on and rescuersd acti
visible inintherwnwexti dposcenari oo for what it
(T, Sraih,an@ndSoue saavalues) Figure25display on the Coimbra urban centre maps

the 21 buildings located along critical links 4, 6, 7, 9, 10 where a reduction of

vulnerability values is introduced by simulating the following improvements.

According to[126], the introduced retrofitting interventions regard: the s@lvall

connections by means of effectively tying walls together with steebtig the

wall-to-floor connections by means of the introduction of steel angle brackets

adequately anchored to walls through steel connectors and anchor plates; the

structural performance of the roofing system by introducing steetodie

underneath the cdilg joists.

The second level of possible solutsimvolves the evacuation management by

providing a new planKigure25) to optimize the AA number and location from the

criticalities previously discussed and emerged by KPIs analysis. In this way,
rescuersd acti ons wifdwérpomts whéreocollacssamajoand di rect e
concentration of agents in difficulties. In detail, the AA7 is removed in the

emergency plan becausegits excessive proximity to th&A0 and for its lowJaa

level by also supporting people to move towards it through pligsemination

actions or installing wayfinding signat the same time, the AA2 and the AA8 can

be together merged in a unique AA because of KPIs highlight how such areas appear

affected by low crowding conditioninally, a new AA, named AAS5 iifrigure 25,

is adopted instead of both the previous AA5 and AA6. The new AA5 is placed in
correspondenceitha cr ossroad of t wo Figuednanditescuer sbé6 pa
could be aimed at collecting evacuees from nearby.links
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Figure25 Proposal of riskmitigation strategiesa) buildings with retrofitting interventions

are marked in red b) the negsembly areg#As) position from an emergency planning

perspectiveby including related identification coddémage sourcg29] re-elaborated by
the author

4.3.2 Verifying the effectiveness of proposed esilient solutions post-
intervention scenario

The possible solution discussed above (Seai8rl) are then both implemented to perform
another time the entire PDCA cycle dretpostintervention scenaridl able 19 introduces
the effectiveness of the first rigkduction strategy that is aihat reducing the amount of
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produced debris along the paths by intemgiin the seismic behaviour of buildings. Here,
vulnerability valuesl(s) are comparetb directy underlinethe introduced difference between
the initial scenarigPLAN). Theinvolvedbuildings are highlighted irigure25 as well, the
identification code is also provided to compare their position with the valuesbéd19.

Table19 Selected buildingsulnerahlity index for seismic retrofit, before and aftire
retrofitting interventions.

Link Building code Original lv Postintervention conditionys  Iv Reduction%]
. 6.1 35.78 26.13 26.97
Link 4
7.7 32.61 23.04 29.35
Link 6 6.1 35.78 26.13 26.97
7.1 50.00 42.17 15.66
7.2 48.48 41.30 14.81
Link7 7.3 59.57 52.61 11.68
7.5 345 24.50 28.99
7.7 32.61 23.04 29.35
9.1 42.17 23.91 43.30
9.2 45.00 33.48 25.60
9.3 33.61 26.02 22.58
Link9 9.4 56.52 49.13 13.08
9.5 50.07 38.65 22.81
9.7 59.13 41.74 29.41
9.9 50.07 38.65 22.81
10.1 56.96 34.35 39.69
10.2 46.37 38.65 16.65
10.3 59.20 37.44 36.76
. 10.4 54.13 32.17 40.57
Link 10
10.5 45,72 23.09 49.50
10.7 74.78 53.04 29.07
10.9 43.26 23.91 44,73
10.11 49.13 26.52 46.02

The vulnerability reductiomaffects not only the depth of produced debris on the links where

the buildings rest but also on the values of urban path network vulner§bdtyi.e.: the

links 4, 6, 7, 9and 10. Figure27 shows the graphical tputs to compare with the previous

Figure23). Such strategy demonstrateow is pasibleto reach a visible safetycreaseoy

intervening on a limited and welletermined number of buildinggvacuation improvements

are translated into the avaeffdctwvdardespegallyf or pedestr
within a typical historicatcenario characterized by many narrow streets. Hence although the

difference between the absolute values of both scenarios can seem not so impressive, it can

be crucial in ensuring safe paths for evacuees and safe access routes to fescoefsm

suc statemerg Table 20 offers a comparative framework of the obtained Kirden both
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the inquired scenarios (pre and po$t)e effects of the second implemented ielduction
strategy will be observable only after performing the simulations (DO).

Table20 Links vulnerability index, debris amount, effective areas before and after retrofit
interventionghe considered earthquake magnitude.

Original condition Postintervention conditions
Link Total Area [M¥] Viink Adebris[m?] Free Ared%)]  Viink Adebris[m?] Free Ared%)]
Link4 14.75 0.53 11.87 20 0.38 10.78 27
Link 6 55.06 0.57 45.21 18 0.49 43.25 21
Link 7 150.76 0.71 128.10 15 0.65 12290 18
Link 9 240.72 0.66 21093 12 0.60 202.73 16
Link 10 441.33 0.69 342.04 22 0.59 325.27 26

The KPIs evaluation phase for the pogervention scenarifCHECK) openings with the
graphical outputs given iRigure26 where the evacuation curvase considered for both the
whole simulated scenariaerage, maximum, and minimum evacuation curaed)for each

AA. Comparingsuch results with the ones obtained for the initial scentredifference
betweerthe maximum and minimum evacuation curves is acceptable since it is equal to 4%
(<10%). Average results show that 746 evacuees (62¥%ebbsted population) seem to be
able to reach AA within the considered simulation time (350s), which is almost the same
conditions for the original scenaridable21 summarizes theccupancy conditionsf each

AA and inTable22, Saa and Saa nom are evaluatedoy also reporting the comparisons with
theinitial scenario data
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Figure27 Postintervention building debris estimation scenaiinage sourcg29] re-
elaborated by the author

The pevious graphand the evaluated KPtonfirm that a number afgens very similar to

one of thanitial scenario conditions can gather in a reduced numb&AdiseedJaa data in

Table 22), without significantLOSw levels increase, with not increasing risk conditions
along the access routes ($&&xsa data inTable22). Moreover, AA safety levels are quite
similar. Although some extreme conditions related to the debris production effects can be
reduced due to introduced retrofitting interventions on buildjogmpare tdrigure27), the
evacueesO6 motion conditions get worsen. | n parti
than the initial scenario. Although the retrofit actionstteetwo most vulnerable buildings
along link 4 allow preventing the path blockage, Ikecan so icrease by boosting negative
interactions between evacuees and debris, as mainly show(alog EdSaa) higher values.

For this reasonAA4 has nowSaanom=100%.Figure 27 graphically summarizewith four
different colourssuchasSaa normVvalues on the urbaiisk map
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Table21 KPIs for overcrowding conditionfor eachassembly areaA) in post
intervention conditions and comparison with the original scen@rjaefers to people not
arrived in theAA but stopped really close to it and that are not included idghe
calculation.The subscripPis t and s -if otre riivpeorstti o n 00 standsifort h e
initial scenario conditions.

AA 0 1 2 3 4 5
Aeitaa [M?] 303 237 930 545 265 167
N [pp] 196 89 152+5%  76+11* 152 8a+17
LOSAA 1.546 2663 5931 6279 1743  1.653
Jnapi [%] 26% 12% 20% 10% 20% 11%
Compare to initial scenario 0-7 1 2-8 3 4 5-6
0, 0,

Jaao [%] 18%+7%  11% 6%+13 1504 10% 9%+6

% %
ddna [%] 5% 8% 7% -32% 104%  -25%

Table22 KPIs forassembly area®(A) in postintervention conditions and comparison with
theinitial scenarioThe subscripPis t an d s -if rotre riweorstti on 60 and
stands for initial scenario conditions.

AA 0 1 2 3 4 5
Jp,s[%] 26% 12% 20% 10% 20% 11%
T[] 1.329 1.181 1.273 1.023 1.578 1.248
E Bikaap 0.001 0 0 0 0 0.170
Saa[-] 0.421 0.216 0.341 0.104 0.613 0.494
SaaNom 49% 35% 50% 17% 100% 81%
Original AA to compare 0 1 8 3 4 5
To[-] 1.254 1.157 1.402 1.265 1.034 1.437
dT [%] 6% 2% -9% -19% 53% -13%
E Hiano 0.020 0.000 0.000 0.000 0.000 0.288
Sano[-] 0.369 0.219 0.408 0.314 0.110 0.630
dSaa [%] 14% -1% -16% -67% 457% -22%

In this new performed scenaritiet average number of evacuees who decide to gather in a
spontaneous assembly arsaabout 320. The value is similar to the one of the original
scenario, but the majority of evacuees gatherreducechumber of SA, as shown Bgure

28 that offer the 8 As risk map by mainly evidencing the ones witha>5%: such 3A
contains the 62% of pedestrians gathering 8AA. Figure28 also evidences the two main
alternati ve r etorackagach&AfBable28resames theurdlateed KPIs for
them by finally providindSsaa andSsaa normvalues Soue, 2 is referred to the better alternative
route within the ones ofigure 28. In Table 23, SAAO and RAL1 can be respectively
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compared to SA0 and A2 of the original scenarios becausey are placed in the same
areas.

Figure28 Analysis of the improved urban scenapontaneous assembly are8845)
risk characterization and identification of the best paths to reathSAA,r e scuer s 0
access points to the arage also reportedn the urban layout mapnage sourcgd29] re-
eleborated by the author

In detail SAAO hazardous conditions are reduced in termghefnumber of gathered
individuals and in terms of debris influence, wHige o increases because of the higher
number of evacuees moving along the access rodA13n postintervention conditions
owns a higher risk in respect té\B2 of the initial scenario, but this is mainly due to the
significant increase in the number of gathering individuals and its effégtQ@a. For this
reason, SA1 is the most rislarea in posintervention conditions.
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